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PROBLEM 1.1

KNOWN: Heat rate, q, through one-dimensional wall of area A, thickness L, thermal
conductivity k and inner temperature, T

FIND: The outer temperature of the walh. T

SCHEMATIC:
A = 10m*
k=02 W/m-K-
9 cond ~ 3kW
T,=415°C
T.

L =2.5cm —F=

> X

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions,
(3) Constant properties.

ANALYSIS: The rate equation for conduction through the wall is given by Fourier’s law,

Ueong = Ax = m--k&m_ kAT'
Solving for T> gives
Acongl
T, =T,——<cond_
2 1 KA
Substituting numerical values, find
T, _415C- 3000Wx 0.025m
0.2W/ mKx 10nt
T, = 415C-375C
T, =378 C. <

COMMENTS: Note direction of heat flow and fact thag must be less thamT



PROBLEM 1.2
KNOWN: Inner surface temperature and thermal conductivity of a concrete wall.

FIND: Heat loss by conduction through the wall as a function of ambient air temperatures ranging from
-15 to 38C.

SCHEMATIC:
A =20 m2
k=1,0.75 or 1.25 W/m-K
T1 =250C
To =-15t0 38 °C
T(x)
»L k=L =0.30m
X

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions, (3)
Constant properties, (4) Outside wall temperature is that of the ambient air.

ANALYSIS: From Fourier’s law, it is evident that the gradiedif/dx = — d / Kk, is a constant, and

hence the temperature distribution is lineaqyf and k are each constant. The heat flux must be
constant under one-dimensional, steady-state conditions; and k is approximately constant if it depends
only weakly on temperature. The heat flux and heat rate when the outside wall temperatard 80

are

25 C-(-15

" (j-l- -]EL - -]-22 ( (:;

= —k— =k—+—=% =1W/mK =133.3W 7. 1
= L / 0.30m W (1)
Oy = Oy xA=133.3W nfx 20 = 2667W @<

Combining Egs. (1) and (2), the heat ratean be determined for the range of ambient temperature, -15
< T, < 38C, with different wall thermal conductivities, k.
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For the concrete wall, k = 1 WIKy the heat loss varies linearily from +2667 W to -867 W and is zero
when the inside and ambient temperatures are the same. The magnitude of the heat rate increases with
increasing thermal conductivity.

COMMENTS: Without steady-state conditions and constant k, the temperature distribution in a plane
wall would not be linear.



PROBLEM 1.3

KNOWN: Dimensions, thermal conductivity and surface temperatures of a concrete slab. Efficiency
of gas furnace and cost of natural gas.

FIND: Daily cost of heat loss.

SCHEMATIC:
Va Furnace, ns = 0.90
Natural gas, '
Cg = $0.01/MJ Warm air Concrete, k = 1.4 W/m-K
— 7 ¢
4
T,I =17°C )/
— | -
q t=02m
W=8m
CK_—/ L=t1m —H
To =10°

ASSUMPTIONS: (1) Steady state, (2) One-dimensional conduction, (3) Constant properties.
ANALYSIS: The rate of heat loss by conduction through the slab is

T-To 7°C <

= 4312 W
0.20m

q=k(LW) =1.4W/mK(11mx 8nm)

The daily cost of natural gas that must be combusted to compensate for the heat loss is

Cy= qCqg (80)= 4312 Wx $0.01/M

N 0.9x1F J/MJ

COMMENTS: The loss could be reduced by installing a floor covering with a layer of insulation
between it and the concrete.

{24h/ax 3600s/h= $4.14/d <




PROBLEM 1.4

KNOWN: Heat flux and surface temperatures associated with awood slab of prescribed
thickness.

FIND: Thermal conductivity, k, of the wood.

SCHEMATIC:
TA
T =20°C g’;=4oW/mz
Ti) T .20°C
N >— [ =005m

ASSUMPTIONS: (1) One-dimensiona conduction in the x-direction, (2) Steady-state
conditions, (3) Constant properties.

ANALYSIS: Subject to the foregoing assumptions, the thermal conductivity may be
determined from Fourier’s law, Eqg. 1.2. Rearranging,

L _ 0 w 0.05m

-T2 m? (a020)°C

k=0

k=010 W/ m[K. <

COMMENTS: Note that the °C or K temperature units may be used interchangeably when
evaluating a temperature difference.



PROBLEM 15
KNOWN: Inner and outer surface temperatures of a glass window of prescribed dimensions.

FIND: Heat loss through window.

SCHEMATIC:
T'T‘ A=1mx 3m = 3m?,
T=15°C k=14 W/m K
L,=5°C
—»ka— L= 0.005m

ASSUMPTIONS: (1) One-dimensiona conduction in the x-direction, (2) Steady-state
conditions, (3) Constant properties.

ANALYSIS: Subject to the foregoing conditions the heat flux may be computed from
Fourier'slaw, Eq. 1.2.

-T2
L
15-5)° C
gy =1.4 W (155)
m K .005m
gx =2800 W/m*-.

ax =k

Since the heat flux is uniform over the surface, the heat loss (rate) is

q = gqx XA
q = 2800W/m? x 3m?
q = 8400 W. <

COMMENTS: A linear temperature distribution existsin the glass for the prescribed
conditions.



PROBLEM 1.6

KNOWN: Width, height, thickness and thermal conductivity of a single pane window and
the air space of a double pane window. Representative winter surface temperatures of single
pane and air space.

FIND: Heat loss through single and double pane windows.

SCHEMATIC:
- k- L=5mm -3 k= L=10mm
T,=15C _ [ 7]  T.=-20C N I
NV T,=10°C ~| | T.=-15C
[~ |/
Glass pane ~1, Air space °
kg = 1.4 W/m-K ks = 0.024 W/m-K
W=1mH=2m W=1m,H=2m
o (N
[~
[ Glass . Glass

ASSUMPTIONS: (1) One-dimensional conduction through glass or air, (2) Steady-state
conditions, (3) Enclosed air of double pane window is stagnant (negligible buoyancy induced
motion).

ANALYSIS: From Fourier's law, the heat losses are

Single Pane qg = kgA Tl;TZ =1.4 W/mDK(Zn?)OBSOSCr:nz 19,600 W
Double Pane gg = kgAL 12 = 0.024( 2n12) 2 C _ 0w
L 0.010 m

COMMENTS: Losses associated with a single pane are unacceptable and would remain
excessive, even if the thickness of the glass were doubled to match that of the air space. The
principal advantage of the double pane construction resides with the low thermal conductivity
of air (~ 60 times smaller than that of glass). For a fixed ambient outside air temperature, use
of the double pane construction would also increase the surface temperature of the glass
exposed to the room (inside) air.



PROBLEM 1.7
KNOWN: Dimensions of freezer compartment. Inner and outer surface temperatures.

FIND: Thickness of styrofoam insulation needed to maintain heat |oad below prescribed
value.

SCHEMATIC:
AT
{ 2 m=W
Styrofoam ~l— A _
k=0.03W/mK 4 =500W

ASSUMPTIONS: (1) Perfectly insulated bottom, (2) One-dimensional conduction through 5
wallsof area A = 4m2, (3) Steady-state conditions, (4) Constant properties.

ANALYSIS: Using Fourier'slaw, EQ. 1.2, the heat rateis

Solving for L and recognizing that Aigtg = 5><W2, find

L = 5k AT W?
q
° 2
5 x 0.03W/mK EB5- (-10)H C (4m
L=
500 W
L = 0.054m = 54mm, <

COMMENTS: The cornerswill cause local departures from one-dimensional conduction
and adlightly larger heat loss.



PROBLEM 1.8

KNOWN: Dimensions and thermal conductivity of food/beverage container. Inner and outer
surface temperatures.

FIND: Heat flux through container wall and total heat load.
SCHEMATIC:

:
- > AN

Wz=0.6m Ti=20C Ty = 20°C

Styrofoam

(k=0.023 W/m-K) ——f«— L=0.025m

k—W;=08m 4\(

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through bottom
wall, (3) Uniform surface temperatures and one-dimensional conduction through remaining
walls.

ANALYSIS: From Fourier’s law, Eq. 1.2, the heat flux is

- 0.023 W/niIK( 26- X C
g =k12- 1= (203 C 06w <
L 0.025 m

Since the flux is uniform over each of the five walls through which heat is transferred, the
heat load is

q=d"x Atotal = o BH(2Wi+ 2Wp) + Wyx W

q=16.6 W/nf J0.6nf 1.6m 1.2Jn( 0.8m 0.§F 359 W <

COMMENTS: The corners and edges of the container create local departures from one-

dimensional conduction, which increase the heat load. However, fo HIW\/S> L, the
effect is negligible.



PROBLEM 1.9

KNOWN: Masonry wall of known thermal conductivity has a heat rate which is 80% of that
through a composite wall of prescribed thermal conductivity and thickness.

FIND: Thickness of masonry wall.

SCHEMATIC:
k=075 Wim-K ko = 0.25 Wia-K
9, 9,
Masonry wall (1) Composi‘fe wall (2.)

ASSUMPTIONS: (1) Both walls subjected to same surface temperatures, (2) One-
dimensional conduction, (3) Steady-state conditions, (4) Constant properties.

ANALYSIS: For steady-state conditions, the conduction heat flux through a one-dimensional
wall follows from Fourier’s law, Eq. 1.2,

whereAT represents the difference in surface temperatures. Sinisethe same for both
walls, it follows that

With the heat fluxes related as
= 08¢

0.75W/niK = 1 _ o <

L, = 100mm—————— 1

0.25 W/ nIK 0.8
COMMENTS: Not knowing the temperature difference across the walls, we cannot find the
value of the heat rate.



PROBLEM 1.10

KNOWN: Thickness, diameter and inner surface temperature of bottom of pan used to boil
water. Rate of heat transfer to the pan.

FIND: Outer surface temperature of pan for an aluminum and a copper bottom.
SCHEMATIC:

T, = 110°C

b
0
o
0o
O
0
0

Aluminum

(k=240 W/m-K) k— D=200mm T, —

Dwmo T TTTTHT T amconm

ASSUMPTIONS: (1) One-dimensional, steady-state conduction through bottom of pan.

ANALYSIS: From Fourier’s law, the rate of heat transfer by conduction through the bottom
of the pan is

q:kA—Tl_T2
L
Hence,
gL
T1=To+—
1=12 KA

where A =nD2/4 = (0.2m)? /4= 0.0314 1 .

600W/( 0.005 n)

Aluminum Ty =110°C+ =110.40 C
240 W/mDK( 0.0314 r%)
. 600W( 0.005 )
Copper T1=110° C+ =110.25 C
390 W/mDK( 0.0314 )

COMMENTS: Although the temperature drop across the bottom is slightly larger for
aluminum (due to its smaller thermal conductivity), it is sufficiently small to be negligible for
both materials. To a good approximation, the bottom may be consisetieeirmalat T=

110°C, which is a desirable feature of pots and pans.



PROBLEM 1.11
KNOWN: Dimensions and thermal conductivity of achip. Power dissipated on one surface.
FIND: Temperature drop across the chip.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform heat
dissipation, (4) Negligible heat |oss from back and sides, (5) One-dimensional conductionin
chip.

ANALYSIS: All of the electrical power dissipated at the back surface of the chipis
transferred by conduction through the chip. Hence, from Fourier’s law,

P=qg=KkA ATT
or
AT = tEIP2: 0.001 mx4 W ,
kW< 150 W/mK (0.005 m)
AT = 1.1 C. <

COMMENTS: For fixed P, the temperature drop across the chip decreases with increasing k
and W, aswell aswith decreasing t.



PROBLEM 1.12

KNOWN: Heat flux gage with thin-film thermocouples on upper and lower surfaces; output
voltage, calibration constant, thickness and thermal conductivity of gage.

FIND: (a) Heat flux, (b) Precaution when sandwiching gage between two materials.
SCHEMATIC:

G'age bonded
$20.25 9" AE=350 /u‘v' between laminates
=u. 777
Gage, k=14 Wfm-K

& pair type-K TC
Jjunctions,Syg= 40,4[\/_/0C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat conduction in gage,
(3) Constant properties.

ANALYSIS: (a) Fourier’s law applied to the gage can be written as

AT
n = k _
g AX

and the gradient can be expressed as

AT _ AE/N

& Sagt

where N is the number of differentially connected thermocouple junctigpsisShe Seebeck

coefficient for type K thermocouples (A-chromel and B-alumel),nd t is the gage
thickness. Hence,

kAE
NSapt

" —

6
g = LAWIMKX 350 1PV genn 2 <

 5x40x 10°% V/°Cx0.25x 103 m

(b) The major precaution to be taken with this type of gage is to match its thermal
conductivity with that of the material on which it is installed. If the gage is bonded
between laminates (see sketch above) and its thermal conductivity is significantly different
from that of the laminates, one dimensional heat flow will be disturbed and the gage will
read incorrectly.

COMMENTS: If the thermal conductivity of the gage is lower than that of the laminates,
will it indicate heat fluxes that are systematically high or low?



PROBLEM 1.13
KNOWN: Hand experiencing convection heat transfer with moving air and water.

FIND: Determine which condition feels colder. Contrast these results with a heat loss of 30rdém
normal room conditions.

SCHEMATIC:

Too= 10 °C q"
V'=02m/s / cv
h =900 W/m2-K

- Hand

T4=30°C
Too= -5 °C
V= 35 km/h
h = 40 W/m2-K

ASSUMPTIONS: (1) Temperature is uniform over the hand’s surface, (2) Convection coefficient is
uniform over the hand, and (3) Negligible radiation exchange between hand and surroundings in the case
of air flow.

ANALYSIS: The hand will feel colder for the condition which results in the larger heat loss. The heat
loss can be determined from Newton’s law of cooling, Eq. 1.3a, written as

q'=h(Ts- Te)
For the air stream:

i = 40W/ n? CKEB0- (- §F K= 1,400\ 1 <
For the water stream:

Gvater= 900W/ nf [K(30- 10 K= 18,000\ rh <

COMMENTS: The heat loss for the hand in the water stream is an order of magnitude larger than when
in the air stream for the given temperature and convection coefficient conditions. In contrast, the heat
loss in a normal room environment is only 30 \iAmhich is a factor of 400 times less than the loss in

the air stream. In the room environment, the hand would feel comfortable; in the air and water streams,
as you probably know from experience, the hand would feel uncomfortably cold since the heat loss is
excessively high.



PROBLEM 1.14

KNOWN: Power required to maintain the surface temperature of a long, 25-mm diameter cylinder
with an imbedded electrical heater for different air velocities.

FIND: (a) Determine the convection coefficient for each of the air velocity conditions and display
the results graphically, and (b) Assuming that the convection coefficient depends upon air velocity as
h = CV', determine the parameters C and n.

SCHEMATIC:

Ts =300 °C V(m/s) 1 2 4 8 12
P, (W/m)

450 658 983 1507 1963
g h(W/infK) 22.0 322 481 738 96.1

V, Too= 40 °C

Pe
ASSUMPTIONS: (1) Temperature is uniform over the cylinder surface, (2) Negligible radiation
exchange between the cylinder surface and the surroundings, (3) Steady-state conditions.

ANALYSIS: (a) From an overall energy balance on the cylinder, the power dissipated by the
electrical heater is transferred by convection to the air stream. Using Newtons law of cooling on a per
unit length basis,

Fe = h(rD)(Ts~ T

where P, is the electrical power dissipated per unit length of the cylinder. For the V =1 m/s
condition, using the data from the table above, find

h=450W m/mrx 0.025rf 300 40 € 22.0{v3m K <
Repeating the calculations, find the convection coefficients for the remaining conditions which are
tabulated above and plotted below. Note that h is not linear with respect to the air velocity.

(b) To determine the (C,n) parameters, we plotted h vs. V on log-log coordinates. Choosing C =
22.12 W/MIK(s/m)", assuring a match at V = 1, we can readily find the exponent n from the slope of
the hvs. V curve. From the trials with n = 0.8, 0.6 and 0.5, we recognize that n = 0.6 is a reasonable

choice. Hence, C =22.12 and n = 0.6. <
< 100 100
o -~ 80 e
£ 80 < 60 =
= < %
E 60 /‘, £ 40
o )y z /
% ey
ks 40 =
5 ki 20
3 20 7—( %
0 2 4 6 8 10 12 8 10

=

Air velocity, V (m/s) 2 4 6 8 10

) Air velocity, V (m/s)
—&— Data, smooth curve, 5-points



PROBLEM 1.15
KNOWN: Long, 30mm-diameter cylinder with embedded electrical heater; power required
to maintain a specified surface temperature for water and air flows.

FIND: Convection coefficients for the water and air flow convection processes, hy, and h,
respectively.

SCHEMATIC:
T.=90°C D=30mm TL.=90°C
— —
Water | — Air >
. 7;:25°C :>[ Tw=25oc >
_ —>

- ' w
Viy=1m/a Va=tomp Ta=7002

q,-28 KW

ASSUMPTIONS: (1) Flow iscross-wise over cylinder which isvery long in the direction
normal to flow.

ANALYSIS: The convection heat rate from the cylinder per unit length of the cylinder has
the form

g =h(mD) (Ts—Tw)
and solving for the heat transfer convection coefficient, find

I

_ q
D (Ts-Too)’

Substituting numerical values for the water and air situations:

3
Water hy = — 20 107 W/m _ =4,570 W/m? K <
7T x 0.030m (90-25)° C
Air hg = 400 Wim = 65 W/m? K. <

7T x 0.030m (90-25)° C
COMMENTS: Notethat theair velocity is 10 times that of the water flow, yet
hy = 70 x hg

These values for the convection coefficient are typical for forced convection heat transfer with
liquids and gases. See Table 1.1.



PROBLEM 1.16

KNOWN: Dimensions of acartridge heater. Heater power. Convection coefficientsin air
and water at a prescribed temperature.

FIND: Heater surface temperaturesin water and air.

SCHEMATIC:

K T. -20°C h:5000W/m2'/< (water)
R\ o {b=50 Wm2-K (air)

ASSUMPTIONS: (1) Steady-state conditions, (2) All of the electrical power istransferred
to the fluid by convection, (3) Negligible heat transfer from ends.

ANALYSIS: With P = gggny, Newton's law of cooling yields

P=hA (T —Teo ) =hmDL (Ts ~Teo )

Te=Top +——.
ST T hDL

In water,

2000 W

Ts=20C+ 5
5000 W/ m* [K x 71x0.02 m x0.200 m

T,=20°C+318°C=518'C. <
Inair,

2000 W

Ts=20C+ 5
50 W/ m[K x 1x0.02 mx0.200 m

T,=20"C+3183'C=3203"C. <

COMMENTS: (1) Airismuch less effective than water as a heat transfer fluid. Hence, the
cartridge temperature is much higher in air, so high, in fact, that the cartridge would melt.

(2) Inair, the high cartridge temperature would render radiation significant.



PROBLEM 1.17

KNOWN: Length, diameter and calibration of a hot wire anemometer. Temperature of air
stream. Current, voltage drop and surface temperature of wire for a particular application.

FIND: Air velocity
SCHEMATIC:

weeme \

Hot wire (V ~ h2)
L=20mm, D =0.5mm
E=5V,1=100 mA

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from the wire by
natural convection or radiation.

ANALYSIS: If all of the electric energy is transferred by convection to the air, the following
equality must be satisfied

Polec= El= hA(Ts Too)

where A =7DL =77(0.0005mx 0.02r)= 3.14 10 fn .

Hence,
h=— Bl _ SVx0.1A =318 Winf 0K
A(Ts~To) 3.14x 1070 n?( 50 c)
_5 5 2
V =6.25x107° P = 6.2% 10 ( 318 W/ )< = 6.3mls <

COMMENTS: The convection coefficient is sufficiently large to render buoyancy (natural
convection) and radiation effects negligible.



PROBLEM 1.18
KNOWN: Chip width and maximum allowable temperature. Coolant conditions.
FIND: Maximum allowable chip power for air and liquid coolants.
SCHEMATIC:

Tp=15°C —»

—>

Air, h=200W/m*-K
Dielectric fluid, : /,
h=3000W/m2-K  ‘--------=

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from sides and
bottom, (3) Chip is at a uniform temperature (isothermal), (4) Negligible heat transfer by
radiation in air.

ANALYSIS: All of the electrical power dissipated in the chip is transferred by convection to
the coolant. Hence,

P=q
and from Newton’s law of cooling,

P = hA(T - Too) = h WAT - Too).
In air,

Prax = 200 W/nfIK(0.005 mf(85 - 15)° C = 0.35 W. <
In thedielectric liquid

Pax = 3000 W/nfTK(0.005 m¥(85-15)° C = 5.25 W. <

COMMENTS: Relative to liquids, air is a poor heat transfer fluid. Hence, in air the chip can
dissipate far less energy than in the dielectric liquid.



PROBLEM 1.19

KNOWN: Length, diameter and maximum allowable surface temperature of a power
transistor. Temperature and convection coefficient for air cooling.

FIND: Maximum allowable power dissipation.

SCHEMATIC:
Qeonv Ts = 85°C

K— —3>— D=12mm

T = 25°C —>
h =100 W/m%-K —% ~
p L=10 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through base of
transistor, (3) Negligible heat transfer by radiation from surface of transistor.

ANALYSIS: Subject to the foregoing assumptions, the power dissipated by the transistor is
equivalent to the rate at which heat is transferred by convection to the air. Hence,

Pelec= dconv= hA(Ts Too )
where A:n(DL +D2/4):n§).012mx 0.01m ( 0.012)F /%: 490 16 m .

For a maximum allowable surface temperature 6€8%he power is

Pelec= 100 W/nf DK( 4.96 10% rﬁ) (85 25 € 294w <

COMMENTS: (1) For the prescribed surface temperature and convection coefficient,
radiation will be negligible relative to convection. However, conduction through the base
could be significant, thereby permitting operation at a larger power.

(2) Thelocal convection coefficient varies over the surface, lamidspotscould exist if there
are locations at which the local valuenas substantially smaller than the prescribed average
value.



PROBLEM 1.20
KNOWN: Air jet impingement is an effective means of cooling logic chips.
FIND: Procedure for measuring convection coefficients associated with a 20l@imm chip.
SCHEMATIC:

(a) @ (b)
Jet, T,
l q

Chip, Tx, conv Jet, T, )
9elec g;)é M _eony plrad

Se—— Copper, Tg, Gcon

;qcond Substrate S

Substrate Heater, Insulation
delec

ASSUMPTIONS: Steady-state conditions.

ANALYSIS: One approach would be to use the actual chip-substrate system, Case (a), to perform the
measurements. In this case, the electric power dissipated in the chip would be transferred from the chip
by radiation and conduction (to the substrate), as well as by convection to the jet. An energy balance for

the Ch|p y|9|dsqe|ecz qconv+ q CondF q rad Hence, Withqcon\/: hA(TS_ Too) y Whel’e A= 100
mnT is the surface area of the chip,

h = Jelec” 9cond” 9 rad )
A(Ts—Te)

While the electric powerdg o) and the jet ) and surfaceTg) temperatures may be measured, losses
from the chip by conduction and radiation would have to be estimated. Unless the losses are negligible

(an unlikely condition), the accuracy of the procedure could be compromised by uncertainties associated
with determining the conduction and radiation losses.

A second approach, Case (b), could involve fabrication of a heater assembly for which the
conduction and radiation losses are controlled and minimized. A 18 b@mm copper block (k ~ 400
W/mIK) could be inserted in a poorly conducting substrate (k < 0.1[KY/amd a patch heater could be
applied to the back of the block and insulated from below. If conduction to both the substrate and
insulation could thereby be rendered negligible, heat would be transferred almost exclusively through the
block. If radiation were rendered negligible by applying a low emissivity coatind(1) to the surface
of the copper block, virtually all of the heat would be transferred by convection to the jet. Eigpge,
andq,,q may be neglected in equation (1), and the expression may be used to accurately determine h

from the known (A) and measuredgdes Ts, To) quantities.

COMMENTS: Since convection coefficients associated with gas flows are generally small, concurrent
heat transfer by radiation and/or conduction must often be considered. However, jet impingement is one
of the more effective means of transferring heat by convection and convection coefficients well in excess
of 100 W/nfK may be achieved.



PROBLEM 1.21

KNOWN: Upper temperature set point, T, Of abimetallic switch and convection heat
transfer coefficient between clothes dryer air and exposed surface of switch.

FIND: Electrical power for heater to maintain T When air temperature is T, = 50°C.

SCHEMATIC:

<Dryer wall

- S~ Tosulation pad
T AANNANANNAN ;
Y~—CLlectrical heater

T-50C ‘e —
h“;ZSW/mZK > jgc()nv 7;@/': 70°C, AS= 30mm=2

ASSUMPTIONS: (1) Steady-state conditions, (2) Electrical heater is perfectly insulated
from dryer wall, (3) Heater and switch are isothermal at T, (4) Negligible heat transfer from
sides of heater or switch, (5) Switch surface, Ag, loses heat only by convection.

ge/ec

ANALYSIS: Defineacontrol volume around the bimetallic switch which experiences heat
input from the heater and convection heat transfer to the dryer air. That is,

Ein - Eout =0
dalec - MAs(Tset —Too ) =0.
The electrical power required is,
delec = MAs(Tset ~Too )
_ 2 -6 2 (7_ _ <
Jelec =25 W/m“ [K x30x10™° m“ (70 -50)K=15 mW.

COMMENTS: (1) Thistype of controller can achieve variable operating air temperatures
with asingle set-point, inexpensive, bimetallic-thermostatic switch by adjusting power levels
to the heater.

(2) Will the heater power requirement increase or decrease if the insulation pad is other than
perfect?



PROBLEM 1.22

KNOWN: Hot vertical plate suspended in cool, till air. Changein plate temperature with time at
the instant when the plate temperature is 225°C.

FIND: Convection heat transfer coefficient for this condition.

SCHEMATIC:
dT
.r.

T.=225%C Tl) K =0022K]s
Air, A \
T,=25C
D,

late, 0.3x03m b 'flo
M=3.75kg, cp=2770 Jfkg-K

ASSUMPTIONS: (1) Plateisisothermal and of uniform temperature, (2) Negligible radiation
exchange with surroundings, (3) Negligible heat lost through suspension wires.

ANALYSIS: Asshown in the cooling curve above, the plate temperature decreases with time. The

condition of interest isfor timetg. For acontrol surface about the plate, the conservation of energy
requirement is

Ein - Eout = Est JT ,

-2hAg(Ts-Teo )=Mcp—

where Ag is the surface area of one side of the plate. Solving for h, find
he MCp d_T
2Ag(Ts—Teo ) dt

he 3.75kgx 2770 Jkg [K

- 5 x0.022 K/s=6.4 W/m? K <
2x(0.3x0.3)m* (225 -25)K

COMMENTS: (1) Assuming the plate is very highly polished with emissivity of 0.08, determine
whether radiation exchange with the surroundings at 25°C is negligible compared to convection.

(2) We will later consider the criterion for determining whether the isothermal plate assumption is
reasonable. If the thermal conductivity of the present plate were high (such as aluminum or copper),
the criterion would be satisfied.



PROBLEM 1.23

KNOWN: Width, input power and efficiency of a transmission. Temperature and convection
coefficient associated with air flow over the casing.

FIND: Surface temperature of casing.

SCHEMATIC:
T = 30°C
hi = 200 W/m2-K q
—
—
Po= nP;
— T
Pi =150 hp W=03m

L

ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3)
Negligible radiation.

ANALYSIS: From Newton’s law of cooling,
q=hAg (T~ Teo ) = 6hW ( Ts— Too)

where the output power igP, and the heat rate is
q=R-R=P(tn)= 150hp 746W/hp 0.67 7833W

Hence,

9 __30rce 7833 W = 1028 C <

6 hw? 6x 200 W/ nf OKx( 0.3n)?

Tg=Te +

COMMENTS: There will, in fact, be considerable variability of the local convection coefficient
over the transmission case and the prescribed value represents an average over the surface.



PROBLEM 1.24

KNOWN: Air and wall temperatures of a room. Surface temperature, convection coefficient
and emissivity of a person in the room.

FIND: Basis for difference in comfort level between summer and winter.
SCHEMATIC:

Jeonv Orad

- / Tsur = 27°C (summer)

T =20°C Toyr = -14°C (winter
h = 2 W/m2-K sur ( )
Ts=32°C
€=0.9

ASSUMPTIONS: (1) Person may be approximated as a small object in a large enclosure.

ANALYSIS: Thermal comfort is linked to heat loss from the human body, ahdlied

feeling is associated with excessive heat loss. Because the temperature of the room air is
fixed, the different summer and winter comfort levels can not be attributed to convection heat
transfer from the body. In both cases, the heat flux is

Summer and Winter gisony = h(Ts= Teo ) = 2 W/nf OKx 12° C= 24 Wirfl

However, the heat flux due to radiation will differ, with values of

Summer  qpag=¢0 (Tg‘ - T@ur) = 0.9 5.6% 10° w/nfC K‘( 304- 306) K= 283 wifl

Winter. gl q = e0 (Tg - Téur) = 0.9 5.6% 10° W/nfD K‘( 304- 289) K= 95.4 wifl

There is a significant difference between winter and summer radiation fluxes, and the chilled
condition is attributable to the effect of the colder walls on radiation.
COMMENTS: For a representative surface area of A = 12.5the heat losses arggay =

36 W, Gad(summerf= 42.5 W and gd(winter)= 143.1 W. The winter time radiation loss is
significant and if maintained over a 24 h period would amount to 2,950 kcal.



PROBLEM 1.25

KNOWN: Diameter and emissivity of spherical interplanetary probe. Power dissipation
within probe.

FIND: Probe surface temperature.

SCHEMATIC:
Probe, T, £:08

/’937,,,,«- Radiation free
space

/:}=150W
N D=05m

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation incident on the probe.

ANALYSIS: Conservation of energy dictates a balance between energy generation within the
probe and radiation emission from the probe surface. Hence, at any instant

'Eout + Eg =0

eAOTS =B

D1/4
/4
T - 150W ﬁl
J0.8m1(05m)?5.67x1078 W/m?2 K4

T, =254.7 K. <

COMMENTS: Incident radiation, as, for example, from the sun, would increase the surface
temperature.



PROBLEM 1.26

KNOWN: Spherical shaped instrumentation package with prescribed surface emissivity within a
large space-simulation chamber having walls at 77 K.

FIND: Acceptable power dissipation for operating the package surface temperature in the range T
40 to 85C. Show graphically the effect of emissivity variations for 0.2 and 0.3.

SCHEMATIC:
L\ N Chamber walls
_ T.=40to 85°C
Tsurr 77 K s 0

Electrical / Spherical package,
power dissipation, Pg D =100 mm, £ =0.25

ASSUMPTIONS: (1) Uniform surface temperature, (2) Chamber walls are large compared to the
spherical package, and (3) Steady-state conditions.

ANALYSIS: From an overall energy balance on the package, the internal power dissipatibn P
be transferred by radiation exchange between the package and the chamber walls. From Eq. 1.7,

- D — 4
Orad = Pe= 5A§(T45_ T su)
For the condition whenJE 40°C, with A = TD? the power dissipation will be

Pe=0.2mx 0100 5.6 10 W o & 40 25 72 de 43w <

Repeating this calculation for the range4T; < 85°C, we can obtain the power dissipation as a

function of surface temperature for the 0.25 condition. Similarly, with 0.2 or 0.3, the family of
curves shown below has been obtained.

10

g
e —
a 8
5 — |
g —
3 6 — // ] —
& L —
2 [ — [o—
é P L
—
2

40 50 60 70 80 90

Surface temperature, Ts (C)

—>¢— Surface emissivity, eps = 0.3
eps = 0.25

—— eps=0.2
COMMENTS: (1) As expected, the internal power dissipation increases with increasing emissivity
and surface temperature. Because the radiation rate equation is non-linear with respect to

temperature, the power dissipation will likewise not be linear with surface temperature.

(2) What is the maximum power dissipation that is possible if the surface temperature is not to exceed

85°C? What kind of a coating should be applied to the instrument package in order to approach this
limiting condition?



PROBLEM 1.27

KNOWN: Area, emissivity and temperature of a surface placed in alarge, evacuated
chamber of prescribed temperature.

FIND: (a) Rate of surface radiation emission, (b) Net rate of radiation exchange between
surface and chamber walls.

SCHEMATIC:

ASSUMPTIONS: (1) Areaof the enclosed surface is much less than that of chamber walls.
ANALYSIS: (a) From Eq. 1.5, the rate at which radiation is emitted by the surfaceis

Jemit =EA = €A 0TS

demit = 0.8(0.5 m2) 567 x 108 Wim? K4 ({150 + 273) K"

Ogmit = 726 W. <
(b) From Eg. 1.7, the net rate at which radiation is transferred from the surface to the chamber
wallsis

q=cA0o (Té—TSlA'Jr)

q= 0.8(0.5 m2) 5.67 x 108 wim? k* Haza )4 - (208K )45

q = 547 W. <

COMMENTS: Theforegoing result gives the net heat |oss from the surface which occurs at
the instant the surface is placed in the chamber. The surface would, of course, cool due to this
heat loss and its temperature, as well as the heat |oss, would decrease with increasing time.
Steady-state conditions would eventually be achieved when the temperature of the surface
reached that of the surroundings.



PROBLEM 1.28

KNOWN: Length, diameter, surface temperature and emissivity of steam line. Temperature

and convection coefficient associated with ambient air. Efficiency and fuel cost for gas fired
furnace.

FIND: (a) Rate of heat loss, (b) Annual cost of heat loss.

SCHEMATIC:
Tw=25C
“ h =10 W/m2-K
Tsur = 25°C \Ckonv /\

rad T, = 150°C, ¢
D =100 mm

o

’:::0
::::
G

o¥s

g
L
e e gt gt g
BIEEESEESS
g

L=25m

ASSUMPTIONS: (1) Steam line operates continuously throughout year, (2) Net radiation
transfer is between small surface (steam line) and large enclosure (plant walls).

ANALYSIS: (a) From Egs. (1.3a) and (1.7), the heat loss is
0= 0conv™ drad= AEW(TS‘ Tw)+50(T4$‘ T4$u)'§

where A =7DL =7(0.1mx 25m) = 7.8511 .

Hence,

q=7.85nf J10 Wi DK 150 25 k& 08 567 1§ whw 4{ 433 2%8 K

q=7.85nf (1,250 1,095 wifn=( 98%3 85P2 W 18,405 W <

(b) The annual energy loss is

E=qt=18,405 Wk 3600 s 24hid 365 dy 580110 J

With a furnace energy consumption®f = E/nf = 6.45¢ 161 Jthe annual cost of the loss
is

C=CyEf = 0.01$/MX 6.48 0 MJ  $6450 <

COMMENTS: The heat loss and related costs are unacceptable and should be reduced by
insulating the steam line.



PROBLEM 1.29

KNOWN: Exact and approximate expressions for the linearized radiation coeffigiant] h,,
respectively.

FIND: (a) Comparison of the coefficients wih= 0.05 and 0.9 and surface temperatures which may
exceed that of the surroundingsF 25°C) by 10 to 10€C; also comparison with a free convection
coefficient correlation, (b) Plot of the relative error{hJ)/h; as a function of the furnace temperature
associated with a workpiece at3 25 C havinge = 0.05, 0.2 or 0.9.

ASSUMPTIONS: (1) Furnace walls are large compared to the workpiece and (2) Steady-state
conditions.

ANALYSIS: (a) The linearized radiation coefficient, Eq. 1.9, follows from the radiation exchange
rate equation,

hy =eo (Ts+ Tsur)(T% + Tzsu)
If Ts= Tsu, the coefficient may be approximated by the simpler expression
hy a=4e0T T=(To+ Tsu)/2
For the condition of = 0.05, = T+ 10 =38C = 308 K and J,,= 25C = 298 K, find that

hy =0.05¢ 5.6% 10° W A0 K( 308 29% 308 zé’)s ¥ 032w k<
hy o= 4x0.05 5.6% 108 W MO K(( 308 298 )2 %= o032 fm k <

The free convection coefficient with, ¥ 35°C andT,, = Tg,,= 25°C, find that

h=09n /3= 09§ 7- )%= 0.96 308 2083 2.1lv T K <

For the range J- Ts, = 10 to 100C with € = 0.05 and 0.9, the results for the coefficients are
tabulated below. For this range of surface and surroundings temperatures, the radiation and free
convection coefficients are of comparable magnitude for moderate values of the emissitity, say
0.2. The approximate expression for the linearized radiation coefficient is valid within 2% for these
conditions.

(b) The above expressions for the radiation coefficiepemdhh, are used for the workpiece at=
25°C placed inside a furnace with walls which may vary from 100 to°ID0The relative error, {R
h.a)/h;, will be independent of the surface emissivity and is plotted as a functiqQp. oF®r Tgy, >
150°C, the approximate expression provides estimates which are in error more than 5%. The
approximate expression should be used with caution, and only for surface and surrounding
temperature differences of 50 to 200

30

Coefficients (W/rAK) —
TS (OC) € hr hr,a h

20

35 0.05 0.32 032 21
0.9 5.7 5.7

135 0.05 0.51 050 4.7
0.9 9.2 9.0

10

Relative error, (hr-hra)/hr*100 (%)

100 300 500 700 900

Surroundings temperature, Tsur (C)



PROBLEM 1.30

KNOWN: Chip width, temperature, and heat loss by convection in air. Chip emissivity and
temperature of large surroundings.

FIND: Increasein chip power due to radiation.

SCHEMATIC:

Chip, T=-358K, £:09

Tsyr=288K

ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between small surface
and large enclosure.

ANALYSIS: Heat transfer from the chip due to net radiation exchange with the surroundings
is

Orag = W20 (T4 ; Téfjr)

Orag = 0.9(0.005 m)25.67x10™8 wim? K (3584 : 2884) K4

Orag = 0.0122W.

The percent increase in chip power is therefore

AP 100=9rad 100 =0012W 100 _35u <

COMMENTS: For the prescribed conditions, radiation effects are small. Relative to
convection, the effect of radiation would increase with increasing chip temperature and
decreasing convection coefficient.



PROBLEM 1.31

KNOWN: Width, surface emissivity and maximum allowable temperature of an electronic chip.
Temperature of air and surroundings. Convection coefficient.

FIND: (a) Maximum power dissipation for free convection with h(\%ﬂh) =4.2(T - Too)1/4, (b)

Maximum power dissipation for forced convection with h = 250 6Wm

SCHEMATIC:

| N2

Substrate
Qrad
Too = 25°C Chip, Pgjec
h = 4.2(TeTeo) Ts=85°C, £=0.60
or Qconv L=15mm
h = 250 W/m2-K

ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between a small surface and a
large enclosure, (3) Negligible heat transfer from sides of chip or from back of chip by conduction
through the substrate.

ANALYSIS: Subiject to the foregoing assumptions, electric power dissipation by the chip must be
balanced by convection and radiation heat transfer from the chip. Hence, from Eq. (1.10),

Pelec= dconvt drad hA(T & T>0)+5M(T45‘ T43\)r

2

where A =L =(0.015m) = 2.25 104 nf .

(a) If heat transfer is by natural convection,
dconv=C A(Ts~Teo)® 4= 4.2 Winf DK5/4( 2.25% 104 n7r)( 60K’ 4= 0.158 W

qrad:o.eo( 2.25 10% rﬁ) 567 16 WAL ﬁ( 388 2§)3 % 0.065 W

Palec= 0.158 W+ 0.065 W& 0.223 W <
(b) If heat transfer is by forced convection,

deonv = hA(Ts= Teo ) = 250 Winf DK( 2.25 10% rﬁ)( 60k= 3.375W

Polec=3.375 W+ 0.065 W 3.44 W <

COMMENTS: Clearly, radiation and natural convection are inefficient mechanisms for transferring
heat from the chip. ForgF 85C and T, = 25°C, the natural convection coefficient is 11.7 V%IZEh

Even for forced convection with h = 250 V\ﬁﬂ, the power dissipation is well below that associated
with many of today’s processors. To provide acceptable cooling, it is often necessary to attach the
chip to a highly conducting substrate and to thereby provide an additional heat transfer mechanism
due to conduction from the back surface.



PROBLEM 1.32
KNOWN: Vacuum enclosure maintained at 77 K by liquid nitrogen shroud while baseplate is
maintained at 300 K by an electrical heater.

FIND: (a) Electrical power required to maintain baseplate, (b) Liquid nitrogen consumption rate, (c)
Effect on consumption rate if aluminum foil (ep = 0.09) is bonded to baseplate surface.

SCHEMATIC:

Shroud, T=77K ]7

Baseplate, D,=0.3m
Electrical heater

— Pantin,
KOCORODCOONRRN DK
WWAVAVAVAVAVAYAYAY A = AYd

f9e/ec

T,=300K, €,70.25
Insulation—""

ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses from backside of heater or sides of
plate, (3) Vacuum enclosure large compared to baseplate, (4) Enclosure is evacuated with negligible
convection, (5) Liquid nitrogen (LN2) is heated only by heat transfer to the shroud, and (6) Foil is
intimately bonded to baseplate.

PROPERTIES: Heat of vaporization of liquid nitrogen (given): 125 kJ/kg.
ANALYSIS: (a) From an energy balance on the baseplate,

Ein - Eout =0 Ogec = Yrad = 0

and using Eq. 1.7 for radiative exchange between the baseplate and shroud,
— 4 4

Substituting numerical values, with Ap = (ITD%/ 4), find

elec =0.2517(03 m)2/4@5.67x10_8 W/m? EH(4(3004 . 774)K4 =g1w. <

(b) From an energy balance on the enclosure, radiative transfer heats the liquid nitrogen stream
causing evaporation,
Ein - Bow = 0 Urag = Min2hgg = O

n
where M|\, istheliquid nitrogen consumption rate. Hence,

M N2 = qrad/hfg = 81W/125kJ/ kg = 6.48x107° kg/s=0.23kg/ h. <

(c) If aluminum foil (ep = 0.09) were bonded to the upper surface of the baseplate,
Arad,foil = drad (sf /£p) =8.1W(0.09/0.25) =2.9 W
and the liquid nitrogen consumption rate would be reduced by

(0.25 - 0.09)/0.25 = 64% to 0.083 kg/h. <



PROBLEM 1.33

KNOWN: Width, input power and efficiency of a transmission. Temperature and convection
coefficient for air flow over the casing. Emissivity of casing and temperature of surroundings.

FIND: Surface temperature of casing.

SCHEMATIC:
T = 30°C
hi = 200 W/m2-K q
—
—
Po= nP;
— T
Pi =150 hp W=03m

L

ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3)
Radiation exchange with large surroundings.

ANALYSIS: Heat transfer from the case must balance heat dissipation in the transmission, which

may be expressed as q =, =R (1 -n) = 150 hpx 746 W/hpx 0.07 = 7833 W. Heat transfer
from the case is by convection and radiation, in which case

- 4_—4
where A5=6V\/2. Hence,
7833 W= do.aorw)zgzooW/%D K g~ 303k 08 567 10 WAR 4|€ o 3‘&)3 ‘E

A trial-and-error solution yields

Tg=373K=100C <

COMMENTS: (1) For Ts= 373 K, Gonv= 7,560 W and gg= 270 W, in which case heat transfer is

dominated by convection, (2) If radiation is neglected, the corresponding surface temperatare is T
102.5C.



PROBLEM 1.34

KNOWN: Resistor connected to a battery operating at a prescribed temperature in air.

FIND: (a) Considering the resistor as the system, determine corresponding vaIEﬁ(fW),
Eg (W), Eout(W) andEgt(W). If a control surface is placed about the entire system, determine

the values forEjp , Eq, Eqyt, andEgy. (b) Determine the volumetric heat generation rate within

the resistord (W/m°), (c) Neglecting radiation from the resistor, determine the convection
coefficient.

SCHEMATIC:

Resistor, Tg =95 °C

Ay T~ % D =60 mm, L =250 mm, ¢ (W/m?)

Air
To= 25 °C

ASSUMPTIONS: (1) Electrical power is dissipated uniformly within the resistor, (2) Temperature
of the resistor is uniform, (3) Negligible electrical power dissipated in the lead wires, (4) Negligible
radiation exchange between the resistor and the surroundings, (5) No heat transfer occurs from the
battery, (5) Steady-state conditions.

ANALYSIS: (a) Referring to Section 1.3.1, the conservation of energy requirement for a control
volume at an instant of time, Eq 1.11a, is

Ein + Eg - Egut = Esgt

where Em : Eout correspond taurfaceinflow and outflow processes, respectively. The energy

generation tern‘Eg is associated with conversion of some other energy form (chemical, electrical,

electromagnetic or nuclear) to thermal energy. The energy storagEgegrisl associated with

changes in the internal, kinetic and/or potential energies of the matter in the control vEgme.

Est arevolumetricphenomena. The electrical power delivered by the battery is P = VI x624%
144 W.

Control volume: Resistor.
Eih =0 Eout = 144W
<

Eg =144W Et=0

The Eg term is due to conversion of electrical energy to thermal energy. TheEl&r,mis due to

convection from the resistor surface to the air.
Continued...



PROBLEM 1.34 (Cont.)

____________ Eg’ Est
|
Control volume: Battery-Resistor System | ) | E in
| |
Ein = O EOUt = 144W < | ? : E out
Eg=0 E =-144W L — ~_
cv

The Est term represents the decrease in the chemical energy within the battery. The conversion of
chemical energy to electrical energy and its subsequent conversion to thermal energy are processes
internal to the system which are not associated ®ighor Eg. The Eqy; term is due to convection

from the resistor surface to the air.

(b) From the energy balance on the resistor with volliire (MD%/4)L,
Ey =0 144 W= 'c(n( 0.06 ) /}x 025m g 284 20 Win <
(c) From the energy balance on the resistor and Newton's law of coolingamithDA. + 2(rD?%/4),
Eout = dev = As(Ts Too)

144 W= héTx 0.06mx 0.25m @Tx 0.66 % )g 95 P5 C

144W= 1 0.047% 00097 fi{ 95 ¥5 C
h=39.0W nfK <

COMMENTS: (1) In using the conservation of energy requirement, Eq. 1.11a, it is important to
recognize thakjn, and Eqy¢ will always represersurfaceprocesses ankg and Egt, volumetric
processes. The generation teEg is associated with @onversiorprocess from some form of
energy tahermal energy The storage terrﬁ_:st represents the rate of changendérnal energy

(2) From Table 1.1 and the magnitude of the convection coefficient determined from part (c), we
conclude that the resistor is experiencing forced, rather than free, convection.



PROBLEM 1.35

KNOWN: Thickness and initial temperature of an aluminum plate whose thermal environment is
changed.

FIND: (a) Initial rate of temperature change, (b) Steady-state temperature of plate, (c) Effect of
emissivity and absorptivity on steady-state temperature.

SCHEMATIC:
E

Teo=20°C — % Qconv Gg =900 W/m?
h=20 Wim2.K — f 1/
_____ /__ ¥ _ _— Special coating

Al plate : =
p = 2700 kg/m3 Eq |L=4 mm> o5 = 0.80
¢ =900 J/kg K S T P £=025
Initial temperature, T; =25 °C
ASSUMPTIONS: (1) Negligible end effects, (2) Uniform plate temperature at any instant, (3)

Constant properties, (4) Adiabatic bottom surface, (5) Negligible radiation from surroundings, (6) No
internal heat generation.

ANALYSIS: (a) Applying an energy balance, Eqg. 1.11a, at an instant of time to a control volume
about the plateEj, — Eqt = Est, it follows for a unit surface area.

aSGS(lmz)— E(ln?)— Qonv( 1n?)=( A dr( MCT:p( 11fix ) € dT Ot

Rearranging and substituting from Eqgs. 1.3 and 1.5, we obtain

dT/dt=(¥pLc) lrsCs-ea T - (- T,)B
dT/dt=(2700kg/ mx 0.004m 900J I@])le
.8x900W nf- 025 567 1¥ W A0 K 208R- 20fv fm (< 25 Yo o

dT/dt=0.052 ¢ s <
(b) Under steady-state conditiortg, = 0, and the energy balance reduces to
asGg=e0T +h(T-T,) (2)
0.8x900W nf = 025 56% 10 W A0 kx + 20fv A0 K T 203K
The solution yields T = 321.4 K = 48@. <

(c) Using the IHTFirst Law Modelfor anlsothermal Plane Wallparametric calculations yield the
following results.

70

60

g
=
g
©
g 50
g
5 \\ |
o 40
= —
\ —
20 — | —><—_|
I

20

0 0.2 0.4 0.6 0.8 1

Coating emissivity, eps

Solar absorptivity, alphaS = 1
—><— alphaS = 0.8
—<S— alphaS=05

COMMENTS: The surface radiative properties have a significant effect on the plate temperature,
which decreases with increasiagnd decreasings. If a low temperature is desired, the plate

coating should be characterized by a large valwgogf The temperature also decreases with
increasing h.



PROBLEM 1.36

KNOWN: Surface area of electronic package and power dissipation by the electronics.
Surface emissivity and absorptivity to solar radiation. Solar flux.

FIND: Surface temperature without and with incident solar radiation.

SCHEMATIC:
9;=750W/’"2 Surface, Ag=1m?%
Q. £=1.0, xg= 0.25

Electronics, P-1kW

ASSUMPTIONS: Steady-state conditions.

ANALYSIS: Applying conservation of energy to a control surface about the compartment, at
any instant

Ein - Eow TEq = 0.
It follows that, with the solar input,

asAsgs—AsE +P=0

asAgas - AssaTSA' +P=0

/14
Ly '+PD1
To= SAsUS*PS
0 Ast0 [
In the shade (g5 =0),
4
O 1000 W g
TIs=0— g5 40 364K <
(Il m<x1x5.67 %10 ° W/m< K™
In the sun,
/14
2 2 7
Tszgo.zsxlm X750 Wim” +1000Wd _ .o <

H1 m? x1x5.67x10~8 wim? &4 [

COMMENTS: In orhit, the space station would be continuously cycling between shade and
sunshine, and a steady-state condition would not exist.



PROBLEM 1.37

KNOWN: Daily hot water consumption for a family of four and temperatures associated with ground
water and water storage tank. Unit cost of electric power. Heat pump COP.

FIND: Annual heating requirement and costs associated with using electric resistance heating or a
heat pump.

SCHEMATIC: e
i —— .,
Water, T,=15°C
| r" i

Tr=850C V=100 gal
Elactric heater ar |
heat pump, |
coP=13 A

ASSUMPTIONS: (1) Process may be modelled as one involving heat addition in a closed system,
(2) Properties of water are constant.

1

PROPERTIES: Table A-6, Water Taye = 308 K): p = v~ = 993 kg/fl, ¢ t = 4.178 kI/KE.

ANALYSIS: From Eq. 1.11c, the daily heating requiremer@g;a”y =AUt = McAT
= pVe(T; = T; ). With V = 100 gal/264.17 galfte 0.379

Quaily = 993kg/ rr?’( 0.379 rﬁ) 4.178kJ/Kgy (K 210)@ 62,900kJ

The annual heating requirement is th@ynnua/= 365day$ 62,900kJ/dyy  2.80 10 lat,
with 1 kwWh = 1 kJ/s (3600 s) = 3600 kJ,

Qannual= 6380kWh <

With electric resistance heatin@snnual= @ elec@nd the associated cost, C, is

C = 6380kwWH $0.08/kWh=$510 <
If a heat pump is use@annua= COP( Weleg - Hence,

Welec=Q annud( COP) = 6380kWH/ = 2130kWh
The corresponding cost is

C = 2130kWH $0.08/kWh=$170 <
COMMENTS: Although annual operating costs are significantly lower for a heat pump,

corresponding capital costs are much higher. The feasibility of this approach depends on other factors
such as geography and seasonal variations in COP, as well as the time value of money.



PROBLEM 1.38

KNOWN: Initial temperature of water and tank volume. Power dissipation, emissivity,
length and diameter of submerged heaters. Expressions for convection coefficient associated
with natural convection in water and air.

FIND: (a) Time to raise temperature of water to prescribed value, (b) Heater temperature
shortly after activation and at conclusion of process, (c) Heater temperature if activated in air.

SCHEMATIC:

Water
Ti=295K
T;=335K

Heater —_— |
L =250 mm

D =25 mm
C]1=500W

ASSUMPTIONS: (1) Negligible heat loss from tank to surroundings, (2) Wateels

mixed(at a uniform, but time varying temperature) during heating, (3) Negligible changes in
thermal energy storage for heaters, (4) Constant properties, (5) Surroundings afforded by tank
wall are large relative to heaters.

ANALYSIS: (a) Application of conservation of energy to a closed system (the water) at an
instant, Eq. (1.11d), yields

du dT dT
—=Mc—=plJc—=0=3
d ot Pt A
o= (pcisq) (o o
Hence, Io t=(p0c/3q) I‘I’i T

990 kg/nm x 10ga(| 3.79 10° fh /g)al 4180JMRg K
t= (335- 299 K= 4180s <

3x500 W
(b) From Eq. (1.3a), the heat rate by convection from each heater is
o1 = Ad = Ah(Ts-T) = (7DL)370( Te- T)*/3
Hence,
/4 /4
O
Te=T+E— 0L =T+0 S00 W 0 =(T+24)K

70mDLH B70 Winf OK¥3x rx 0.025 mx 0.250 i

With water temperatures of ¥ 295 K and T = 335 K shortly after the start of heating and at
the end of heating, respectively,

Tsi=319K T f=359 K <

Continued .....



PROBLEM 1.38 (Continued)

(c) From Eg. (1.10), the heat rate in air is
qq = DL g).?o(Ts— 1;0)4/3+50(Tg'— Téuaé

Substituting the prescribed values gf B, L, To = Tgyrande, an iterative solution yields
Ts=830K <

COMMENTS: In part (c) it is presumed that the heater can be operated&3D K
without experiencing burnout. The much larger valuedbi air is due to the smaller

convection coefficient. However, withghyand qagequal to 59 W and 441 W, respectively,
a significant portion of the heat dissipation is effected by radiation.



PROBLEM 1.39

KNOWN: Power consumption, diameter, and inlet and discharge temperatures of a hair
dryer.

FIND: (a) Volumetric flow rate and discharge velocity of heated air, (b) Heat loss from case.
SCHEMATIC:

M%Mmm T = 20°C
\ h =4 W/m2-K
% Teur = 20°C drad  oon To=40°C,£=0.8
/ D =70 mm

r———————— = = = = = = — — _ .

' Air ¥V, T;=20°C

Vo, To= 45°C <— L doimm o [ g APV )
| p =1.10 kg/m

cp = 1007 J/kg-K

|<—L=150mm/ —

Pejec = 500 W

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and
kinetic energy changes of air flow, (4) Negligible work done by fan, (5) Negligible heat
transfer from casing of dryer to ambient air (Part (a)), (6) Radiation exchange between a small
surface and a large enclosure (Part (b)).

ANALYSIS: (a) For a control surface about the air flow passage through the dryer,
conservation of energy for an open system reduces to

m(u+pv) - m(u+ py, + = 0
where u + pv =i and q =R Hence, withm(ii ‘io) :mcp (Ti ‘To)1
mcp (To— Ti) = Relec
. _  Pelec  _ 500 W
m= -
cp(To=Ti) 1007 J/kgjk( 08

C): 0.0199 kg/s

(=M _0.0199KIfS 5 h1g81 1 /s <
P 1.10 kg/n¥
Vo=l o 40 _4x00181m /s, o <

Ac 2  1(0.07 m)?
(b) Heat transfer from the casing is by convection and radiation, and from Eq. (1.10)

= hAg(Ts— T ) +€A g(T‘é—T“SU)
Continued .....



PROBLEM 1.39 (Continued)

where Ag=nDL =(0.07 mx 0.15 m)= 0.033 f1 Hence,

q=4W/mZEK(0.033 n‘?)( 20 <}+ 08 0.033fx 587 19 Wh 4(< Az f);g 4

q=2.64 W+ 3.33W= 597 W <

The heat loss is much less than the electrical power, and the assumption of negligible heat loss
is justified.

COMMENTS: Although the mass flow rate is invariant, the volumetric flow rate increases

as the air is heated in its passage through the dryer, causing a reduction in the density.
However, for the prescribed temperature rise, the chareaimd hence the effect dn is

small.



PROBLEM 1.40

KNOWN: Speed, width, thickness and initial and final temperatures of 304 stainless steel in an
annealing process. Dimensions of annealing oven and temperature, emissivity and convection
coefficient of surfaces exposed to ambient air and large surroundings of equivalent temperatures.
Thickness of pad on which oven rests and pad surface temperatures.

FIND: Oven operating power.
SCHEMATIC:

=300 K
_lh- 10 W/m2-K

Oven Felec Ts=350K
L, —25m7;>|
__ ___ o0 T __ 7 $=08

: St. St. 304

0.008 m

t.=0.5m Concrete

ASSUMPTIONS: (1) steady-state, (2) Constant properties, (3) Negligible changes in kinetic and
potential energy.

PROPERTIES: Table A.1, St.St304T = (Tj + T, )2=775K): p = 7900 kg/r ¢, = 578
J/kgK; Table A.3, Concrete, T = 300 Kk, = 1.4 W/niK.

ANALYSIS: The rate of energy addition to the oven must balance the rate of energy transfer to the

steel sheet and the rate of heat loss from the oven. E}/ri,th Eout— = 0, it follows that

Pelec* M( Ui~ Uo)— = O
where heat is transferred from the oven. Withe pVs(Wg o), (Uj = U )= G (T - Tp). and
q=(2Hy Lo+ 2HoWp+ Wl ) X %(Ts‘ To)+e Q(T45‘ T4SL)I% +ke (Wol o)(Ts—T )t o

it follows that

Pelec=PV(W§ §C fT o T)+(2H & g2H W 5 W b )k
(s To) e (T4-Th)Trk gw b YT 5T B
Pelec= 7900kg/nix 0.01mfs 2m 0.008m 578Jkg( K 1250 00 K
+(2x2mx 25m+ X 2nx 2.4m 2.4m 25m [10WAE (K 350 300 K
+0.8x 5.67 10° W/n%DK‘( 350- 306) K4 1.4wm K 2.4m 25@ 350 300 K/0.5m

Continued.....



PROBLEM 1.40 (Cont.)
Pojec= 694,000W+ 169.6M( 500 3)3 Wm  8400W
=(694,000+ 84,808 53,100 84P0 W 840kW <

COMMENTS: Of the total energy input, 83% is transferred to the steel while approximately 10%,
6% and 1% are lost by convection, radiation and conduction from the oven. The convection and
radiation losses can both be reduced by adding insulation to the side and top surfaces, which would
reduce the corresponding valueTof



PROBLEM 1.41

KNOWN: Hot plate-type wafer thermal processing tool based upon heat transfer modes by
conduction through gas within the gap and by radiation exchange across gap.

FIND: (a) Radiative and conduction heat fluxes across gap for specified hot plate and wafer
temperatures and gap separation; initial time rate of change in wafer temperature for each mode, and
(b) heat fluxes and initial temperature-time change for gap separations of 0.2, 0.5 and 1.0 mm for hot
plate temperatures 300 § € 1300C. Comment on the relative importance of the modes and the
influence of the gap distance. Under what conditions could a wafer be heate8Gar9#ss than 10
seconds?

SCHEMATIC:
<— D>>L Hot plate 9’rad » 9 cond
d=0.78 mm Th = 600°C '/
EJL Stagnant gas, k e
S | Wafer Wafer, Eg g

[ — »nO0 J
" A/IF‘AAAAAA 7 Tw,i=20C —_—
_1‘

ASSUMPTIONS: (1) Steady-state conditions for flux calculations, (2) Diameter of hot plate and

wafer much larger than gap spacing, approximating plane, infinite planes, (3) One-dimensional
conduction through gas, (4) Hot plate and wafer are blackbodies, (5) Negligible heat losses from wafer
backside, and (6) Wafer temperature is uniform at the onset of heating.

PROPERTIES: Wafer: p= 2700 kg/rr31, ¢ = 875 J/kiK; Gas in gap: k = 0.0436 WIK.

ANALYSIS: (a) The radiative heat flux between the hot plate and wafef,fer6DCC and T, =
20° C follows from the rate equation,

q';adza(Tﬁ—Tﬁv)=5.67x 168 W/rrFDK“(( 606 278 —( 20 2)&) R= 325kw/m <

The conduction heat flux through the gas in the gap with L = 0.2 mm follows from Fourier’s law,
600- 20 K
0.0002 m

Teond = k@ = 0.0436 W /ni] ( = 126 kW /rh <

The initial time rate of change of the wafer can be determined from an energy balance on the wafer at
the instant of time the heating process begins,

. . . . T [
Ey = - Er U - C w
in ~ Eout = Est st= P (ﬁd_dt H

whereEy ;=0 and Ej,, = gaq Or deong: Substituting numerical values, find

dTy O _ Gfad _ 32.5¢ 16 W/nf 176K/ <
dt H,rad pcd  2700kg/nPx 875 J/kg K 0.00078 m

wl _feond - gg 4 /s <
dt H,cond pcd
Continued .....



(b) Using the foregoing equations, the heat fluxes and initial rate of temperature change for each mode

PROBLEM 1.41 (Cont.)

can be calculated for selected gap separations L and range of hot plate tempefatitte$, =

20°C.

300

200

Heat flux (kW/m~2)

100

L

500

700

Hot plate temp

q'rad
—e— q'cond,L=1.0mm

—— q"cond,L=0.5mm
—=— q'cond,L=0.2mm

900

erature, Th (C)

1100

1300

Initial rate of change, dTw/dt (K.s"-1)

200

150

100

50

¥
L
L]
L] [
| T ] L
1 1 | |

300 500 700 900

Hot plate temperature, Th (C)

q'rad

—=e— q"cond,L=1.0mm
—&— q"cond,L=05mm
—=&— q"cond,L=02mm

1100 1300

In the left-hand graph, the conduction heat flux increases linearly wamd inversely with L as
expected. The radiative heat flux is independent of L and highly non-linear yyitlufldoes not
approach that for the highest conduction heat rate uptibproaches 120G.

The general trends for the initial temperature-time changg/dtyf, follow those for the heat fluxes.

To reach 908C in 10 s requires an average temperature-time change rate of 90 K/s. Recognizing that

(dT\/dt) will decrease with increasingyTthis rate could be met only with a very highand the
smallest L.



PROBLEM 1.42

KNOWN: Silicon wafer, radiantly heated by lamps, experiencing an annealing process with known
backside temperature.

FIND: Whether temperature difference across the wafer thickness is lesSGhimno2der to avoid
damaging the wafer.

SCHEMATIC:

SRRERRs dtag Ol O
» T
| \ on Us T 3.0x10° W/m?  Upper surface, Tw,u j [ wu
Tour =27°C V1 / &= 0ay= 0.65 e e
AIL s_ ________ Wafer 57 i T ed 3
e .\i k =30 W/m-K

L=0.78 mm Tw, =997°C Tw, = 997°C —/

g
e
SEShLE

S
:0
s
s
=%

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wafer, (3)
Radiation exchange between upper surface of wafer and surroundings is between a small object and a
large enclosure, and (4) Vacuum condition in chamber, no convection.

PROPERTIES: Wafer: k =30 W/rK, £ =a, =0.65.

ANALYSIS: Perform a surface energy balance on the upper surface of the wafer to determine
Tw u- The processes include the absorbed radiant flux from the lamps, radiation exchange with the

chamber walls, and conduction through the wafer.
Efn - Eout=0
ay0s — drad~ dcd= 0

Tw,u _Tw,é
L

0.65x 3.0 18 W/rf- 0.68 567 I8 W/Ai i*(w”[u—( a7 2)7‘% k

aéqg‘ga(T\jlv,u_Tgur)_k =0

~30W/mKHTy  —(997+ 2735 K/0.00078 m 0

Tw,u =1273K=1000 C <
COMMENTS: (1) The temperature difference for this steady-state operating condition,
Tw,u~Tw,I» is larger than ZC. Warping of the wafer and inducing slip planes in the crystal structure
could occur.

(2) The radiation exchange rate equation requires that temperature must be expressed in kelvin units.
Why is it permissible to use kelvin or Celsius temperature units in the conduction rate equation?

(3) Note how the surface energy balance, Eq. 1.12, is represented schematically. It is essential to
show the control surfaces, and then identify the rate processes associated with the surfaces. Make
sure the directions (in or out) of the process are consistent with the energy balance equation.



PROBLEM 1.43

KNOWN: Silicon wafer positioned in furnace with top and bottom surfaces exposed to hot and cool
zones, respectively.

FIND: (a) Initial rate of change of the wafer temperature corresponding to the wafer temperature
Tw,i =300K, and (b) Steady-state temperature reached if the wafer remains in this position. How

significant is convection for this situation? Sketch how you'd expect the wafer temperature to vary as
a function of vertical distance.

SCHEMATIC:

Too = 700 K —> « Teurh = 1500 K
hy = 8 W/m2-K Qevu \ Qrad,h/ d=0.78 mm surh \g
Wafer
_ Tw,i =300 K, or Ty ss
p = 2700 kg/m3
c =875 J/kg-K
€=0.65

Teurc = 330 K /1

ASSUMPTIONS: (1) Wafer temperature is uniform, (2) Transient conditions when wafer is initially
positioned, (3) Hot and cool zones have uniform temperatures, (3) Radiation exchange is between
small surface (wafer) and large enclosure (chamber, hot or cold zone), and (4) Negligible heat losses
from wafer to mounting pin holder.

ANALYSIS: The energy balance on the wafer illustrated in the schematic above includes convection
from the upper (u) and lower (I) surfaces with the ambient gas, radiation exchange with the hot- and
cool-zone (chamber) surroundings, and the rate of energy storage term for the transient condition.

Ein — Eout = Est
n " I dTW
Orad,h* drad,c 9 cv,ur d cvF P CdT
dT,
€0 (Ts4ur,h_TVL\1l)+50 (TSLE-JI’,C_T\?V)_ h U(TW_ Too)_ h |(TW— Too) = pcdd_;:’v

(a) For the initial condition, the time rate of temperature change of the wafer is determined using the
energy balance above witfy, =T, ; =300K,

0.65x 5.6% 10° W/mi0 K‘( 1508- 36’0) R+ 0.66 587 18 w/m ”(< 3% 3‘§o .
~8W/m? K (300~ 700 K- 4W/nf0K 306 70p K
2700kg /M x 875J/k@ K0.00078 n{ d¥ /dX

(dTy /dt), =104 K/s <

(b) For the steady-state condition, the energy storage term is zero, and the energy balance can be
solved for the steady-state wafer temperatlife= Ty, ss

Continued .....



PROBLEM 1.43 (Cont.)

0.650(1506‘— T&,SS) K+ 0.65( 336- ﬁ,ss) N

-8W/m? (K (T, ss= 700) K= 4W/n? OK( Ty s~ 70 K= 0
Tw.ss=1251 K <

To determine the relative importance of the convection processes, re-solve the energy balance above
ignoring those processes to fid T, /dt)i =101 K/s and [ ss= 1262 K.We conclude that the

radiation exchange processes control the initial time rate of temperature change and the steady-state
temperature.

If the wafer were elevated above the present operating position, its temperature would increase, since
the lower surface would begin to experience radiant exchange with progressively more of the hot zone
chamber. Conversely, by lowering the wafer, the upper surface would experience less radiant
exchange with the hot zone chamber, and its temperature would decrease. The temperature-distance
trend might appear as shown in the sketch.

Top 1

Hot
Cool

zone

Elevation

»

Bottom >
300 500 1000 1500 Twss (K)




PROBLEM 1.44
KNOWN: Radial distribution of heat dissipation in acylindrical container of radioactive
wastes. Surface convection conditions.
FIND: Tota energy generation rate and surface temperature.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible temperature drop across thin
container wall.

ANALYSIS: Therate of energy generation is

Eg :quV:CIoI(;O é-(rlro)z%der
Eg =2mLag (r§/2—r§/4)
or per unit length,
Ey = ”q%rg. <
Performing an energy balance for a control surface about the container yields, at an instant,
Ey—Eou =0
and substituting for the convection heat rate per unit length,

-
P00 = h (27110 (Ts ~Too)

T =T, 4+ 9olo. <
4h
COMMENTS: The temperature within the radioactive wastes increases with decreasing r
from Tgat ry to amaximum value at the centerline.



PROBLEM 1.45

KNOWN: Rod of prescribed diameter experiencing electrical dissipation from passage of electrical
current and convection under different air velocity conditions. See Example 1.3.
FIND: Rod temperature as a function of the electrical current£or©010 A with convection

coefficients of 50, 100 and 250 V\ﬁfﬁ[. Will variations in the surface emissivity have a significant
effect on the rod temperature?

SCHEMATIC:
Teo = 300 K
h = 100 W/m2-K
— Jeonv Qrad T,D=1mm
—> \ / €=0.8, R, =0.4 Q/m
|=52A === ===—-----------ooo —=-

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform rod temperature, (3) Radiation exchange
between the outer surface of the rod and the surroundings is between a small surface and large
enclosure.

ANALYSIS: The energy balance on the rod for steady-state conditions has the form,
deonv * drad= E'gen
nDh(T- Too)+nD£a(T4 - TSA[") =17R

Using this equation in the Workspace of IHT, the rod temperature is calculated and plotted as a
function of current for selected convection coefficients.

150

125

100

Rod temperature, T (C)

75 //
50 — L
| | &
| T 1]
25
0
0 2 4 6 8 10
Current, | (amperes)
—— h=50W/m”"2K
—&— h =100 Wm"2.K
—&— h =250 Wim"2.K

COMMENTS: (1) For forced convection over the cylinder, the convection heat transfer coefficient is
dependent upon air velocity approximately as h0'~§.VHence, to achieve a 5-fold change in the
convection coefficient (from 50 to 250 V\ﬁﬂi{), the air velocity must be changed by a factor of

nearly 15.

Continued .....



PROBLEM 1.45 (Cont.)

(2) For the condition of | = 4 A with h = 50 Wﬂf( with T = 63.5C, the convection and radiation
exchange rates per unit length are, respectivgly=5.7W/m and §;q= 0.67 W/m.We conclude

that convection is the dominate heat transfer mode and that changes in surface emissivity could have
only a minor effect. Will this also be the case if h = 100 or ZSO%MPn

(3) What would happen to the rod temperature if there was a “loss of coolant” condition where the air
flow would cease?

(4) The Workspace for the IHT program to calculate the heat losses and perform the parametric
analysis to generate the graph is shown below. It is good practice to provide commentary with the
code making your solution logic clear, and to summarize the results. Itis also good practice to show
plots incustomaryunits, that is, the units used to prescribe the problem. As such the graph of the rod
temperature is shown above with Celsius units, even though the calculations require temperatures in
kelvins.

/l Energy balance; from Ex. 1.3, Comment 1
-q'cv - q'rad + Edot'g = 0

g'cv = pi*D*h*(T - Tinf)

g'rad = pi*D*eps*sigma*(T"4 - Tsur*4)
sigma = 5.67e-8

/I The generation term has the form

Edot'g = I"2*R'e

gdot = I"2*R'e / (pi*D"2/4)

/I Input parameters

D =0.001

Tsur = 300

T C=T-273 /l Representing temperature in Celsius units using _C subscript

eps =0.8

Tinf = 300

h =100

/Ih =50 /I Values of coefficient for parameter study

/Ih = 250

1=5.2 /I For graph, sweep over range from 0 to 10 A

n=4a /I For evaluation of heat rates with h = 50 W/m"2.K

R'e=0.4

/* Base case results: | =5.2 Awith h =100 W/m”2.K, find T =60 C (Comment 2 case).

Edot'g T TC g'cv g'rad gdot D | R'e
Tinf Tsur eps h sigma

10.82 332.6 59.55 10.23 0.5886 1.377E7 0.001 5.2 0.4

300 300 0.8 100 5.67E-8 */

/* Results: | =4 A with h =50 W/m"2.K, find g'cv= 5.7 W/m and g'rad = 0.67 W/m

Edot'g T TC g'cv g'rad gdot D | R'e
Tinf Tsur eps h sigma
6.4 336.5 63.47 5.728 0.6721 8.149E60.001 4 0.4

300 300 0.8 50 5.67E-8  */



PROBLEM 1.46

KNOWN: Long bus bar of prescribed diameter and ambient air and surroundings temperatures.
Relations for the electrical resistivity and free convection coefficient as a function of temperature.

FIND: (@) Current carrying capacity of the bus bar if its surface temperature is not to exteed 65
compare relative importance of convection and radiation exchange heat rates, and (b) Show
graphically the operating temperature of the bus bar as a function of current for the ragdec100

5000 A for bus-bar diameters of 10, 20 and 40 mm. Plot the ratio of the heat transfer by convection to
the total heat transfer for these conditions.

SCHEMATIC:
3 q,
| Conduit, Teyr = 30°C v \ / 0 T = 65°C
| — Bus-bar ;— —————— | o ¢ =085
—_ — Air |—>_§y._.I __________ 4._.&. D =20mm

T, N(T.D) L !

| s e =
h(T,.D) = CD %% (T- T)*?° | ¢ = 1.21 W-m-1.75K-1.25 E’gen: pe(T)

ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar and conduit are very long in direction
normal to page, (3) Uniform bus-bar temperature, (4) Radiation exchange between the outer surface of
the bus bar and the conduit is between a small surface and a large enclosure.

PROPERTIES: Bus-bar materialpe = pe o[1+a (T-Tg)], Peo=0.017Q0m, T, =25°C,
a =0.00396K " .

ANALYSIS: An energy balance on the bus-bar for a unit length as shown in the schematic above has
the form

Ein — Eout + I.5'gen: 0
' 20 _
~Orad ~ dconvt I"'R'e= 0
~enDo (T4 —Ts4ur) ~hD(T=Te )+ 120/ A ¢=

whereR, = po/A cand A =D /4. Using the relations fop, (T) andh(T,D), and substituting
numerical values with T = 8&, find

Oraq = 0.857( 0.020Mx 5.6% I8 W/AD ﬂ(([ 66 2f3-[ 30 ;]‘)) 4 223w/m<

Jeony = 7.83W/nf OK7( 0.020M( 65 30 K 17.2W/m <
where h=1.21W0m -730K 12 0.0200) 02°( 65 3P2°= 7.83wW/AD K
I2R’e=I2(198.2x 1O_GQDn) (002 M /4 6.3 T6 4 w/m

where pe=0.0172 10°QUnH¥ 0.00396K( 65 250 19820 m

The maximum allowable current capacity and the ratio of the convection to total heat transfer rate are

I =1950A %y /(dev+ Gad) = Gev / Gtor= 0.072 <
For this operating condition, convection heat transfer is only 7.2% of the total heat transfer.

(b) Using these equations in the Workspace of IHT, the bus-bar operating temperature is calculated
and plotted as a function of the current for the range<1i@05000 A for diameters of 10, 20 and 40
mm. Also shown below is the corresponding graph of the ratio (expressed in percentage units) of the

heat transfer by convection to the total heat transfgr/ gy -
Continued .....



PROBLEM 1.46 (Cont.)

100 / / 13
o 80 / a s S H
= / 3 9
= T
© 60 / ; 7 / .
=4 o /
o
5 40 2 ° /
= -1+ &
-] 3
20 1
0 1000 2000 3000 4000 5000 20 40 60 80 100
Current, | (A
* Bus bar temperature, T (C)
—D=10mm
——D=20mm —— D=10mm
—4&— D=40mm —— D=20mm

—4— D=40mm

COMMENTS: (1) The trade-off between current-carrying capacity, operating temperature and bar
diameter is shown in the first graph. If the surface temperature is not to exé€eth@Smaximum
current capacities for the 10, 20 and 40-mm diameter bus bars are 960, 1950, and 4000 A,
respectively.

(2) From the second graph with,, / diot VS. T, note that the convection heat transfer rate is always a
small fraction of the total heat transfer. That is, radiation is the dominant mode of heat transfer. Note
also that the convection contribution increases with increasing diameter.

(3) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is
shown below. It is good practice to provide commentary with the code making your solution logic
clear, and to summarize the results.

/* Results : base-case conditions, Part (a)

| R'e cvovertot hbar g'ev g'rad rhoe D Tinf C Ts_C
Tsur_C eps

1950 6.309E-5 7.171 7.826 17.21 222.8 1.982E-8 0.02 30 65
30 0.85*/

/I Energy balance , on a per unit length basis; steady-state conditions
/I Edot'in - Edot'out + Edot'gen =0
-q'cv - g'rad + Edot'gen =0

g'cv = hbar * P * (Ts - Tinf)

P=pi*D

g'rad = eps * sigma * (Ts"4 - Tsur™4)
sigma = 5.67e-8

Edot'gen = I1"2 * R'e

R'e = rhoe / Ac

rhoe =rhoeo * (1 + alpha * (Ts - To) )
To =25+ 273

Ac=pi*D"2/4

/I Convection coefficient

hbar = 1.21 * (D*-0.25) * (Ts - Tinf)"0.25 /I Compact convection coeff. correlation
/I Convection vs. total heat rates

cvovertot = g'cv / (q'cv + g'rad) * 100

/I Input parameters

D =0.020

/I D =0.010 /I Values of diameter for parameter study
/I D =0.040

/'l =1950 /I Base case condition unknown

rhoeo = 0.01711e-6

alpha = 0.00396

Tinf_ C =30

Tinf = Tinf_C + 273

Ts_C=65 /l Base case condition to determine current
Ts=Ts_C+273

Tsur_C =30

Tsur=Tsur_C + 273

eps = 0.85



PROBLEM 1.47

KNOWN: Elapsedimes corresponding to a temperature change from 15° fb4 a reference
sphere and test sphere of unknown composition suddenly immersed in a stirred water-ice mixture.
Mass and specific heat of reference sphere.

FIND: Specific heat of the test sphere of known mass.
SCHEMATIC:

== T(t), T(0)-T(t)=(15-14)°C
At =6.35s, At =4.59s

Water - ice
mixture
T, h

Reference (r) and test (t) spheres

M,=0.515kg M;=1.263 kg
Cr =447 JIkg-K ¢ =7

ASSUMPTIONS: (1) Spheres are of equal diameter, (2) Spheres experience temperature change
from 15 to 14C, (3) Spheres experience same convection heat transfer rate when the time rates of
surface temperature are observed, (4) At any time, the temperatures of the spheres are uniform,
(5) Negligible heat loss through the thermocouple wires.

PROPERTIES: Reference-grade sphere materiak d47 J/kg K.

ANALYSIS: Apply the conservation of energy requirement at an instant of time, Eq. 1.11a, after
a sphere has been immersed in the ice-water mixturg.at T

Ein - I'Eout = Est
dT
~Oconv = MCE

where g,y = hAg(T-T, ). Since the temperatures of the spheres are uniform, the change in

energy storage term can be represented with the time rate of temperature change, dT/dt. The
convection heat rates are equal at this instant of time, and hence the change in energy storage
terms for the reference (r) and test (t) spheres must be equal.

dT QO dTQO
M ¢ EH =Mt ¢y EH

Approximating the instantaneous differential change, dT/dt, by the difference change over a short
period of time AT/At, the specific heat of the test sphere can be calculated.

15-14) K 15- 14 K
0.515 kg 447 J/ kg M: 1.263kg tesg
6.35s 4.59s

¢t =132 J/kgIK <

COMMENTS: Why was it important to perform the experiments with the reference and test
spheres over the same temperature range (from 15@)24NVhy does the analysis require that
the spheres have uniform temperatures at all times?



PROBLEM 1.48

KNOWN: Inner surface heating and new environmental conditions associated with a spherical shell of
prescribed dimensions and material.

FIND: (a) Governing equation for variation of wall temperature with time. Initial rate of temperature
change, (b) Steady-state wall temperature, (c) Effect of convection coefficient on canister temperature.

SCHEMATIC:

Stainless
steel
T;=500 K

T..= 300 K
h =500 W/m2.K

ASSUMPTIONS: (1) Negligible temperature gradients in wall, (2) Constant properties, (3) Uniform,
time-independent heat flux at inner surface.

PROPERTIES: Table A.1 Stainless Steel, AISI 302 = 8055 kg/m, C, = 510 J/kK.

ANALYSIS: (a) Performing an energy balance on the shell at an instant ofije; Eqyt = Est.
Identifying relevant processes and solving for dT/dt,
" 4 dT

(o) )(-w)=o5n( 1) 0y

daT 3 v 2 2 ad

— = - hg (T- T )=
dt pcp(r3—ri3)8] I 5
Substituting numerical values for the initial condition, find

3%&22’2(0.5@2— SO%( 0.6)f( 500 390%

dTo _
dth k J
th 8055m—% 510@3 0 -(opg
9TE - _0.089Kss <
dt

(b) Under steady-state conditions WE@t =0, it follows that

qi’(4miz): h(éhbz)(T— T)

Continued .....



PROBLEM 1.48 (Cont.)

Oy F
T =7+ % 01D _ 300K 10 WP EO'SWg=439K <
h o0 500W/n? K 00.6m

(c) Parametric calculations were performed using theRiHt Law Modelfor anlsothermal Hollow

Sphere As shown below, there is a sharp increase in temperature with decreasing values of h < 1000
W/m?IK. For T > 380K, boiling will occur at the canister surface, and for T > 410 K a condition known
as film boiling (Chapter 10) will occur. The condition corresponds to a precipitous reduction in h and
increase in T.

1000
900

800 \
700 \

600

Temperature, T(K)

500

.

400

™~

\

T

300

100 400 800 2000 6000 10000

Convection coefficient, h(W/m”2.K)

Although the canister remains well below the melting point of stainless steel for h = 16&Wailing
should be avoided, in which case the convection coefficient should be maintained at h > 18680 W/m

COMMENTS: The governing equation of part (a) is a first order, nonhomogenous differential equation
with constant coefficients. Its solutionfs= (S/R)(l— e_Rt)+9i Rt Where@=T-T,, .

S=3(q |2 /p(i‘o(g’— F) R:3hg/pcp(|§— rz) Note results for t- « and for S = 0.



PROBLEM 1.49

KNOWN: Boiling point and latent heat of liquid oxygen. Diameter and emissivity of container.
Free convection coefficient and temperature of surrounding air and walls.

FIND: Mass evaporation rate.
SCHEMATIC:

dconv™, Teo=25°C
Liquid oxygen, h=10 W/m2-K
T=90K, hyy =214 kJ/kg
500 mm
T=-10°C,£=0.2 _
s Tou= 25 °C

ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of container outer surface equals
boiling point of oxygen.

ANALYSIS: (a) Applying an energy balance to a control surface about the container, it follows that,
at any instant,

Ein —Eout =0 or Gonvt Grad~ devag Q

The evaporative heat loss is equal to the product of the mass rate of vapor production and the heat of
vaporization. Hence,

g‘(Too _Ts)+5U(T§ur_ Té’)%& sMevdd ig 0 1)

Sw(Too -Ts) +sa(T§ur— Tg‘)émz
hfg
%OW/mZ [K(298- 26} K+ 0.X 568 10 W A ﬁ( 2B 26'); %1( 0.5
214kJ kg
(350+ 35.9 W/n?( 0.785 r%)

214kJ kg

(b) Using the energy balance, Eg. (1), the mass rate of vapor production can be determined for the
range of emissivity 0.2 to 0.94. The effect of increasing emissivity is to increase the heat rate into the
container and, hence, increase the vapor production rate.

Meyap=

Mevap =

Mevap= =1.41x 103 kg s <

1.9

1.8

17

16

Evaporation rate, mdot*1000 (kg/s)

15

1.4

0.2 0.4 0.6 0.8 1

Surface emissivity, eps

COMMENTS: To reduce the loss of oxygen due to vapor production, insulation should be applied
to the outer surface of the container, in order to reduggand G Note from the calculations in
part (a), that heat transfer by convection is greater than by radiation exchange.



PROBLEM 1.50

KNOWN: Frost formation of 2-mm thickness on a freezer compartment. Surface exposed to
convection process with ambient air.

FIND: Time required for the frost to melg,.t

SCHEMATIC:
T Adiabatic Frost, T;= 0°C
Freezer —Te Ambient air surface Y,
compartment lef; ABst
wall | | T,=20°C | | <— Ej
I

(

— 2_ |
. h= 2Wm2K | dx
1l s x

®>— Frost layer
\/\/\/"/ y 0 Xo =

ASSUMPTIONS: (1) Frost is isothermal at the fusion temperatuye(2) The water melt falls away
from the exposed surface, (3) Negligible radiation exchange at the exposed surface, and (4) Backside
surface of frost formation is adiabatic.

PROPERTIES: Frost, p; =770kg/n? , b = 334kJ/kg.

ANALYSIS: The time , required to melt a 2-mm thick frost layer may be determined by applying

an energy balance, Eq 1.11b, over the differential time interval dt and to a differential control volume
extending inward from the surface of the layer dx. From the schematic above, thereistigy
convection heat flux over the time period dt and the change in energy storage is the latent energy

change within the control volume gAx.
Ein — Eout = Est
deonvA ¢t =dUy g
hAg(Te = Tf )dt = —ps Aghgfdx
Integrating both sides of the equation and defining appropriate limits, find

t 0
h(Teo =T ) [ dt=—pr it [,

t = Pt hst Xo
M h(Te-T)

_ 700kg /P x 3§>4< 18 J/kg 0.002mM 1 690 == 3.2 hour <
2W/m“ [K(20- 0 K

m

COMMENTS: (1) The energy balance could be formulated intuitively by recognizing that the total
heatin by convection during the time interval, (qgy ) Must be equal to the total latent energy for

melting the frost layef p xohs ). This equality is directly comparable to the derived expression
above for f,.

(2) Explain why the energy storage term in the analysis has a negative sign, and the limits of
integration are as showmlint: Recall from the formulation of Eq. 1.11b, that the storage term
represents the change between the final and initial states.



PROBLEM 1.51

KNOWN: Vertical slab of Woods metal initially at its fusion temperatufgjoined to a substrate.

Exposed surface is irradiated with laser souce,e(W/mz).

FIND: Instantaneous rate of melting per unit arag, (kg/slmz), and the material removed in a

period of 2 s, (a) Neglecting heat transfer from the irradiated surface by convection and radiation
exchange, and (b) Allowing for convection and radiation exchange.

SCHEMATIC:

E.St Laser irradation
4G G=5 KW/m?

_ Tew=20°C
— h =15 W/m2-K
cv air

T Teur = 20°C

Substrate  ~—_|

Woods metal —_|
Ti=72°C
hgs = 33 kd/kg
e=04
a =04

qQ"rad

ASSUMPTIONS: (1) Woods metal slab is isothermal at the fusion temperatyrend (2) The melt
runs off the irradiated surface.

ANALYSIS: (a) The instantaneous rate of melting per unit area may be determined by applying an
energy balance, Eq 1.11a, on the metal slab at an instant of time neglecting convection and radiation
exchange from the irradiated surface.

—n —ir — d " _ dM"
Ein — Eout = Est a,Gy :a(_M hsf)—_hsz

wheredM"/dt = ry, is the time rate of change of mass in the control volume. Substituting values,
0.4x 5000W/nf = - 33,0001 /kg | 'm=- 606 10 kgism <

The material removed in a 2s period per unit area is
Mg =’ [t =121 g/ nf <

(b) The energy balance considering convection and radiation exchange with the surroundings yields
ayGy = ey ~ trad =~ hst My
ey = h(Tf - T ) = 15W/nf OK( 72- 2 K= 780W/

q;adzea(T?—T£)=0.4x 5.6% 108 W/nf0] »([ 72 2P 20 2}’%) k= 154w/

i, =—-32.3«< 10° kg/& M Ms= 64g/mM <

COMMENTS: (1) The effects of heat transfer by convection and radiation reduce the estimate for
the material removal rate by a factor of two. The heat transfer by convection is nearly 5 times larger
than by radiation exchange.

(2) Suppose the work piece were horizontal, rather than vertical, and the melt puddled on the surface
rather than ran off. How would this affect the analysis?

(3) Lasers are common heating sources for metals processing, including the present application of
melting (heat transfer with phase change), as well as for heating work pieces during milling and
turning (laser-assisted machining).



PROBLEM 1.52

KNOWN: Hot formed paper egg carton of prescribed mass, surface area and water content
exposed to infrared heater providing known radiant flux.

FIND: Whether water content can be reduced from 75% to 65% by weight during the 18s
period carton is on conveyor.

SCHEMATIC:
F 4 \ 7 \ 7 L /-/eafer bank
9,/=5000 W/mll l l £4q carton, M-0220kg,
As= O. 062\57"2
Conveyer —> —>

ASSUMPTIONS: gl) All the radiant flux from the heater bank is absorbed by the carton, (2)
]Ic\legll |t%![e heatdl oss from carton by convection and radiation, (3) Negligible mass |oss occurs
rom bottom side.

PROPERTIES: Water (given): hgg = 2400 kJ/kg.

ANALYSIS. Defineacontrol surface about the carton, and write the conservation of energy
requirement for an interval of time, At,

Ein ~Eou =AE4 =0

n

%] vaisr
N\ \7/\7 i
! 1
| IR ]
where Ej, isdue to the absorbed radiant flux, qj,,fromthe  —— 7~ 7" 7777
heater and Eqt iS the energy leaving due to evaporation of
water from the carton. Hence.
Op [A At = AM [hy,.
For the prescribed radiant flux gj,,
"A t 2 . 2
AM = grA LA _ 5000 W/ m” x0.0625 m” x18s _ 000234 kg.
hfg 2400 kJ/ kg

The chief engineer’ s requirement was to remove 10% of the water content, or
AM o =M x0.10=0.220 kg x0.10=0.022 kg

which is nearly an order of magnitude larger than the evaporative loss. Considering heat
losses by convection and radiation, the actual water removal from the carton will be less than
AM. Hence, the purchase should not be recommended, since the desired water removal

cannot be achieved. <



PROBLEM 1.53

KNOWN: Average heat sink temperature when total dissipation is 20 W with prescribed air and
surroundings temperature, sink surface area and emissivity.

FIND: Sink temperature when dissipation is 30 W.
SCHEMATIC:

Sink, Ts=42°C with R=20W,

Rower devices,

fe=200r30W _ [ As=0.045m? £=08
‘\I _____ 1 \
Drad i iqconv

_27oC __________ <+ E:ZV‘,C

ASSUMPTIONS: (1) Steady-state conditions, (2) All dissipated power in devicesistransferred
to the sink, (3) Sink isisothermal, (4) Surroundings and air temperature remain the same for both
power levels, (5) Convection coefficient is the same for both power levels, (6) Heat sink isasmall
surface within alarge enclosure, the surroundings.

ANALYSIS: Defineacontrol volume around the heat sink. Power dissipated within the devices
istransferred into the sink, while the sink loses heat to the ambient air and surroundings by
convection and radiation exchange, respectively.

Ein —Eout =0
Po—hAs(Ts —Too ) ~Agt0 (TS4 —T&lr) 0.

Consider the situation when Pg = 20 W for which Tg = 42°C; find the value of h.

(D

h= gDe/AS —s0 (Ts4 ~1&\ )E/ (Ts ~Teo)

h= {20 W/0.045 m? - 0.8x5.67 x1078 wim? K 4 (3154 —3004) K‘E/ (315 -300)K

h=24.4W/m? K.
For the situation when Pg = 30 W, using this value for h with Eqg. (1), obtain
30 W - 24.4 W/m? [K x0.045 m? (Tg ~300)K

~0.045 m? x0.8%5.67 x10~8 W/m? [K4(Ts4 —3004) k4 =0

30 =1.098(Tg —300) +2.041x10™2 (TS4 —3004).
By trial-and-error, find
T,=322K =49°C. <

COMMENTS: (1) Itisgood practice to express all temperatures in kelvin units when using energy
balances involving radiation exchange.

(2) Note that we have assumed Agis the same for the convection and radiation processes. Since not all
portions of the fins are completely exposed to the surroundings, Ag ragd islessthan Ag cony = As.

(3) Isthe assumption that the heat sink isisothermal reasonable?



PROBLEM 1.54

KNOWN: Number and power dissipation of PCBs in a computer console. Convection coefficient
associated with heat transfer from individual components in a board. Inlet temperature of cooling air
and fan power requirement. Maximum allowable temperature rise of air. Heat flux from component
most susceptible to thermal failure.

FIND: (a) Minimum allowable volumetric flow rate of air, (b) Preferred location and corresponding
surface temperature of most thermally sensitive component.

SCHEMATIC:
(To-Ti) max = 15°C

) 4 | APPSR P

el | iy

A 1|

2 :Ir-: S T T 7 h =200 W/m2-K
|

N B RR 4 Pomzow

) | I ’

TR ET T Pee2sw
] v

2 N O |: '2 q" =1 W/cm?

I

EEEEE

2'_ =} [ ] =y N

z ______/K::H_CD_I/;/;//_//_//_//;/Z p=1.161 kg/ m3

Air A A ¥ T=20°C  cp=1007 Jkg

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and kinetic
energy changes of air flow, (4) Negligible heat transfer from console to ambient air, (5) Uniform
convection coefficient for all components.

ANALYSIS: (a) For a control surface about the air space in the console, conservation of energy for
an open system, Eq. (1.11e), reduces to
m(u+ pv)i — m( u+ p\)0+ ¢ W= 0

where ur p\= i, ¢ 5p , and W~ P Hence, withri(ij —ig ) =mcp (Ti — To).

mep(To-Ti)=5 R+ R

For a maximum allowable temperature rise 01, 3he required mass flow rate is

. _ 5Bh+R _ 5x20W+25W 8.28><1O_3kg/s

m= _ =
cp(To=Ti) 1007 J/kg]k( 15’ c)
The corresponding volumetric flow rate is

. -3
_M_828107kgls 7 13163 13 /s <

P 1.161kg/n?

(b) The component which is most susceptible to thermal failure should be mounted at the bottom of
one of the PCBs, where the air is coolest. From the corresponding form of Newton’s law of cooling,

q" = h(Tg~-Tj), the surface temperature is

g 1x1d* winf

U LR
Te=Ti+ L =20° C+
h 200 W/nf OK

COMMENTS: (1) Although the mass flow rate is invariant, the volumetric flow rate increases as the
air is heated in its passage through the console, causing a reduction in the density. However, for the

prescribed temperature rise, the change #nd hence the effect di, is small. (2) If the thermally

=70 C <

sensitive component were located at the top of a PCB, it would be exposed to warmgr &5(Q)

and the surface temperature would ReB5C.



PROBLEM 1.55

KNOWN: Top surface of car roof absorbs solar flag ang and experiences for case (a): convection
with air at T, and for case (b): the same convection process and radiation emission from the roof.

FIND: Temperature of the plat&,, for the two cases. Effect of airflow on roof temperature.

SCHEMATIC:

Too = 20 °C — g q"s aps = 800 Wim?2 q" 7'S.abs £

h=12Wm2K —s N\ 7N ’ \ conv l f
——————— —fTSaAS —————————-—ﬁTS’AS

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer to auto interior, (3)
Negligible radiation from atmosphere.

ANALYSIS: (a) Apply an energy balance to the control surfaces shown on the schematic. For an
instant of time,Ej, — Eqyt = 0. Neglecting radiation emission, the relevant processes are convection

between the plate and the afony, and the absorbed solar fludg g Considering the roof to have

an areaAg,
05,abs A s hA {T 5Te)=0
Ts =Te +05 apdh

800W/nf

=20 Cr 66.7 G 867 C <
12W/m? K

Ts=20"C+
(b) With radiation emission from the surface, the energy balance has the form
0S,absA s A conv ELA 50

05 abd shA {T 5T )-€A C§T4§O-

Substituting numerical values, with temperature in absolute units (K),

8OOW2—12 \ZN (- 2938- 0.8 5.6% 1‘(53%1 g= 0
m m-[K m“K
78 A=
12Tg+ 4.536¢ 10° E= 4316
It follows that T, = 320 K = 47C. <

Continued.....



PROBLEM 1.55 (Cont.)

(c) Parametric calculations were performed using theRHdt Law Modelfor anlsothermal Plane Wall

As shown below, the roof temperature depends strongly on the velocity of the auto relative to the ambient
air. For a convection coefficient of h = 40 WKy which would be typical for a velocity of 55 mph, the

roof temperature would exceed the ambient temperature by less fitan 10

360

350

340

330

320

Temperature, Ts(K)

310

300

290

0

20

40

60

80

100 120 140 160 180 200

Convection coefficient, h(W/m”"2.K)

COMMENTS: By considering radiation emissiof, decreases, as expected. Note the manner in which
Jeony IS formulated using Newton'’s law of cooling; singg,,, is shown leaving the control surface, the
rate equation must be(Ts - Te ) and noth(Te = Ts).



PROBLEM 1.56

KNOWN: Detector and heater attached to cold finger immersed in liquid nitrogen. Detector surface of
€ = 0.9 is exposed to large vacuum enclosure maintained at 300 K.

FIND: (a) Temperature of detector when no power is supplied to heater, (b) Heater power (W) required
to maintain detector at 195 K, (c) Effect of finger thermal conductivity on heater power.

SCHEMATIC:

| Tgur= 300 K J

T === G

Electrical heater

[ =50 mm ——

Cold finger, D=5 mm
MW,LOK_JTTL =77K

. ——J .
SN

- PN ) AT XS

Liquid nitrogen — |~ PUSES

5

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through cold finger, (3)
Detector and heater are very thin and isotherm&l,g#) Detector surface is small compared to
enclosure surface.

PROPERTIES: Cold finger (given): k=10 WI/HK.

ANALYSIS: Define a control volume about detector and heater and apply conservation of energy
requirement on a rate basis, Eg. 1.11a,

Ein —Eout=0 (1)
where

Ein = 0rad + Jelec E out= 9 cond (2,3)
Combining Egs. (2,3) with (1), and using the appropriate rate equations,

EAO (Tgur‘Tg)+q elec KA £T sT )fl— - 4)

(a) Whereqg|ec = 0, substituting numerical values

0.9x 5.67 10° W/n?DK‘( 306- ;4) K= 10w/l K J- 77 K/0.050m
5.103 168(306— 34): 200 3~ 77

Tg=79.1K <

Continued.....



PROBLEM 1.56 (Cont.)
(b) WhenTg = 195 K, Eq. (4) yields

0.9% [7(0.005m)* /4k 5.6% 1 WD ﬁ( 30b- 155’% & ofec

=10W/mIKx [77(0.005m)? /4k( 195 7} K/0.050m
Jelec = 0.457 W= 457 mW <

(c) Calculations were performed using fiiest Law Modelfor aNonisothermal Plane WallWith net
radiative transfer to the detector fixed by the prescribed valués ahd Tg;r, Eq. (4) indicates that
Jeec INCreases linearly with increasing k.

19
17
15
13
11

Heater power, gelec(W)

Bk w o N ©

0 100 200 300 400
Thermal conductivity, k(W/m.K)

Heat transfer by conduction through the finger material increases with its thermal conductivity. Note
that, for k = 0.1 W/riK, Qgjec = -2 mW, where the minus sign implies the need for adieltrather

than a heat source, to maintain the detector at 195 K. In thigjgggexceedQcgnd, and a heat sink
would be needed to dispose of the difference. A conductivity of k = 0.114BWiglds a precise

balance between5q and cond. Hence to circumvent heaving to use a heat sink, while minimizing

the heater power requirement, k should exceed, but remain as close as possible to the value of 0.114
W/mIK. Using a graphite fiber composite, with the fibers oriented normal to the direction of conduction,

Table A.2 indicates a value of0.54 W/mK at an average finger temperature'be= 136 K. For this

COMMENTS: The heater power requirement could be further reduced by decreasing



PROBLEM 1.57

KNOWN: Conditions at opposite sides of a furnace wall of prescribed thickness, thermal
conductivity and surface emissivity.

FIND: Effect of wall thickness and outer convection coefficient on surface temperatures.
Recommended values of L aifih.

SCHEMATIC:
Silica brick,
k=03W/m:K, £¢=0.8

Combustion
gases

M e o {1

h, =50 W/m2.K I
Too, 1 = 15673 K |

T Tsur= 298 K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible
radiation exchange at surface 1, (4) Surface 2 is exposed to large surroundings.

ANALYSIS: The unknown temperatures may be obtained by simultaneously solving energy balance
equations for the two surface. At surface 1,

dconv,1= 9'cond

hy (T 1= T1) = k(T1- TQL (1)
At surface 2,

dcond = dconvt d'rad

K(Ty-ToYL =h (T~ Te ’2)+50(T§ —Téu) )
Using the IHTFirst Law Modelfor aNonisothermal Plane Wallve obtain

1700

1500 1S

1300

1100

900

700

Surface temperature, T(K)

500

300 =
0 0.1 0.2 0.3 0.4 0.5
Wall thickness, L(m)

>

—©— |Inner surface temperature, T1(K)
—2&— OQuter surface temperature, T2(K)

Continued .....



PROBLEM 1.57 (Cont.)

Both (cong and To decrease with increasing wall thickness, and for the prescribed valhye ofL0
W/m’K, a value of L> 0.275 m is needed to maintalp < 373 K = 100°C. Note that inner surface
temperaturelq, and hence the temperature differenbg;-To, increases with increasing L.

Performing the calculations for the prescribed rangk-ofwe obtain

1700

1500

1300

1100

900

Surface temperature, T(K)

700

500 A
300

0 10 20 30 40 50
Convection coefficient, h2(W/m”2.K)

—&— |Inner surface temperature, T(K)
—=&— Quter surface temperature, T(K)
For the prescribed value of L = 0.15 m, a valudigf= 24 W/nfK is needed to maintaiiiy < 373

K. The variation has a negligible effect @, causing it to decrease slightly with increasimg, but
does have a strong influence g.

COMMENTS: If one wishes to avoid use of active (forced convection) cooling on side 2, reliance
will have to be placed on free convection, for whigh = 5 W/nfK. The minimum wall thickness
would then be L = 0.40 m.



PROBLEM 1.58

KNOWN: Furnace wall with inner surface temperatuje=1352C and prescribed thermal
conductivity experiencing convection and radiation exchange on outer surface. See Example 1.5.

FIND: (@) Outer surface temperaturgrésulting from decreasing the wall thermal conductivity k or
increasing the convection coefficient h by a factor of two; benefit of applying a low emissivity
coating € < 0.8); comment on the effectiveness of these strategies to reduce risk of burn injury when
T2 < 65°C; and (b) Calculate and plop &s a function of h for the range 2 < 100 W/mZ[K for

three materials with k = 0.3, 0.6, and 1.2 ViBpwhat conditions will provide for safe outer surface
temperatures.

SCHEMATIC:
T1 = 3520C T2 < 650C : -
\ £=0.80or0.1 Ambient air
k:12 or T(D=250C
0.6 W/m-K
Combustion . m h = 20 or 40 W/m?-K
gases 9 conv
q"rad

Ls>x L=0.15m

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Radiation
exchange is between small surface and large enclosure, (4) Inner surface temperature remains constant
for all conditions.

ANALYSIS: (a) The surface (x = L) energy balance is
T1-Ty _ 4 -4

With T1 = 352C, the effects of parameters h, k a&wh the outer surface temperature are calculated
and tabulated below.

Conditions k(W/mK) h(W/m2 EK) £ T, (°C)
Example 1.5 1.2 20 0.8 100

Decrease k by ¥2 0.6 20 0.8 69
Increase h by 2 1.2 40 0.8 73
Change k and h 0.6 40 0.8 51
Decrease 1.2 20 0.1 115

(b) Using the energy balance relation in the Workspace of IHT, the outer surface temperature can be
calculated and plotted as a function of the convection coefficient for selected values of the wall
thermal conductivity.

Continued .....



PROBLEM 1.58 (Cont.)

o
~ 100
'_
o
>
3 80
a
£ 60 —~
; \ ~——
g —
5 40 —_— S
“ ] T
5 .
3 20 ‘
20 40 60 80 100
Convection coefficient, h (W/m~"2.K)
—— k=12W/m.K
—— k=0.6 W/m.K
—4— k=03 W/mK

COMMENTS: (1) From the parameter study of part (a), note that decreasing the thermal
conductivity is more effective in reducing Than is increasing the convection coefficient. Only if
both changes are made wily Be in the safe range.

(2) From part (a), note that applying a low emissivity coating is not beneficial. Did you suspect that
before you did the analysis? Give a physical explanation for this result.

(3) From the parameter study graph we conclude that safe wall conditpoa$$TC) can be
maintained for these conditions: with k = 1.2 ViIKmivhen h > 55 W/r%[K; with k = 0.6 W/niK
when h > 25 W/r?[K; and with k = 0.3 W/iK when h > 20 W/riK.



PROBLEM 1.59

KNOWN: Inner surface temperature, thickness and thermal conductivity of insulation
exposed at its outer surface to air of prescribed temperature and convection coefficient.

FIND: Outer surface temperature.

SCHEMATIC:
Lnsulation, k’= 01 W/m K
71 =400°C o Teps35°C

h =500 Wfm2-K

< L=0.025m

-

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the
insulation, (3) Negligible radiation exchange between outer surface and surroundings.

ANALYSIS: From an energy balance at the outer surface at an instant of time,
Acond = Yconv-

Using the appropriate rate equations,
T -T
((T2) - 2) =h(T2 - Te).

Solving for To, find

Kpppy, 2iWmIK (4oo° c) +500- (35° c)
T, = L ® _ 0.025m m2 K
e K s00. W, 01W/mIK
L m2K  0.025m
T, =37.9°C. <

COMMENTS: If the temperature of the surroundings is approximately that of the air,

radiation exchange between the outer surface and the surroundings will be negligible, since To
issmall. In this case convection makes the dominant contribution to heat transfer from the
outer surface, and assumption (3) is excellent.



PROBLEM 1.60

KNOWN: Thickness and thermal conductivity, k, of an oven wall. Temperature and emissiofty,
front surface. Temperature and convection coefficient, h, of air. Temperature of large surroundings.

FIND: (a) Temperature of back surface, (b) Effect of variations in k, lg.and

SCHEMATIC:
{Y
k=07 W/mK - 9 rad TH
T
conv
Too= 300 K
T —4 h =20 W/m2-K
~ | | To=400K
L=0.06m— | £=08 /-
Toyur= 300 K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Radiation exchange with large
surroundings.

ANALYSIS: (a) Applying an energy balance, Eg. 1.13, at an instant of time to the front surface and
substituting the appropriate rate equations, Egs. 1.2, 1.3a and 1.7, find

k@zh(Tz—Tm)wa(Tg—Ts“ur).

Substituting numerical values, find

0.05 w 8 W

T-Tp= n Ezo 100K+0.8x 5.67 10° 4 a008*~( 300)*F= 200K
0.7WmMIKH m2 x m2 k4

Since To = 400 K, it follows thatTy = 600 K. <

(b) Parametric effects may be evaluated by using theHiFST Law Model for aNonisothermal Plane
Wall. Changes in k strongly influence conditions for k < 20 W/rbut have a negligible effect for
larger values, ago approached and the heat fluxes approach the corresponding limiting values

10000

600 — —
f & 8000
< /
s /
3 S 6000 - e # £ £
N 500 -c:
9 =] 4000
5 = | =) = =)
< [
g 2 2000 4
£ 400
F 0
0 100 200 300 400
Thermal conductivity, k(W/m.K)
300
0 100 200 300 400 —6— Conduction heat flux, g"cond(W/m”2)

—&— Convection heat flux, q"conv(W/m”"2)
Thermal conductivity, k(W/m.K) —B— Radiation heat flux, q"rad(W/m"2)



PROBLEM 1.60 (Cont.)

The implication is that, for k > 20 W/, heat transfer by conduction in the wall is extremely efficient
relative to heat transfer by convection and radiation, which beconfientheg heat transfer processes.

Larger fluxes could be obtained by increasirapd h and/or by decreasifg, and Tg;.

With increasing h, the front surface is cooled more effectivély decreases), and althougiyg
decreases, the reduction is exceeded by the increa@jyy. With a reduction inT» and fixed values
of k and L, qcong Must also increase.

30000

1
L1
600 T
~ e
£ 20000 -
g g «
N [on
= <
g 2 10000
= —
3 500 5
o T
g_ ? \“‘3———_(5_ =1
8 0
0 100 200
Convection coefficient, h(W/m”"2.K)
400

—6— Conduction heat flux, q"cond(W/m”"2)
0 100 200 —— Convection heat flux, g"conv(W/m~2)
vt b n
Convection coefficient, h(W/m~2.K) —&- Radiation heat flux, q"rad(W/m"2)

The surface temperature also decreases with incregsimg the increase iflygq exceeds the reduction

in deonys @llowing gepng to increase witls.

10000

—
575 — Lo
S 8000 ot
E o
_ 570 S 6000
< = )4 A A N
~ - L—
:, 565 é 4000 =
g g 2000 ]
“é& 560 T
e 0 L&
555 0 0.2 0.4 0.6 0.8 1
Emissivity
550
0 0.2 0.4 0.6 0.8 1 —6— Conduction heat flux, g"cond(W/m”"2)
) ) : ) —A— Convection heat flux, q"conv(W/m”2)
Emissivity —HB— Radiation heat flux, q"rad(W/m”2)

COMMENTS: Conservation of energy, of course, dictates that, irrespective of the prescribed
conditions,dcond = 'convt d'rad



PROBLEM 1.61

KNOWN: Temperatures at 10 mm and 20 mm from the surface and in the adjoining airflow for a
thick steel casting.

FIND: Surface convection coefficient, h.

SCHEMATIC:
et teel
|F§/_ks"' f% W/?ﬂ'K
il A 1
qcond : i qCO’W o
1 u ; T,=-50°C
20 10 x(mm)| 7;=4O°C

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in the x-direction, (3) Constant
properties, (4) Negligible generation.

ANALYSIS: From asurface energy balance, it follows that
dcond = Yconv

where the convection rate equation has the form
deonv =h (Too _TO)’

and Qgong can be evaluated from the temperatures prescribed at surfaces 1 and 2. That is, from
Fourier’slaw,

Ti-To
X2 =X1

w  (50-40)’C
MK (20-10)x10~3m

Jcond =K

Jhong =15 =15,000 W/m?.

Since the temperature gradient in the solid must be linear for the prescribed conditions, it follows that
To=60°C.
Hence, the convection coefficient is
h= dcond
To = To
_ 15,000 W/ m?
40°C
COMMENTS: The accuracy of this procedure for measuring h depends strongly on the validity of
the assumed conditions.

h =375 W/ m? K. <



PROBLEM 1.62

KNOWN: Duct wall of prescribed thickness and thermal conductivity experiences prescribed heat flux
go at outer surface and convection at inner surface with known heat transfer coefficient.

FIND: (a) Heat flux at outer surface required to maintain inner surface of dilict=a85°C, (b)
Temperature of outer surfacy, (c) Effect of h onTy andqg .

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant
properties, (4) Backside of heater perfectly insulated, (5) Negligible radiation.

ANALYSIS: (a) By performing an energy balance on the wall, recognizeqba‘é q&ond- From an energy

balance on the top surface, it follows titkiond = O'conv= d o Hence, using the convection rate equation,

0 = Qeony = h(Ti— o) = 100W/nf OK( 85 3)° G 5500W /f <
(b) Considering the duct wall and applying Fourier's Law,
AT To—T;
"ok =k-O_ I
o= Ax L
"L 5500 W/nf x 0.010 o
T, =T, +20= g5 C+ I x M_(85+2.9° c= 878 C <
k 20W/mCK
(c) For Tj = 85°C, the desired results may be obtained by simultaneously solving the energy balance equations
To—-T; To—T;
do =k °L ' and k—0—L=h(T-T)

Using the IHTFirst LawModel for aNonisothermal Plane Walthe following results are obtained.

12000

91

10000

90

8000

89

6000

88

Heat flux, g"o(W/m"2)

4000 87

Surface temperature, To(C)

2000 86

0 85
0 40 80 120 160 200 0 40 80 120 160 200

Convection coefficient, h(W/m”2.K) Convection coefficient, h(W/m~2.K)

Since qgony increases linearly with increasing h, the applied heatdfyxmust be balanced by an
increase indgong, Which, with fixed k, T; and L, necessitates an increasd

COMMENTS: The temperature difference across the wall is small, amounting to a maximum value of
(To —Ti) = 5.5C for h = 200 W/rfiK. If the wall were thinner (L < 10 mm) or made from a material

with higher conductivity (k > 20 W/iK), this difference would be reduced.



PROBLEM 1.63

KNOWN: Dimensions, average surface temperature and emissivity of heating duct. Duct air
inlet temperature and velocity. Temperature of ambient air and surroundings. Convection
coefficient.

FIND: (a) Heat loss from duct, (b) Air outlet temperature.

SCHEMATIC:
Ts=50°C, =05

N . : Ambient Air

Tsur=5"C
H=200 mm ! Teo=5°C
= 2.

Heated air h =4 W/ms-K .
V=4m/s |%}
T;=58°C |

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and
kinetic energy changes of air flow, (4) Radiation exchange between a small surface and a large
enclosure.

ANALYSIS: (a) Heat transfer from the surface of the duct to the ambient air and the
surroundings is given by Eq. (1.10)

= hAg(Ts~ T ) +€A g(T‘é—T“SU)

where A=L(2W +2H)=15m (0.7 m+ 0.5 m) = 16.§m-|ence,

q=4 W/nf [Kx16.5 n?( 485 #+ 08 165fx 567 18  whm ‘(< 323 z‘)s 4K

0= Oconv+ drad= 2970 W+ 2298 W 5268 W <
(b) With i = u + pv, W= 0 and the third assumption, Eq. (1.11€) yields,

m(ij —ig) =mcp (Ti-To) =1
where the sign on g has been reversed to reflect the fact that heat transfethe system.
With m=pVA;=1.10 kg/nP x 4 m/§¢ 0.35m 0.20p=  0.308 kgthe outlet temperature is

To=Ti-—1 =58 C- 5268 W =4f C <
ey 0.308 kg/s 1008 J/kg K

COMMENTS: The temperature drop of the air is large and unacceptable, unless the intent is
to use the duct to heat the basement. If not, the duct should be insulated to insure maximum
delivery of thermal energy to the intended space(s).



PROBLEM 1.64

KNOWN: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in a room
with fixed wall and air temperatures. See Example 1.2.

FIND: (a) Which option to reduce heat loss to the room is more effective: reduce by a factor of two
the convection coefficient (from 15to0 7.5 V\ﬁﬁ&) or the emissivity (from 0.8 to 0.4) and (b) Show

graphically the heat loss as a function of the convection coefficient for the ranys 30 W/mZEBi
for emissivities of 0.2, 0.4 and 0.8. Comment on the relative efficacy of reducing heat losses
associated with the convection and radiation processes.

SCHEMATIC:

SPROCOROSSLBOSINNINEE
Te = 25°C Va |§

h = 15 W/m2-K Tsur = 25°C

— > Qeonv \ Orad /4 T = 200°C
—> / D =70 mm

€=0.8

ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between pipe and the room is
between a small surface in a much larger enclosure, (3) The surface emissivity and absorptivity are
equal, and (4) Restriction of the air flow does not alter the radiation exchange process between the
pipe and the room.

ANALYSIS: (a) The heat rate from the pipe to the room per unit length is

Substituting numerical values for the two options, the resulting heat rates are calculated and compared
with those for the conditions of Example 1.2. We conclude that both options are comparably effective.

Conditions h (W/ m? EK) £ q(W/m)
Base case, Example 1.2 15 0.8 998
Reducing h by factor of 2 7.5 0.8 788
Reducing by factor of 2 15 0.4 709

(b) Using IHT, the heat loss can be calculated as a function of the convection coefficient for selected
values of the surface emissivity.
1200

800

400

Heatloss, g' (/m)
\

5 10 15 20

Convection coefficient, h (W/m”2.K)
— eps = 0.8, bare pipe

—8— eps = 0.4, coated pipe
—&— eps = 0.2, coated pipe

Continued .....



PROBLEM 1.64 (Cont.)

COMMENTS: (1) In Example 1.2, Comment 3, we read that the heat rates by convection and
radiation exchange were comparable for the base case conditions (577 vs. 421 W/m). It follows that
reducing the key transport parameter (l8)dsy a factor of two yields comparable reductions in the

heat loss. Coating the pipe to reduce the emissivity might to be the more practical option as it may be
difficult to control air movement.

(2) For this pipe size and thermal conditiong&md Ts), the minimum possible convection coefficient

is approximately 7.5 W/%ﬂa(, corresponding to free convection heat transfer to quiescent ambient air.
Larger values of h are a consequence of forced air flow conditions.

(3) The Workspace for the IHT program to calculate the heat loss and generate the graph for the heat
loss as a function of the convection coefficient for selected emissivities is shown below. It is good
practice to provide commentary with the code making your solution logic clear, and to summarize the
results.

/I Heat loss per unit pipe length; rate equation from Ex. 1.2
g =dg'cv+qrad

g'cv = pi*D*h*(Ts - Tinf)

g'rad = pi*D*eps*sigma*(Ts™4 - Tsur™4)

sigma = 5.67e-8

/I Input parameters

D =0.07

Ts_C =200 // Representing temperatures in Celsius units using _C subscripting

Ts =Ts_C +273

Tinf C=25

Tinf = Tinf_C + 273

h=15 /I For graph, sweep over range from 5 to 20

Tsur_C =25

Tsur=Tsur_C + 273

eps =0.8

lleps = 0.4 /I Values of emissivity for parameter study

/leps =0.2

[* Base case results

Tinf  Ts Tsur q g'cv g'rad D Tinf C Ts_C Tsur C
eps h sigma

298 473 298 997.9 577.3 4206 0.07 25 200 25

0.8 15 5.67E-8 *



PROBLEM 1.65

KNOWN: Conditions associated with surface cooling of plate glass which isinitially at 600°C.
Maximum allowable temperature gradient in the glass.

FIND: Lowest allowable air temperature, Teo
SCHEMATIC:

Glass plate, T=600°C
k=14 W/m-K, £-0.8

- Surroundings
Qrad 7;ur = Teo '

——> T h=5Wm2 K

ASSUMPTIONS: (1) Surface of glass exchanges radiation with large surroundings at Tgyr = Teo, (2)
One-dimensiona conduction in the x-direction.

ANALYSIS: The maximum temperature gradient will exist at the surface of the glass and at the
instant that cooling isinitiated. From the surface energy balance, Eq. 1.12, and the rate equations,
Egs. 1.1, 1.3aand 1.7, it follows that

-kj—l— h(Ts - Teo) —ea(T;} -Tgt,r) =0

or, with (dT/dX)max = -15°C/mm = -15,000°C/m and Ty = T,

[] °C[
—1.4£ [+15,000—J=5 w

mK g mg  m?K

(873 -Te )K

-8 W 4 _t40, 4
+0.8x5.67 x10 73" —ToxmK ™.
m2 K4 % =
T May be obtained from atrial-and-error solution, from which it follows that, for T, = 618K,
ZLOOOﬂ = 1275ﬂ + 19,730ﬂ.

m? m? m?

Hence the lowest allowable air temperatureis
T, =618K =345°C. <
COMMENTS: (1) Initially, cooling is determined primarily by radiation effects.

(2) For fixed T, the surface temperature gradient would decrease with increasing time into the

cooling process. Accordingly, To could be decreasing with increasing time and still keep within the
maximum allowabl e temperature gradient.



PROBLEM 1.66

KNOWN: Hot-wall oven, in lieu of infrared lamps, with temperatugg, ¥ 200C for heating a
coated plate to the cure temperature. See Example 1.6.

FIND: (@) The plate temperaturg fbr prescribed convection conditions and coating emissivity, and

(b) Calculate and plotglas a function of g, for the range 158 Tg,r< 250°C for ambient air

temperatures of 20, 40 and°&) identify conditions for which acceptable curing temperatures
between 100 and 110 may be maintained.

SCHEMATIC:
SRR s
T = 20°C pesesesissst
@ 2 o R
h=15W/m"-K Oven walls, Tgyr = 200°C B
s D] ” »
q Arad .
— conv Coating, Tg
- > / =05
| o Plate

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from back surface of plate, (3)
Plate is small object in large isothermal surroundings (hot oven walls).

ANALYSIS: (a) The temperature of the plate can be determined from an energy balance on the plate,
considering radiation exchange with the hot oven walls and convection with the ambient air.

=in ~Eout =0 or dad= Geonv= O

ea(Tg‘ur—Tg‘)—h(Ts—Tw):o

0.5% 5.67 10° W/rEDK‘([ 208 274 - S‘f) R- 15w/f0 K[ 20 2/B X ©
Tg=357 K=8£4C <

(b) Using the energy balance relation in the Workspace of IHT, the plate temperature can be calculated
and plotted as a function of oven wall temperature for selected ambient air temperatures.

150

— L
o 1
o T
9] | L L
g 100 = — -
8_ L] L] 1
: [
o) K| ]
ks L+
o

50

150 175 200 225 250

Owven wall temperature, Tsur (C)

—— Tinf=60C
—&— Tinf=40C
— Tinf=20C

COMMENTS: From the graph, acceptable cure temperatures between 100 &6cchhme
maintained for these conditions: witl, F 20°C when 225% T, < 24C0°C; with T, = 40°C when 205
< Tsur< 220°C; and with &, = 60°C when 175 Tgy < 195°C.



PROBLEM 1.67

KNOWN: Operating conditions for an electrical-substitution radiometer having the same receiver
temperature, J in electrical and optical modes.

FIND: Optical power of a laser beam and corresponding receiver temperature when the indicated
electrical power is 20.64 mW.

SCHEMATIC:

Jioss = 0.05Pgjec

Qrad
— Teur=77 K %
TS, £=0.95, aopt =0.98

+—— P,y =0 (blocked)

Pelec = 20.64 mW

Receiver, D =15 mm

Insulation Electrical mode of operation

ASSUMPTIONS: (1) Steady-state conditions, (2) Conduction losses from backside of receiver
negligible in optical mode, (3) Chamber walls form large isothermal surroundings; negligible effects

due to aperture, (4) Radiation exchange between the receiver surface and the chamber walls is between
small surface and large enclosure, (5) Negligible convection effects.

PROPERTIES: Receiver surface = 0.95,0qpt= 0.98.

ANALYSIS: The schematic represents the operating conditions feleébtrical modewith the

optical beam blocked. The temperature of the receiver surface can be found from an energy balance
on the receiver, considering the electrical power input, conduction loss from the backside of the
receiver, and the radiation exchange between the receiver and the chamber.

Ein — Eout = 0
Pelec= dloss™ A rad™ O
Pelec— 0.05Rjec € Ag( 143‘ -'43L)r: 0

20.64x 10° W( & 0.03- O.9€En 0.0f5 )m x 587 T Wh 46 S %7 %0

T¢=213.9K <

For theoptical modeof operation, the optical beam is incident on the receiver surface, there is no
electrical power input, and the receiver temperature is the same as for the electrical mode. The optical
power of the beam can be found from an energy balance on the receiver considering the absorbed
beam power and radiation exchange between the receiver and the chamber.

Ein — Eout = 0

where gg follows from the previous energy balance usiggPR13.9K.

COMMENTS: Recognizing that the receiver temperature, and hence the radiation exchange, is the
same for both modes, an energy balance could be directly written in terms of the absorbed optical

power and equivalent electrical poweppt Popt = Pelec- Joss



PROBLEM 1.68

KNOWN: Surface temperature, diameter and emissivity of ahot plate. Temperature of surroundings
and ambient air. Expression for convection coefficient.

FIND: (&) Operating power for prescribed surface temperature, (b) Effect of surface temperature on
prg)wer freqw rement and on the relative contributions of radiation and convection to heat transfer from
the surface

SCHEMATIC:

S
h=070 (Ts-T0)® ,  ~——~> ~~~ T o777
\_/ u Hot plate \ P
elec

( D=03m,e=0.8
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ASSUMPTIONS: (1) Plateis of uniform surface temperature (2) Walls of room are large relative to
plate, (3) Negligible heat loss from bottom or sides of plate.

Electric heater, Pgjec

ANALYSIS: (&) From an energy balance on the hot plate, Pglec = dconv * drad = Ap (dgony * drad )-

Substituting for the area of the plate and from Egs. (1.3a) and (1.7), withh =0.70 (Tg - Too)ll3
follows that

Pajec = (nD2/4) 5).70(TS ~To )M 34 EJ(TS4 o E
Pyec = (0.3m)? /4 5).70 (175)*/3 +0.8x5.67 x10® (4734 —2984)5 Wim?

Pyec = 0.0707 m? %85 Wim? +1913 W/ng =484 W +1352 W =190.6 W <

(b) As shown graphically, both the radiation and convection heat rates, and hence the requisite electric
power, increase with increasing surface temperature.

Effectof surface temperature on electric power and heatrates

500
z 400 A
[0)
= 300 4
©
by 200
T //
100 —E
—2 -
0 T T
100 150 200 250 300

Surface temperature (C)

However, because of its dependence on the fourth power of the surface temperature, the increase in
radiation is more pronounced. The significant relative effect of radiation is due to the small

convection coefficients characteristic of natural convection, with 3.37 <h<5.2 W/mzm( for 100< Tg
< 300°C.

COMMENTS: Radiation losses could be reduced by applying alow emissivity coating to the
surface, which would have to maintain its integrity over the range of operating temperatures.



PROBLEM 1.69

KNOWN: Long bus bar of rectangular cross-section and ambient air and surroundings temperatures.
Relation for the electrical resistivity as a function of temperature.

FIND: (a) Temperature of the bar with a current of 60,000 A, and (b) Compute and plot the operating
temperature of the bus bar as a function of the convection coefficient for the rangec1I®0

W/m?K. Minimum convection coefficient required to maintain a safe-operating temperature below
12¢°C. Will increasing the emissivity significantly affect this result?

SCHEMATIC:
Qrad d'conv
Tsur=30°C T T o= 30°C
H =600 mm h=10 Wm2-K =  ¢—————————————s
I
\), Bus bar, T Te=08 Eéen, 0o(T)
L =200 mm -«

ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar is long, (3) Uniform bus-bar temperature,
(3) Radiation exchange between the outer surface of the bus bar and its surroundings is between a
small surface and a large enclosure.

PROPERTIES: Bus-bar materialpg = pe o[1+a (T-T,)]. pe o =0.0828uQ Om, T, = 25°C,
a =0.0040K*

ANALYSIS: (a) An energy balance on the bus-bar for a unit length as shown in the schematic above
has the form

<, . _ r 2 | I—
n ~ Eout + Egen=0 ~Orad ~ dconvt I"R'e= 0
¢ Pa(T4 - Ts4ur)— hA(T- )+ Ppe/Ac=0
whereP = 2(H+ W), R, = po /A, and A;= Hx W. Substituting numerical values,

-0.8x 2(0.606- 0.20p m 5.67 I8 W/%m‘l( [ 30 2]‘}%

~10W/n? [Kx 2(0.600- 0.20p rf ¥[ 36 2JB K
+(60,OOOA)2{O.0828 1PQ0 m e 0.0040K( A 25 2]73%(/ 0.600 0.p0F#™ O

Solving for the bus-bar temperature, find T =426 K=153 C. <

(b) Using the energy balance relation in the Workspace of IHT, the bus-bar operating temperature is
calculated as a function of the convection coefficient for the rangehkx0100 W/mZ[Bi. From this

graph we can determine that to maintain a safe operating temperature bel@yth&dminimum
convection coefficient required is

hmin =16 W/ CK. <

Continued .....



PROBLEM 1.69 (Cont.)

Using the same equations, we can calculate and plot the heat transfer rates by convection and radiation
as a function of the bus-bar temperature.

3000

175

2000

125

100 1000

75

Heatrates, gq'cvorq'rad (W/m)

Bartemperature, T (C)

P

50

—

T~ 0

50
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Bus bartemperature, T (C)

150 175

25
0 20 60 80

Convection coefficient, h (W/m"2 K)

40 100

— Convection heatflux, g'cv
—8— Radiation exchange, q'rad, eps = 0.8

Note that convection is the dominant mode for low bus-bar temperatures; that is, for low current flow.
As the bus-bar temperature increases toward the safe-operating limi€){,1@0nvection and

radiation exchange heat transfer rates become comparable. Notice that the relative importance of the
radiation exchange rate increases with increasing bus-bar temperature.

COMMENTS: (1) It follows from the second graph that increasing the surface emissivity will be
only significant at higher temperatures, especially beyond the safe-operating limit.

(2) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is
shown below. It is good practice to provide commentary with the code making your solution logic
clear, and to summarize the results.

/* Results for base case conditions:

Ts_C dg'cv g'rad rhoe H | Tinf C  Tsur. C W alpha
eps h

153.3 1973 1786 1.253E-7 0.6 6E4 30 30 0.2 0.004
0.8 10 %

/I Surface energy balance on a per unit length basis

-g'cv - g'rad + Edot'gen =0

g'cv=h*P *(Ts - Tinf)

P=2*(W +H) /I perimeter of the bar experiencing surface heat transfer
g'rad = eps * sigma * (Ts"™4 - Tsur™4) * P

sigma = 5.67e-8

Edot'gen = "2 * Re'

Re' =rhoe / Ac

rhoe =rhoeo * (1 + alpha * (Ts - Teo))

Ac=W*H

I/l Input parameters
| = 60000

alpha = 0.0040
rhoeo = 0.0828e-6
Teo =25+ 273

W =0.200

H = 0.600

Tinf_C =30

Tinf = Tinf_C + 273
h=10

eps=0.8

Tsur_C =30
Tsur=Tsur_C + 273
Ts_C=Ts-273

/I temperature coefficient, K*-1; typical value for cast aluminum
/I electrical resistivity at the reference temperature, Teo; microohm-m
/I reference temperature, K



PROBLEM 1.70

KNOWN: Solar collector designed to heat water operating under prescribed solar irradiation and
loss conditions.

FIND: (a) Useful heat collected per unit area of the collector, qj;, (b) Temperature rise of the water
flow, T —T;, and (c) Collector efficiency.

SCHEMATIC:

Surrounqus (Sky), T q=“-]0°C -

), sk

) g’ To=25°C lp=30"C
qsﬂoo,%é%??/‘ =3 h10Wpnt K Area ASmt o5,

3 Z “““““““““““ ~1e=094 _, \
: : _ xqsolar; in / r 9 conv
Collector— : 5 a: ------------ ;

: Z;Qs,,o,.‘Q‘.;Q,.,Q,.Q, rQ.-QL

ey ——— — —— _a_—__ _______________
T ? T Im=0.01kg/s ”

ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses out sides or back of collector, (3)
Collector areais small compared to sky surroundings.

PROPERTIES: Table A.6, Water (300K): cp = 4179 Jkg[K.

ANALYSIS: (&) Defining the collector as the control volume and writing the conservation of energy
requirement on a per unit area basis, find that

Ein —Eout * Egen =Eg-.
Identifying processes as per above right sketch,

Osolar ~Arad ~Aconv ~dyu =0
where Qg = 0.9 gg; that is, 90% of the solar flux is absorbed in the collector (Eq. 1.6). Using the
appropriate rate equations, the useful heat rate per unit areais

q, =09 ds —£0 (Té‘p —T;‘(y) ~h(Ts -To)

qu = o.9><7ooﬂ2 ~0.94 x5.67 108 2W . (3034 —2634)K4 -10 \ZN (30 25)°C
m m~ [K m~ [K

q!, =630 W/ m? =194 W/ m? -50 W/ m? =386 W/ m?. <
(b) Thetotal useful heat collected is q;, LA. Defining a control volume about the water tubing, the
useful heat causes an enthalpy change of the flowing water. That is,

qu [A=rncy (Ti-To) or

(T; = To) =386 W/m? x3m? / 0.01kg/s x4179Jkg [K=27.7°C. <
(c) Theefficiency is N =, / dg = (386 W/mz)/ (700 W/m2) =0.55 or 55%. <
COMMENTS: Note how the sky has been treated as large surroundings at a uniform temperature



PROBLEM 1.71
KNOWN: Surface-mount transistor with prescribed dissipation and convection cooling conditions.

FIND: (a) Case temperature for mounting arrangement with air-gap and conductive paste between case
and circuit board, (b) Consider options for increasfﬁg; subject to the constraint thag = 40°C.

SCHEMATIC:

Too=200C —_—
h=50 Wm2.K —>

Leads (3)4Ac = bw = 1mm x 0.25 mm

Gap, kg,t:O.Z mm 4 L=4mm
Circuit board Transistor case, 150 mW diSSipation,{L‘] =8 mm
T Lo=4mm
__ quon_v _c
' ]
== ) 3qlead
E—g J9cond, gap

ASSUMPTIONS: (1) Steady-state conditions, (2) Transistor case is isothermal, (3) Upper surface
experiences convection; negligible losses from edges, (4) Leads provide conduction path between case
and board, (5) Negligible radiation, (6) Negligible energy generation in leads due to current flow, (7)
Negligible convection from surface of leads.

PROPERTIES: (Given): Air, kg,a =0.0263 WInK; Paste,kg,p = 0.12 W/niK; Metal leads ,k, =
25 W/niK.

ANALYSIS: (a) Define the transistor as the system and identify modes of heat transfer.
Ein —Eoutt Eg=AEg= 0

~0conv ™ Ycond,gap 39 lead E g0
Te-T
—hAs(Te-To) -k A s Ct b

where Ag =L 1xL p=4x 8 mnf=32x 10°m*and A; =tx w = 0.25x 1 mnf = 25x 10° n?".
Rearranging and solving fokg,

TC:{hASTw+H<gA§t+3(kgA LT E E}/%A sk § 15+3(kA )

Substituting numerical values, with tha-gap condition(kg,a =0.0263 W/nK)

-3k/A C@ME =0

TC:{SOW/n12 [Kx 32x 10°° nfx 20 Gg 0.0263W/m K 32 I8 f /x2 19 )m

+3(25W/mDK>< 25¢ 108 nf /& 10° r)% 3"5}: % 1.660 10+ 4.208 Tor 4.888‘?@ WIK

T.=47.0C. <
Continued.....



PROBLEM 1.71 (Cont.)

With thepaste conditior{ kg,p =0.12 W/niK), T =39.9C. As expected, the effect of the conductive

paste is to improve the coupling between the circuit board and the case. Heudeereases.

(b) Using the keyboard to enter model equations into the workspace, IHT has been used to perform the
desired calculations. For valueslof = 200 and 400 W/ and convection coefficients in the range

from 50 to 250 W/fiK, the energy balance equation may be used to compute the power dissipation for a
maximum allowable case temperature of@0

g 0.7
D
s =
< 0.6 - |
=3 e |
2 05 ]
o
Q
g 04 T |
= ' LA

-

03
50 100 150 200 250

Convection coefficient, h(W/m"2.K)

—©— kI =400W/m.K
—=&— kI =200 W/m.K

As indicated by the energy balance, the power dissipation increases linearly with increasing h, as well as
with increasingk,. For h =250 W/AIK (enhanced air cooling) ankly = 400 W/niK (copper leads),
the transistor may dissipate up to 0.63 W.

COMMENTS: Additional benefits may be derived by increasing heat transfer across the gap separating
the case from the board, perhaps by inserting a highly conductive material in the gap.



PROBLEM 1.72(a)
KNOWN: Solar radiation isincident on an asphalt paving.
FIND: Relevant heat transfer processes.
SCHEMATIC:

The relevant processes shown on the schematic include:

gs  Incident solar radiation, alarge portion of which qg g, is absorbed by the asphalt
surface,

Orag Radiation emitted by the surface to the air,

Jeony  Convection heat transfer from the surface to the air, and
Ogond Conduction heat transfer from the surface into the asphalt.
Applying the surface energy balance, Eg. 1.12,

dS abs ~ Arad ~ Aconv = Acond-
COMMENTS: (1) 9¢ong @d ggony could be evaluated from Egs. 1.1 and 1.3, respectively.
(2) It has been assumed that the pavement surface temperature is higher than that of the

underlying pavement and the air, in which case heat transfer by conduction and convection
are from the surface.

(3) For simplicity, radiation incident on the pavement due to atmospheric emission has been

ignored (see Section 12.8 for adiscussion). Eg. 1.6 may then be used for the absorbed
solar irradiation and Eq. 1.5 may be used to obtain the emitted radiation gy -

(4) With the rate equations, the energy balance becomes

) dT O
G5aps—€ 0 To —h(Ts —Ta ) = & A



PROBLEM 1.72(b)
KNOWN: Physical mechanism for microwave heating.

FIND: Comparison of (a) cooking in a microwave oven with a conventional radiant or
convection oven and (b) a microwave clothes dryer with a conventional dryer.

(a) Microwave cooking occurs as a result of volumetric thermal energy genénatioghout

the food, without heating of the food container or the oven wall. Conventional cooking relies
on radiant heat transfer from the oven walls and/or convection heat transfer from the air space
to the surface of the food and subsequent heat transfer by conduction to the core of the food.
Microwave cooking is more efficient and is achieved in less time.

(b) In a microwave dryer, the microwave radiation would heat the water, but not the fabric,
directly (the fabric would be heated indirectly by energy transfer from the water). By heating
the water, energy would go directly into evaporation, unlike a conventional dryer where the
walls and air are first heated electrically or by a gas heater, and thermal energy is subsequently
transferred to the wet clothes. The microwave dryer would still require a rotating drum and

air flow to remove the water vapor, but is able to operate more efficiently and at lower
temperatures. For a more detailed description of microwave dryinlesdeanical

Engineering March 1993, page 120.



PROBLEM 1.72(c)
KNOWN: Surface temperature of exposed arm exceeds that of the room air and walls.
FIND: Relevant heat transfer processes.

SCHEMATIC:
Surroundinqs

Tsar

ol

. \9rad
conv *

Neglecting evaporation from the surface of the skin, the only relevant heat transfer processes
are:

Aeonv Convection heat transfer from the skin to the room air, and

Orad Net radiation exchange between the surface of the skin and the surroundings
(walls of the room).

You are not imagining things. Even though the room air is maintained at a fixed temperature

(T = 15°C), the inner surface temperature of the outside wallg, Will decrease with
decreasing outside air temperature. Upon exposure to these walls, body heat loss will be

larger due to increaseg,g

COMMENTS: The foregoing reasoning assumes that the thermostat measures the true room
air temperature and is shielded from radiation exchange with the outside walls.



PROBLEM 1.72(d)
KNOWN: Tungsten filament is heated to 2900 K in an air-filled glass bulb.
FIND: Relevant heat transfer processes.

SCHEMATIC:
Glass bulb
Filament gconv, 9,0
e
q.*

Tsur
7;‘0 o) gc‘md'g Surroundings

The relevant processes associated with the filament and bulb include:

Orad f Radiation emitted by the tungsten filament, a portion of which is transmitted
through the glass,

Aconv f Free convection from filament to air of temperature T,; <Ts,

Orad,g,i Radiation emitted by inner surface of glass, asmall portion of which is

intercepted by the filament,

Qconv,g,i Free convection from air to inner glass surface of temperature Tgi <Tais
Qcond,g Conduction through glass wall,
Aceonv,g,0 Free convection from outer glass surface to room air of temperature
Tao < Tg'o, and
Orad,g-sur Net radiation heat transfer between outer glass surface and surroundings, such

asthewalls of aroom, of temperature Tg,, <Tgo.

COMMENTS: If the glass bulb is evacuated, ho convection is present within the bulb; that
IS, Aconv,f = dconv,gi =0



PROBLEM 1.72(e)
KNOWN: Geometry of acomposite insulation consisting of a honeycomb core.
FIND: Relevant heat transfer processes.
SCHEMATIC:

g

_ o /?rad, bc /
— 9cond,hc
Qconv, hc

The above schematic represents the cross section of a single honeycomb cell and surface
dabs. Assumed direction of gravity field is downward. Assuming that the bottom (inner)

surface temperature exceeds the top (outer) surface temperature (Ts,i > TS,O), heat transfer is
in the direction shown.

Heat may be transferred to the inner surface by convection and radiation, whereupon it is
transferred through the composite by

Jcond.i Conduction through the inner solid slab,

Jconv, he Free convection through the cellular airspace,
Jcond, he Conduction through the honeycomb wall,
Orad,hc Radiation between the honeycomb surfaces, and
Jcond.o Conduction through the outer solid slab.

Heat may then be transferred from the outer surface by convection and radiation. Note that
for asingle cell under steady state conditions,

Qrad,i * Aconv,i = Ycond,i = Yconv,hc tYcond,hc

*+0rad.hc = Acond,o0 = Arad,0 T 9conv,o-

COMMENTS: Performance would be enhanced by using materials of low thermal
conductivity, k, and emissivity, €. Evacuating the airspace would enhance performance by
eliminating heat transfer due to free convection.



PROBLEM 1.72(f)

KNOWN: A thermocouple junction is used, with or without a radiation shield, to measure
the temperature of a gas flowing through a channel. Thewall of the channel isat a
temperature much less than that of the gas.

FIND: (a) Relevant heat transfer processes, (b) Temperature of junction relative to that of
gas, (c) Effect of radiation shield.

SCHEMATIC:
Ly ls< g Side view End view
LD R S I I g P s STy R
Hor gconv 9,.6,_/ —D . . @
Soffggfﬂ —> ;.- G'GS Sfr?am u Sh:eld !
Ty TC junction, T;

(without shield)

ASSUMPTIONS: (1) Junction is small relative to channel walls, (2) Steady-state conditions,
(3) Negligible heat transfer by conduction through the thermocouple leads.

ANALYSIS: (a) Therelevant hesat transfer processes are:

Orad Net radiation transfer from the junction to the walls, and
Jconv Convection transfer from the gas to the junction.

(b) From a surface energy balance on the junction,

Qconv = Arad

or from Egs. 1.3aand 1.7,

hA(Tj-Tg)=¢ A a(Tj4 —Tsf‘).

To satisfy this equality, it follows that

TS<Tj <Tg.

That is, the junction assumes a temperature between that of the channel wall and the gas,
thereby sensing atemperature which is less than that of the gas.

(c) The measurement error (Tg - Tj) is reduced by using aradiation shield as shown in the

schematic. Thejunction now exchanges radiation with the shield, whose temperature must
exceed that of the channel wall. The radiation loss from the junction is therefore reduced, and
its temperature more closely approaches that of the gas.



PROBLEM 1.72(g)

KNOWN: Fireplace cavity is separated from room air by two glass plates, open at both ends.

FIND: Relevant heat transfer processes.
SCHEMATIC:

v

v

qcond,z

qraa’,:s S
9rad,4

gconv,z

gcon V.3

The relevant heat transfer processes associated with the double-glazed, glass fire screen are:

Urad,1

Urad,2

Urad,3

Qrad,4
Uconv,1

Gconv2

Uconv,3
Ucond,1

Ucond,2

Radiation from flames and cavity wall, portions of which are absorbed and
transmitted by the two panes,

Emission from inner surface of inner pane to cavity,

Net radiation exchange between outer surface of inner pane and inner surface
of outer pane,

Net radiation exchange between outer surface of outer pane and walls of room,
Convection between cavity gases and inner pane,

Convection across air space between panes,

Convection from outer surface to room air,
Conduction across inner pane, and

Conduction across outer pane.

COMMENTS: (1) Much of the luminous portion of the flame radiation is transmitted to the

room interior.

(2) All convection processes are buoyancy driven (free convection).



PROBLEM 1.73(a)
KNOWN: Room air is separated from ambient air by one or two glass panes.
FIND: Relevant heat transfer processes.

SCHEMATIC:
9\

DT - ~e

conv, 1 gcond,z l q qconv, 1
49_1 g «— conv,s <
conv,2 cond, 1 900,,‘,’ 2 Qeond, 1
—
—
< Zrad,s <
Zrad2 rod2 Zrade b 7 bed D
Single pane Double pane

The relevant processes associated with single (above left schematic) and double (above right
schematic) glass panes include.

Jconv,1 Convection from room air to inner surface of first pane,

Orad.1 Net radiation exchange between room walls and inner surface of first pane,
dcond,1 Conduction through first pane,

dconv.s Convection across airspace between panes,

drad.s Net radiation exchange between outer surface of first pane and inner surface of

second pane (across airspace),

dcond,2 Conduction through a second pane,
Aconv, 2 Convection from outer surface of single (or second) pane to ambient air,
Jrad.2 Net radiation exchange between outer surface of single (or second) pane and

surroundings such as the ground, and

Js Incident solar radiation during day; fraction transmitted to room is smaller for
double pane.

COMMENTS: Heat loss from the room is significantly reduced by the double pane
construction.



PROBLEM 1.73(b)
KNOWN: Configuration of a flat plate solar collector.
FIND: Relevant heat transfer processes with and without a cover plate.

SCHEMATIC.:
) f f

fCover plate

r'ddoo
COﬂV o0
f \ rad,a-c COﬁV a-c
f T sAirspace

Absorber plate-:

TR VoA Vo tpr Working fluid=2RY7 78 Yt Wy sl Vi
RIS .,‘9“' }—\Insuldflon _//__’ »,;,;. e
con

The relevant processes without (above left schematic) and with (above right schematic)
include:

Js Incident solar radiation, a large portion of which is absorbed by the absorber
plate. Reduced with use of cover plate (primarily due to reflection off cover
plate).

Jrado Net radiation exchange between absorber plate or cover plate and

surroundings,

Aconvee Convection from absorber plate or cover plate to ambient air,
Jrad.a-c Net radiation exchange between absorber and cover plates,
deonv,a-c Convection heat transfer across airspace between absorber and cover plates,

dcond Conduction through insulation, and
Jconv Convection to working fluid.

COMMENTS: The cover plate acts to significantly reduce heat losses by convection and
radiation from the absorber plate to the surroundings.



PROBLEM 1.73(c)
KNOWN: Configuration of a solar collector used to heat air for agricultural applications.
FIND: Relevant heat transfer processes.

SCHEMATIC:
9& 1 i

gl'ddk
Yv, 0-00

qrad, i-o

\gf‘ddlp_i qdd ]
rad,p-i

qco -7
\ e &95'1- f fgconv,p-a
Deonv,i-a I e T

Assume the temperature of the absorber plates exceeds the ambient air temperature. At the
cover platesthe relevant processes are:

Aconv,a-i Convection from inside air to inner surface,

Orad, p-i Net radiation transfer from absorber plates to inner surface,
deonv,i-o Convection across airspace between covers,

Arad.i-o Net radiation transfer from inner to outer cover,

Aconv, 0o Convection from outer cover to ambient air,

drad.o Net radiation transfer from outer cover to surroundings, and
Js Incident solar radiation.

Additional processes relevant to thiesorber plategandairspaceare:

ds.t Solar radiation transmitted by cover plates,
dconv,p-a Convection from absorber plates to inside air, and

Jcond Conduction through insulation.



PROBLEM 1.73(d)
KNOWN: Features of an evacuated tube solar collector.
FIND: Relevant heat transfer processes for one of the tubes.

SCHEMATIC:
/ s

Evacuated
space

qconv, o

/ qrad, o-sur

Tr'ansparenf
outer tube

\

—— e

— Opaque inner tibe

The relevant heat transfer processes for one of the evacuated tube solar collectors includes:

ds Incident solar radiation including contribution due to reflection off panel (most
is transmitted),

Aconv,o Convection heat transfer from outer surface to ambient air,

Jrad.0-sur Net rate of radiation heat exchange between outer surface of outer tube and the
surroundings, including the panel,

ds.t Solar radiation transmitted through outer tube and incident on inner tube (most
is absorbed),

Jrad.i-o Net rate of radiation heat exchange between outer surface of inner tube and
inner surface of outer tube, and

dconv,i Convection heat transfer to working fluid.

There is also conduction heat transfer through the inner and outer tube walls. If the walls are
thin, the temperature drop across the walls will be small.



PROBLEM 2.1
KNOWN: Steady-state, one-dimensional heat conduction through an axiSymmetric shape.
FIND: Sketch temperature distribution and explain shape of curve.

SCHEMATIC:
_____ o —T,
E\;WM‘/ T>T;
—_ T Tix)
Ein .L_ ——————— E Eour
X ! dT
L e, S r
% T o x C:.)lPl"eV:
T ‘
A — -

ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Constant properties, (3) No
internal heat generation.

ANALYSIS: Performing an energy balance on the object according to Eq. 1.11a, E;,, —Eq =0, it
follows that

Ein —Eout =dx
andthat qy # gy (X). That is, the heat rate within the object is everywhere constant. From Fourier’s
law,
dT

=-kA, —,
Ox X dx

and since gy and k are both constants, it follows that
T
Ay ar _ Constant.
dx

That is, the product of the cross-sectional area normal to the heat rate and temperature gradient

remains a constant and independent of distance x. It follows that since Ay increases with x, then
dT/dx must decrease with increasing X. Hence, the temperature distribution appears as shown above.

COMMENTS: (1) Be sureto recognize that dT/dx isthe slope of the temperature distribution. (2)
What would the distribution be when T2 > T1? (3) How does the heat flux, Qy, vary with distance?



PROBLEM 2.2
KNOWN: Hot water pipe covered with thick layer of insulation.
FIND: Sketch temperature distribution and give brief explanation to justify shape.
SCHEMATIC:

I
Hot "2 LT
F o o
warer pipe 72,.)
Thsulati ’ =T
nsuiartion i \ ,
Ler” DT, S re T

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (radial) conduction, (3) No
internal heat generation, (4) Insulation has uniform properties independent of temperature and
position.

ANALYSIS: Fourier'slaw, Eg. 2.1, for this one-dimensional (cylindrical) radial system has the form
dT _ dT

= kA, 2 = k(2m) &
Qr rdr (nr)dr

where A, =27/ and ¢ isthe axial length of the pipe-insulation system. Recognize that for steady-
state conditions with no internal heat generation, an energy balance on the system requires
Ein = Eout SinceEq =Eg =0. Hence

gr = Constant.

That is, gy isindependent of radius (r). Since the thermal conductivity is aso constant, it follows that

r[d—T] = Constant.
dr

Thisrelation requires that the product of the radial temperature gradient, dT/dr, and theradius, r,
remains constant throughout the insulation. For our situation, the temperature distribution must
appear as shown in the sketch.

COMMENTS: (1) Notethat, while gy is a constant and independent of r, gy isnot aconstant. How
does q’r’(r) vary with r? (2) Recognize that the radial temperature gradient, dT/dr, decreases with
increasing radius.



PROBLEM 2.3
KNOWN: A spherical shell with prescribed geometry and surface temperatures.
FIND: Sketch temperature distribution and explain shape of the curve.

SCHEMATIC:
I
, LT
Spherical 2 Large mggma/
It
Shell T Small gd 7ien
dr
7;__
- A 3 L
I 1 I>T

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in radia (spherical
coordinates) direction, (3) No internal generation, (4) Constant properties.

ANALYSIS: Fourier'slaw, Eg. 2.1, for this one-dimensional, radial (spherical coordinate) system
has the form

dT 2\dT
S LI (4m )—
9 " ar dr

where Ay isthe surface area of a sphere. For steady-state conditions, an energy balance on the system
yields Ej, = Eqyt, since Eq = E¢ =0. Hence,

Oin =dout =dr 0y (r).

That is, gy is aconstant, independent of the radial coordinate. Since the thermal conductivity is
constant, it follows that

2 1O

= Constant.
Ed—rg onstan

Thisrelation requires that the product of the radial temperature gradient, dT/dr, and the radius
squared, r2, remains constant throughout the shell. Hence, the temperature distribution appears as
shown in the sketch.

COMMENTS: Note that, for the above conditions, g, # q (r); that is, gr is everywhere constant.
How does q; vary asafunction of radius?



PROBLEM 2.4

KNOWN: Symmetric shape with prescribed variation in cross-sectional area, temperature
distribution and heat rate.

FIND: Expression for the thermal conductivity, k.

SCHEMATIC:
Units
Awx)y=(1-x) T-K
T(x) =300(1-2x-x3) Z\:Z .
92:6000W

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction, (3)
No internal heat generation.

ANALYSIS: Applying the energy balance, Eq. 1.114, to the system, it follows that, since

Ein = Eout>
0y = Constant # f (x).

Using Fourier’slaw, Eq. 2.1, with appropriate expressionsfor Ay and T, yields

dar

=-k A, —

Qx X dx | .
— 2 3
6000W=-k [{11-x ) m“ 3— 00(1— 2X-X ) —.
) dx % Hm
Solving for k and recognizing its units are W/miK,

K -6000 _ 20 <

) (1x) %00(—2 —3x2)5 (1_X)(2 +3X2)'

COMMENTS: (1) Atx=0,k=10W/mK andk - o asx - 1. (2) Recognize that the 1-D
assumption is an approximation which becomes more inappropriate as the area change with x, and
hence two-dimensional effects, become more pronounced.



PROBLEM 2.5
KNOWN: End-face temperatures and temperature dependence of k for atruncated cone.
FIND: Variation with axial distance along the cone of gy, g%, K, and dT / dx.

SCHEMATIC:

ASSUMPTIONS: (1) One-dimensional conduction in x (negligible temperature gradients along y),
(2) Steady-state conditions, (3) Adiabatic sides, (4) No internal heat generation.

ANALYSIS: For the prescribed conditions, it follows from conservation of energy, Eq. 1.11a, that
for adifferential control volume, Ej,, = Egyt OF Oy = Oy 4qx- Hence

Oy IS independent of x.

Since A(x) increases with increasing x, it follows that gy = Qy /A(x) decreases with increasing Xx.

Since T decreases with increasing x, k increases with increasing x. Hence, from Fourier’s law, EQ.
2.2,

dT

"no— _k -
Ox dx

it follows that | dT/dx | decreases with increasing X.



PROBLEM 2.6

KNOWN: Temperature dependence of the thermal conductivity, k(T), for heat transfer through a
plane wall.

FIND: Effect of k(T) on temperature distribution, T(x).

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) No internal heat
generation.

ANALYSIS: From Fourier’slaw and the form of k(T),

dT dT
k — =Hk, +al)—. 1

ax =~ d

The shape of the temperature distribution may be inferred from knowledge of d2T/dx2 = d(dT/dx)/dx.
Since gy isindependent of x for the prescribed conditions,

dat, d[ dT}
Bx - 9k, +an S |=0
(ko a)dx

dx dx
2 2
—(ko+aT)d—12-—a[d—T} -0
dx dx
Hence,
ko+alr=k>0
?T_ - [dTT °
— = — where <[ qT
dx2 ko +al [ dx |:—:| >0
dx
from which it follows that for
T
a>0 d?T/dx? < 0 a>0
_G a=0
2 2 a<0
a=0 dT/dxc=0
T,
a< 0 d?T/dx? > 0. —>x

COMMENTS: The shape of the distribution could also be inferred from Eq. (1). Since T decreases
with increasing X,

a>0: kdecreaseswithincreasing x = > | dT/dx | increases with increasing x
a=0: k=kg=>dT/dx isconstant

a<0: kincreaseswithincreasing x => | dT/dx | decreases with increasing x.



PROBLEM 2.7

KNOWN: Thermal conductivit dy and thickness of a one-dimensional system with no internal heat
generation and steady-state conditions.

FIND: Unknown surface temperatures, temperature gradient or heat flux.

SCHEMATIC:
Tix)
T b ;1' L=05m
‘9';‘ g%-, Temperature gradient

k=25 W/m-K xq—‘-rz

ASSUMPTIONS: (1) One-dimensiona heat flow, (2) No internal heat generation, (3) Steady-state
conditions, (4) Constant properties.

ANALYSIS: Therate equation and temperature gradient for this system are

= —kd_T and d_T :m. (1’2)
dx dx L
Using Egs. (1) and (2), the unknown quantities can be determined.
400-300)K
()OIT szoor(/m -
W K 5 g 9%
Y =25 x200— = -5000 W/m~. 00K <
x m K m .-..-'--:_J|3
X
(b) Oy = 25V B KD 650 wim?
m [K E E EI"" T
g
KO =t
T U —1000°C-05 250 T
2= g;g ”'g . dT . -250
1007) x
T, = 225°C. ai <
W K 2
(c) gy =25 x200— = -5000 W/m = P
mEoom < m$*ﬁ=*ami
T, =80°C-0.5m 00—5- -20°C, T g gf <
1
' 2 ke
@ 9o _Ox _ _4000WmT _ 00K
dx k 25 W/m K m ,=w adhad 5o
T 0. . KJ ( ) 2 2 | 40005:] A
T =L +T, =0.5m=-160— +| 5°C|Va“ +b” | <2
== Ela= < [i
T, =-85C. £ x<| <
2
' (—3000 W/m )
© c;_T - qu T swWimK =120 o™
X m m 30 L\ /b
o KO_ o
T, =30°C-0.5m ZO—H- -30°C. 9/--3000 wz




PROBLEM 2.8
KNOWN: One-dimensiona system with prescribed thermal conductivity and thickness.
FIND: Unknowns for various temperature conditions and sketch distribution.
SCHEMATIC:

> L=025m

L
T; |—g‘-; .ll-Em'u:r.u'f'ur-E' ?rnd.ltnf'
W
ke 50 25 EE_?.
J= 30

=

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No internal heat
generation, (4) Constant properties.

ANALYSIS: Therate equation and temperature gradient for this system are
dT ar T2 Tl

=-k— and (1,2
dx dx L
Using Egs. (1) and (2), the unknown quantities for each case can be determined.
-20-50)K =
(a dar = u = -280 K/m 500 ?";
dx 0.25m
W 0 2 -20°C
= 280 —14 0 kW/m
qX E —E ot <
dr (_10 B ( _30)) K s o |
b —= =80 K/m ‘-{fu ar
®) dx 0.25m x : T0C
w KO .
= 0 = 4.0 KW/m?.
O m IIIK —E <
(© 60 =-8.0 kW/ har-Lam
= m —
x m IZIK —E T k K
0 70°C [~ dx 10m
To =L B‘L +Tp =0.25m XQGO +70°C. nsmmany
dx EE e
T, =110°C. <
w O KO
d Y= 80 =4.0 kW/
( ) Qx E —H m j; @- iT .&jﬁ
. 0. KO ‘F{.'-"I'C'
T =T —LEd—:4O C-0.25m 80—. O
1= dx B md He=A
T, =60°C.
! <
' W KO
e Oy = 00 = -10.0 kW/m? o
© = B R *gv ?50"{:
T o KO o T, t JdT K
T =T —LGd—:BO C -0.25m 200 =20 C. 1 - £= =2002
1 2 dx EE ax L <




PROBLEM 2.9

KNOWN: Planewall with prescribed thermal conductivity, thickness, and surface temperatures.

FIND: Heat flux, gy , and temperature gradient, dT/dx, for the three different coordinate systems

shown.
SCHEMATIC:
"4
T,=400K ~1- ~
T,=600K _I;/ * /
=100 W/m-K I;
=100mm 5 L TTX XL
@)

O
\T
1

AT

£ (c)

0]

ASSUMPTIONS: (1) One-dimensional heat flow, (2) Steady-state conditions, (3) No interna
generation, (4) Constant properties.

ANALYSIS: Therate equation for conduction heat transfer is

dT

"no— _k_,
Ax dx

where the temperature gradient is constant throughout the wall and of the form

dT _ T(L)-T(0)
ax L

Substituting numerical values, find the temperature gradients,

@

(b)

(©

dT _T,-T, _(600-400)K
dx L 0.100m
dT _T,-T, _(400-600)K
dx L 0.100m
dT _T,-T, _(600-400)K
dx L 0.100m

=2000K/m

=-2000 K/ m

=2000 K/ m.

The heat rates, using Eq. (1) with k = 100 W/mlK, are

@

(b)

(©

= ~100—%_x 2000 K / m = -200 kW / m?

mK

q, = —1oo£(—2ooo K/ m) = +200 KW / m?
mK

} = ~100—Y_x 2000 K / m = -200 kW / m?

mK

D

(2)



PROBLEM 2.10
KNOWN: Temperature distribution in solid cylinder and convection coefficient at cylinder surface.
FIND: Expressionsfor heat rate at cylinder surface and fluid temperature.

SCHEMATIC:
— LN\ Ty 0sbr
rO
D
h, o™
—_—

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Constant
properties.

ANALYSIS: The heat rate from Fourier’s law for the radial (cylindrical) system has the form

daT
=-kA, —.
dr o

Substituting for the temperature distribution, T(r) =a+ br2,
qy = -k(2mL) 2br = -47KbLr2,

At the outer surface ( r = rg), the conduction heat rate is

Qyar, = ~47kbLIZ. <
\\
From a surface energy balanceat r = rg, ‘,\\
+\ q,;l,
Yo ///\
qr:ro = qconv = h(ZITOL) [T(rO) _T°°]’ \/ q.conv

Substituting for ¢, =y and solving for Te,

Too = T(r0)+2kbro
h
To = a+ brg+—2kbro

To = a+ bro[ro+2—rﬂ. <



PROBLEM 2.11

KNOWN: Two-dimensional body with specified thermal conductivity and two isothermal surfaces
of prescribed temperatures; one surface, A, has a prescribed temperature gradient.

FIND: Temperature gradients, 0T/0x and 0T/dy, at the surface B.
SCHEMATIC:

t

/.53
Insulation_ 1%

k=10Wfmk—

Gradient at surface A

%-:30/(/7” S mpp— i

WA=Zm |< g

ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) No heat
generation, (4) Constant properties.

ANALYSIS: Atthesurface A, the temperature gradient in the x-direction must be zero. That is,
(0T/ox)a = 0. Thisfollows from the requirement that the heat flux vector must be normal to an
isothermal surface. The heat rate at the surface A is given by Fourier’slaw written as

q'yA:_kvaﬂ =-10 w
; AN mK

x2m ><305 = —600W / m.
m

On the surface B, it follows that
(dT/dy)g =0 <

in order to satisfy the requirement that the heat flux vector be normal to the isothermal surface B.
Using the conservation of energy requirement, Eqg. 1.11a, on the body, find

dy,A —dx,g =0 or ax,B =dy,A-

Note that,
oT
r=—KMWp—
dx,B B > :|B

and hence
_ ‘Q'y,A _ —(—600 W/ m)

- =60 K /m. <
B kOvg 10W/mIKx1m

(0T 1 &%)

COMMENTS: Note that, in using the conservation requirement, gy = +0y o and Qgyt = +0y B-



PROBLEM 2.12
KNOWN: Length and thermal conductivity of a shaft. Temperature distribution along shaft.

FIND: Temperature and heat rates at ends of shaft.

SCHEMATIC:

P:pe/i ne

Supporting shaft,
k=25W(m-K L=1m,

T:100-150x + 10x?

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x, (3) Constant

properties.
ANALYSIS: Temperatures at the top and bottom of the shaft are, respectively,
T(0) =100°C T(L) =-40°C. <
Applying Fourier'slaw, Eqg. 2.1,
_ dT _ 2 )
Oy = kA= 25W/m & (0.005 m?)(-150 +20x)°C/m
Oy = 0.125(150 - 20x)W.
Hence,
<

ax(0) =18.75W (L) = 16.25 W.

The difference in heat rates, qy(0) > qy(L), is dueto heat losses q, from the side of the shaft.

COMMENTS: Heat loss from the side requires the existence of temperature gradients over the shaft
cross-section. Hence, specification of T as afunction of only X is an approximation.



PROBLEM 2.13

KNOWN: A rod of constant thermal conductivity k and variable cross-sectional area A,(x) = A,e™
where A, and a are constants.

FIND: (a) Expression for the conduction heat rate, g«(x); use this expression to determine the
temperature distribution, T(X); and sketch of the temperature distribution, (b) Considering the
presence of volumetric heat generation rate, ¢ = exp(—ax) , Obtain an expression for gx(x) when

the left face, x = 0, iswell insul ated.

SCHEMATIC:

M Eg T(x)
) ,.
O — | | —ax+ ox
% 4|”|*
|
] |

A(x) = A8

ASSUMPTIONS: (1) One-dimensional conduction intherod, (2) Constant properties, (3) Steady-
state conditions.

ANALYSIS: Perform an energy balance on the control volume, A(x)[dx,
Ein —Eout +I.Eg =0
Ox ~Ox+dx + G A (x) @x =0

The conduction heat rate terms can be expressed as a Taylor series and substituting expressions for
and A(x),

d .
—&(qx)+qo exp(-ax) B g exp(ax) =0 (1)
dar
=-k[A(X)— 2
Ox () 4 @
(a) With no internal generation, g, =0, and from Eq. (1) find
d
- =0 <
dx (qX)
indicating that the heat rate is constant with x. By combining Egs. (1) and (2)
dO dTQ a7
-— kA (X)—7=0 or A(X = 3 <
dxH_ ()dXB ()dx “ 3

Continued...



PROBLEM 2.13 (Cont.)

That is, the product of the cross-sectional area and the temperature gradient is a constant, independent
of x. Hence, with T(0) > T(L), the temperature distribution is exponential, and as shown in the sketch
above. Separating variables and integrating Eq. (3), the general form for the temperature distribution
can be determined,

Agexp(ax) Gdl =C;
dx
dT = 1A 5L exp (—ax) dx

T(x)=-CiAaexp(-ax) +Co <
We could use the two temperature boundary conditions, T, = T(0) and T, = T(L), to evaluate C, and
C, and, hence, obtain the temperature distribution in termsof T, and T,.
(b) With the internal generation, from Eq. (1),
d . .
—&(qx)+quo =0 or dx =0oAoX <
That is, the heat rate increases linearly with x.

COMMENTS: In part (b), you could determine the temperature distribution using Fourier’s law and
knowledge of the heat rate dependence upon the x-coordinate. Giveit atry!



PROBLEM 2.14
KNOWN: Dimensions and end temperatures of a cylindrical rod which isinsulated on its side.
FIND: Rate of heat transfer associated with different rod materials.

SCHEMATIC:
D=25mm “«Tp=0C
\
T,=100°C
—7 X L=0.1m

ASSUMPTIONS: (1) One-dimensional conduction along cylinder axis, (2) Steady-state conditions,
(3) Constant properties.

PROPERTIES: The properties may be evaluated from Tables A-1 to A-3 at a mean temperature of
50°C = 323K and are summarized below.

ANALYSIS: The heat transfer rate may be obtained from Fourier’slaw. Since the axial temperature
gradient is linear, this expression reduces to

T-T -, 71(0.025m)” (100-0)°C

=kA-L =0491(mAC) [k
g L 4 0.1m 1( )
Cu Al St.St SIN Oak Magnesia Pyrex
(pure)  (2024) (302) (85%)
k(W/mIK) 401 177 16.3 14.9 0.19 0.052 14
q(w) 197 87 8.0 7.3 0.093 0.026 069 <

COMMENTS: Thek values of Cu and Al were abtained by linear interpolation; the k value of St.St.
was obtained by linear extrapolation, as was the value for SiN; the value for magnesia was obtained
by linear interpolation; and the values for oak and pyrex are for 300 K.



PROBLEM 2.15
KNOWN: One-dimensional system with prescribed surface temperatures and thickness.

FIND: Heat flux through system constructed of these materials. (a) pure aluminum, (b) plain carbon
stedl, (c) AlSI 316, stainless stedl, (d) pyroceram, (€) teflon and (f) concrete.

SCHEMATIC:
< > L=20mm
7; =325/< 7;.___275/<
Material of
known k >
7%
I_"x

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No heat
generation, (4) Constant thermal properties.

PROPERTIES: Thethermal conductivity is evaluated at the average temperature of the system, T =
(T1+T9)/2 = (325+275)K/2 = 300K. Property values and table identification are shown below.

ANALYSIS: For this system, Fourier’slaw can be written as

dT T, =T
m— k= k-2 1
A dx L
Substituting numerical values, the heat flux is
275-325)K
dx = (275 329K 3) = 42500 K
20x10™m m

where gy will have unitsW/m2 if k has units W/mIK. The heat fluxes for each system follow.

Thermal conductivity Heat flux
Material Table  k(W/mK) q (kW/ m2)
(@) Pure Aluminum A-1 237 593 <
(b) Plain carbon steel A-1 60.5 151
(c) AlSI 316, S.S. A-1 134 335
(d) Pyroceram A-2 3.98 9.95
(e) Teflon A-3 0.35 0.88
(f) Concrete A-3 1.4 35

COMMENTS: Recognize that the thermal conductivity of these solid materials varies by more than
two orders of magnitude.



PROBLEM 2.16

KNOWN: Different thicknesses of three materials: rock,

insulation, 6 in.

18 ft; wood, 15 in; and fiberglass

FIND: Theinsulating quality of the materials as measured by the R-value.

PROPERTIES: Table A-3 (300K):

Materid Thermal
conductivity, W/m(K
Limestone 2.15
Softwood 0.12
Blanket (glass, fiber 10 kg/m3) 0.048

ANALYSIS: The R-value, aquantity commonly used in the construction industry and building

technology, is defined as
L(in)
k(Btutin/ hit? OF)

R

The R-value can be interpreted as the thermal resistance of a 1 ft2 cross section of the material. Using
the conversion factor for thermal conductivity between the Sl and English systems, the R-values are:

Rock, Limestone, 18 ft:

18ftx121
R= ft
215 W x0577g BUNTLOF 5N
mK W/m K ft
Wood, Softwood, 15 in:
R= 15in .
012 W xos577gBU/NOEF 5in
mK W/ mK ft
Insulation, Blanket, 6 in:
R= 6in -
0048 W 0577 BU/NOOF, g5in
mK W/ mK ft

2 -1
=145 (Btu/h §t2 ¢ F)

18 (Btu/ h(it? GF)_l

=18 (Btu/hit? F)_l

COMMENTS: The R-value of 19 given in the advertisement is reasonable.



PROBLEM 2.17

KNOWN: Electrical heater sandwiched between two identical cylindrical (30 mm dia. x 60 mm
length) samples whose opposite ends contact plates maintained at T .
FIND: (a) Thermal conductivity of SS316 samples for the prescribed conditions (A) and their

average temperature, (b) Thermal conductivity of Armco iron sample for the prescribed conditions
(B), (c) Comment on advantages of experimental arrangement, lateral heat losses, and conditions for

which ATq £ AT».

SCHEMATIC:
7;: 77°C 7;= 7 706
AX=15mm SS3/6
Heater, aT=25.07C Heater, al;=150C
100V, SS316 100V, Armco iron
0:353A BT aL=250Cc 0601A AT;=15.0C
T=77°C ax=15mm T=77°C
=77 ase A ° Case B

ASSUMPTIONS: (1) One-dimensional heat transfer in samples, (2) Steady-state conditions, (3)
Negligible contact resistance between materials.

PROPERTIES: Table A.2, Stainless steel 316 (T =400 K): kKes =152 W/ mIK; Armcoiron
(T =380K): Kijron =716 W/ mK.
ANALYSIS: (&) For Case A recognize that half the heater power will pass through each of the
samples which are presumed identical. Apply Fourier’slaw to a sample

AT

=kA.—
q C Ax

(- GAx _ 05100V x0.353A) x 0015 m
AT 7(0.030m)?/4x250°C

=150 W/ mIK. <

The total temperature drop across the length of the sample is AT 1(L/Ax) = 25°C (60 mm/15 mm) =
100°C. Hence, the heater temperatureis T = 177°C. Thus the average temperature of the sampleis

T=(T,+T,)/2=127°C=400K <

We compare the calculated value of k with the tabulated value (see above) at 400 K and note the good
agreement.

(b) For Case B, we assume that the thermal conductivity of the SS316 sampleis the same as that
found in Part (a). The heat rate through the Armco iron sampleis

Continued .....



PROBLEM 2.17 (CONT.)

m0.030m)°  150°C

iron = Yheater ~Uss =100V x0.601A -150W/ m K x

4 0.015m
Ciron = (601-106)W =49.5W
where
Oss = KA ATy / AXs.
Applying Fourier’s law to theiron sample,
_ QunX, _ 495Wx0015m  _ oo <

" AMT,  1(0.030m)*/4x150°C

Thetotal drop across theiron sample is 15°C(60/15) = 60°C; the heater temperatureis (77 + 60)°C =
137°C. Hence the average temperature of the iron sampleis

T=(137 + 77)°C/2=107°C=380K. <

We compare the computed value of k with the tabulated value (see above) at 380 K and note the good
agreement.

(c) The principal advantage of having two identical samplesis the assurance that all the electrical
power dissipated in the heater will appear as equivalent heat flows through the samples. With only
one sample, heat can flow from the backside of the heater even though insulated.

Heat |eakage out the lateral surfaces of the cylindrically shaped samples will become significant when
the sample thermal conductivity is comparable to that of the insulating material. Hence, the method is
suitable for metallics, but must be used with caution on nonmetallic materias.

For any combination of materials in the upper and lower position, we expect ATq = ATo. However, if
the insulation were improperly applied along the lateral surfaces, it is possible that heat |eakage will

occur, causing ATq # AT».



PROBLEM 2.18

KNOWN: Comparative method for measuring thermal conductivity involving two identical samples
stacked with areference material.

FIND: (a) Therma conductivity of test material and associated temperature, (b) Conditions for
which ATt,l * ATt,Z

SCHEMATIC:
T,=400K ax=10mm
al, ,=3.32°C
Test sample (I)— 1.1
Reference maferia/)— A—,; -249°C
Armco irom
Test sample (Z) —= AT: ,=3.3 2°C

T.=300K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer through samples
and reference material, (3) Negligible thermal contact resistance between materials.

PROPERTIES: Table A2, Armcoiron (T =350K): k, =692 W/m[K.

ANALYSIS: (a) Recognizing that the heat rate through the samples and reference material, all of the
same diameter, is the same, it follows from Fourier’s law that

AT, AT,
AX AX AX
kt:krATr =692 W/mK 222 C - 510w/ miK. <
AT, 3.32°
We should assign this value a temperature of 350 K. <

(b) If the test samples are identical in every respect, ATy 1 # ATy 2 if the thermal conductivity is highly
dependent upon temperature. Also, if there is heat leakage out the lateral surface, we can expect

ATy p <ATyt 1. Leakage could be influential, if the thermal conductivity of the test material were less
than an order of magnitude larger than that of the insulating material.



PROBLEM 2.19
KNOWN: Identical samples of prescribed diameter, length and density initially at a uniform
temperature Tj, sandwich an electric heater which provides a uniform heat flux q¢ for a period of

time Atg. Conditions shortly after energizing and a long time after de-energizing heater are
prescribed.

FIND: Specific heat and thermal conductivity of the test sample material. From these properties,
identify type of material using Table A.1 or A.2.

SCHEMATIC:
RPN - ro w2 v <«—=Insulation about the
L=]0mm\.r& <—D 60mm ’|§ entire block
P - Samp/e 1,p= 3965kg/m3
Y
T (<} —Heater, P(W)
o)== > .
;,'_}::A\“ e "3-9.'7}‘\‘:\__ \;Samp/e 2,,11=23.00 C

ASSUMPTIONS: (1) Onedimensional heat transfer in samples, (2) Constant properties, (3)
Negligible heat loss through insulation, (4) Negligible heater mass.

ANALYSIS: Consider acontrol volume about the samples

and heater, and apply conservation of energy over the time T(0)=-T;=23.00°C
interval fromt=0to Tr0)=-33.50°C

| po————

Ein —Eout =AE=E; —E; _’:_X__:

Ein ! i

PAt, =0 =Mcp[T() =T;]

where energy inflow is prescribed by the Case A power condition and the final temperature T¢ by

Case B. Solving for cp,

PAt, 15Wx120's

[o]

c. = =
" M[T(0)-T,] 2x3965kg/m’(rrx0.060°/ 4)m* x0,010 m[33.50- 23.00]°C

cp = 7653/ kg K <

whereM =pV = 2p(T[D2/4)L is the mass of both samples. For Case A, the transient thermal response
of the heater is given by

Continued .....



PROBLEM 2.19 (Cont.)

¢ 12
-]

Ty,
2
ot [ 2q; }
k =
Xy To(t)-T,
2 2
‘o 325 2x2653W /P |
1% 3965 kg/ m® x765 J/ kg [K | (24.57 - 23.00)°C
where
L LW = 2653 W/ m?.

A5 2(nD?14) 2(1mx0.060° / 4)m?
With the following properties now known,

p = 3965 kg/m° Cp = 765 JkgK k = 36 W/mIK

entriesin Table A.1 are scanned to determine whether these values are typical of ametallic material.

Consider the following,
« metallicswith low p generally have higher thermal conductivities,

» gpecific heats of both types of materials are of similar magnitude,

» thelow k value of the sampleistypical of poor metallic conductors which generally have

much higher specific heats,
« morethan likely, the material is nonmetallic.

From Table A.2, the second entry, polycrystalline aluminum oxide, has properties at 300 K

corresponding to those found for the samples.



PROBLEM 2.20

KNOWN: Temperature distribution, T(X,y,z), within an infinite, homogeneous body at agiven
instant of time.

FIND: Regionswhere the temperature changes with time.
SCHEMATIC:

+— T(x,y,z)= x2-2y2 +z2-xy +2')'Z

Zz Infinite medium
Y

X

ASSUMPTIONS: (1) Constant properties of infinite medium and (2) No internal heat generation.

ANALYSIS: Thetemperature distribution throughout the medium, at any instant of time, must
satisfy the heat equation. For the three-dimensional cartesian coordinate system, with constant
properties and no internal heat generation, the heat equation, Eq. 2.15, has the form

9°T , 0°T 9°T _107T

ax2 9y? 972 a ot
If T(X,y,2) satisfiesthis relation, conservation of energy is satisfied at every point in the medium.
Substituting T(x,y,2) into the Eq. (1), first find the gradients, 0T/0x, 0T/dy, and dT/0z.

17} 17} 0 10T
—(2X-y)+—(-4y-x+22)+—(22+2y) =— —,
(2x-y) dy( y-x+22) dz( z+2y)

D

0X a ot

Performing the differentiations,

2-442=19T
a ot
Hence,
9T _,
ot

which implies that, at the prescribed instant, the temperature is everywhere independent of time.

COMMENTS: Since we do not know the initial and boundary conditions, we cannot determine the
temperature distribution, T(X,y,z), at any futuretime. We can only determine that, for this special
instant of time, the temperature will not change.



PROBLEM 2.21

KNOWN: Diameter D, thickness L and initial temperature T; of pan. Heat rate from stove to bottom

of pan. Convection coefficient h and variation of water temperature T (t) during Stage 1.
Temperature T of pan surface in contact with water during Stage 2.

FIND: Form of heat equation and boundary conditions associated with the two stages.
SCHEMATIC:

Stage 1

e 1 1Pttt e

ASSUMPTIONS: (1) One-dimensional conduction in pan bottom, (2) Heat transfer from stove is
uniformly distributed over surface of pan in contact with the stove, (3) Constant properties.

ANALYSIS:
Sagel

2
Heat Equation: % = l —
ox< a
Boundary Conditions: —k Z—T %
X

oT

+ T =hE (L) T (0

Initial Condition: T(x,0)=T;
Sage 2

Heat Equation: —F=0

T
Boundary Conditions. -k d— =5
dx |y =0

T(L)=TL

COMMENTS: Stage 1lisatransient process for which T (t) must be determined separately. Asa
first approximation, it could be estimated by neglecting changes in thermal energy storage by the pan
bottom and assuming that all of the heat transferred from the stove acted to increase thermal energy

storage within the water. Hence, with g =Mcp d Too/dt, where M and ¢, are the mass and specific
heat of the water in the pan, Te(t) = (0/Mcp) t.



PROBLEM 2.22
KNOWN: Steady-state temperature distribution in a cylindrical rod having uniform heat generation
of 0y =5x107 W/ m°.
FIND: (a) Steady-state centerline and surface heat transfer rates per unit length, d;. (b) Initial time
rate of change of the centerline and surface temperatures in response to a change in the generation rate
from ¢y to g, = 108 W/ m?.
SCHEMATIC:

Ter) =800-4.167- 10°r2
r,=0.025m 9=9,=510"W/ms

9 k=30 Wm-k
M P=1100kg/m3, cp=800Jfkg-K

ASSUMPTIONS: (1) One-dimensional conduction in the r direction, (2) Uniform generation, and
(3) Steady-statefor ¢ = 5x10” W/m?>,

ANALYSIS: (a) From the rate equations for cylindrical coordinates,

oT oT
T =—-k— =-kA, —.
Ar ar g T or
Hence,
oT
= -k(2mmL)—
qr ( )ar
or
oT
P = —2TKr —
ar ar

where dT/dr may be evaluated from the prescribed temperature distribution, T(r).
Atr =0, thegradientis (0T/dr) = 0. Hence, from Eq. (1) the heat rateis

a;(0) =0 <
At r =rq, the temperature gradient is

oT 3 5 K _ 5
W} = —2{4.167 x10 —2}(%) = -2(4167 x10°)(0.025m)
r=ro m

T

} = -0.208 x10° K / m.
ﬁr Ir=r

Continued .....



PROBLEM 2.22(Cont.)

Hence, the heat rate at the outer surface (r = rg) per unit length is

0 (1o) = ~2n[30 W/ m K](0.025m)| 0208 x10° K / m|

q;(ro) =0980x10° W/ m. <

(b) Transient (time-dependent) conditions will exist when the generation is changed, and for the
prescribed assumptions, the temperature is determined by the following form of the heat equation, Eq.

2.20
1 0 oT oT
2 9 kw2 g, = pe 2L

r a"'r[ o"'r} G2 =P 54

oT 11 0 [ c?TJ
—=—= —|kr—[+Q5 |
ot PCp LT or or
However, initialy (at t = 0), the temperature distribution is given by the prescribed form, T(r) = 800 -
52
4.167x10°r , and

1 i[kr ‘?—T} - 5i[r(-&334 x10° m)]
r or or ror

Hence

_K (—16.668 x10° m)
;

=30 W/ mIK [-16.668 x10° K / mz]

= 5x10" W/m® (theoriginal g =¢)).
Hence, everywherein the wall,
oT _ 1

Jt 1100 kg/ m3x800 J/ kg K

[—5x107 +108] W/ ms

or
Al =5682K/s. <
ot

COMMENTS: (1) Thevalue of (9T/at) will decrease with increasing time, until a new steady-state
condition is reached and once again (0T/dt) = 0.

(2) By applying the energy conservation requirement, Eq. 1.11a, to a unit length of the rod for the
steady-state condition, Ef, —Egyt +Egen =0. Hence q;(0)—q;(ro) = —ql(nrg).



PROBLEM 2.23

KNOWN: Temperature distribution in a one-dimensional wall with prescribed thickness and thermal
conductivity.

FIND: (a) The heat generation rate, g, inthewall, (b) Heat fluxes at the wall faces and relation to
qg.

SCHEMATIC:
M= 50 WK, 4 L=
\<'—T(x)=a+bx2 T(°C) : > :
0 —| l—
e 2=200C %0 || 5 | %0
>x  |L=50mm b=-2000 C/’”z : :

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) Constant
properties.

ANALYSIS: (&) The appropriate form of the heat equation for steady-state, one-dimensional
conditions with constant propertiesis Eq. 2.15 re-written as

._.d _dT}
4=k |
dx | dx
Substituting the prescribed temperature distribution,
d[d 2 d
=-k—| —(a+bx = —-k—([2bx| = 2bk
a dx _dx( )} dx[ ]
q:-z(-2000°C/m2)x50W/m[K:2.0><105W/m3. <

(b) The heat fluxes at the wall faces can be evaluated from Fourier’s law,
dT
v(x)=-k —| .
qX( ) dX j|x
Using the temperature distribution T(x) to evaluate the gradient, find
d 2
v(X)=-k —[a+ bx ] = —2kbx.
qX( ) dX
Thefluxesat x =0and x =L arethen
9x(0)=0 <

fy (L) = —2kbL = -2 x50W / m K (-2000°C/ m? | x0,050m

g (L) =10,000 W/ m?. <
COMMENTS: From an overall energy balance on the wall, it follows that, for aunit area,
Ein_Eout +Eg =0 q')'((O)—q’)’((L)+q|_:O
_ ax(L)-gx(0) _ 10,000 W/m? -0
L 0.050m

q =20x10°W/m?>.




PROBLEM 2.24
KNOWN: Wall thickness, thermal conductivity, temperature distribution, and fluid temperature.

FIND: (a) Surface heat rates and rate of change of wall energy storage per unit area, and (b)
Convection coefficient.

SCHEMATIC:
| k=1W/m-k
. T(x)=200-200x + 30x2
200°C I
| 142.7°C
—_— —»
Qin ! : Qout T T
I

{ T =200°C, A
= x |L=0.3m

ASSUMPTIONS: (1) One-dimensional conductionin x, (2) Constant k.
ANALYSIS: (a) From Fourier'slaw,

aT
v = k21 (200 -60x) &
ay F ( X)

°C w

x 1 =200 W/ n¥
m mK

Qin = Oyp = 200

Oy =i =(200-60%03)°C/m x 1W/m K =182 W/m’.
Applying an energy balance to a control volume about the wall, Eq. 1.11a,
Efn ~ Ebu = Ex
E% =i~ dou =18 W/m”,
(b) Applying a surface energy balance at x = L,
Gout = [T(L) - Te]

he G _ 182 W/ m?
T(L)-T, (142.7-100)°C

h=43W/m? K.
COMMENTS: (1) From the heat equation,
(0T/ot) = (k/pcp) 62T/6x2 = 60(k/pcp),
it follows that the temperature is increasing with time at every point in the wall.

(2) Thevaue of hissmall and istypical of free convection in agas.



PROBLEM 2.25

KNOWN: Analytical expression for the steady-state temperature distribution of a plane wall
experiencing uniform volumetric heat generation ¢ while convection occurs at both of its surfaces.

FIND: (@) Sketch the temperature distribution, T(x), and identify significant physical features, (b)
Determine ¢, (c) Determine the surface heat fluxes, ay (-L) and gy (+L); how are these fluxes
related to the generation rate; (d) Calculate the convection coefficients at the surfacesx =L and x =
+L, (€) Obtain an expression for the heat flux distribution, g3 (x); explain significant features of the
distribution; (f) If the source of heat generation is suddenly deactivated (¢ = 0), what isthe rate of

change of energy stored at thisinstant; (g) Determine the temperature that the wall will reach
eventually with g = 0; determine the energy that must be removed by the fluid per unit area of the wall

to reach this state.

SCHEMATIC:
T=a+bx+cx? a = 82.0°C, x(m)
d, k=5W/m-K b =-210°C/m
p = 2600 kg/m3 ¢ = - 2x104 °C/m?2
cp = 800 J/kg-K

T(+L)

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform volumetric heat generation, (3) Constant
properties.

ANALYSIS: (a) Using the analytical expression in the Workspace of IHT, the temperature
distribution appears as shown below. The significant features include (1) parabolic shape, (2)
maximum does not occur at the mid-plane, T(-5.25 mm) = 83.3°C, (3) the gradient at the x = +L
surfaceisgreater thanat x =-L. Find also that T(-L) = 78.2°C and T(+L) = 69.8°C for use in part (d).

Temperature distribution

90

85

80

Temperature, T(x) (C)

75

70

-20 -10 0 10 20

x-coordinate, x (mm)

(b) Substituting the temperature distribution expression into the appropriate form of the heat diffusion
equation, Eq. 2.15, the rate of volumetric heat generation can be determined.
imTD+3:O where T(x) =a +bx +cx
dx HaxH k

2

dix(0+b+20x) +% =(0 +2c) +% =0
Continued .....



PROBLEM 2.25 (Cont.)
q:—2ck:—2(—2 ><104‘C/m2)5W/m K =2 X0°W/m°® <

(c) The heat fluxes at the two boundaries can be determined using Fourier’ slaw and the temperature
distribution expression.

oy (x) = —kg—;l(_ where T(x) =a+bx +cx

2
oy (-L)=—k[0+b+2cx] __, =4b —2cl] k
oy (-L) = —5—210°C/m —2(—2 ><104fc:/m2)o.020m5 SW/m K =2050W/m? <
o (+L) = (b +2cL )k = 45050W / m? <
From an overall energy balance on the wall as shown in the sketch below, E;,, —Eqt + Egen =0,

2
+qy (L) =dy (+L) +29L =0 or  -2950W/m? -5050W/m? +8000W/m? =0

where 24L = 2x2x10° W/m°> x0.020 m =8000W / m?, so the equality is satisfied

I.Eé;en =2qL T('l”—) g I T(+L)
dovi 11 ax(-L) ax(+L) 1|1 Ay
) — Il —> —> I —>
ax(-L) ax(+L) " i
| | ek k b @-
-L L> x +L
Part (c) Overall energy balance Part (d) Surface energy balances

(d) The convection coefficients, hy and hy, for the left- and right-hand boundaries (x = -L and x= +L,
respectively), can be determined from the convection heat fluxes that are equal to the conduction
fluxes at the boundaries. See the surface energy balances in the sketch above. See also part (a) result
for T(-L) and T(+L).

Gov,e =dx (L)
h Ho ~T(-L)Yg=h[20-78.2]K = 2950W/m? hj =51W/m? K <
Gov,r =dx (+L)
hy  (+L) - Twg=h, [69.8 20| K = 45050W /m? hy =101W/m? R <

(e) The expression for the heat flux distribution can be obtained from Fourier’ s law with the
temperature distribution

L —_ dT —_—
ay (x)= k= &[0 +b +2cx]

i (x)=-5W/mK 210°C/m +2( 2 x10% T/ mz)gx =1050 42 10°x <

Continued .....



PROBLEM 2.25 (Cont.)
Thedistribution is linear with the x-coordinate. The maximum temperature will occur at the location
where gy (Xmax ) =0,

2
Xmax =~ 1050W/m =525 x10‘3m =-5.25mm <

2x10° W /m3

(f) If the source of the heat generation is suddenly deactivated so that ¢ = 0, the appropriate form of
the heat diffusion equation for the ensuing transient conduction is
0 PTO_ oT

k— =pCh—
0X Ba_xH Pp ot
At the instant this occurs, the temperature distribution is still T(x) =a+ bx + cx2. Theright-hand term
represents the rate of energy storage per unit volume,

Ey :kai[o+b+2cx] =k[0+2d =5W/m K xz(e 0% C/mz) =2 A0°W/m? <
X

(g) With no heat generation, the wall will eventually (t — o) come to equilibrium with the fluid,

T(X,0) = T = 20°C. To determine the energy that must be removed from the wall to reach this state,
apply the conservation of energy requirement over an interval basis, Eq. 1.11b. The“initia” stateis

that corresponding to the steady-state temperature distribution, T;, and the “fina” state has Ts = 20°C.
We' ve used T, asthe reference condition for the energy terms.

L
~Eout =PCp2L (Tr ~Teo) =pCp [ (Ti ~Teo )k

+L
Eout = pcijII_‘ %+bx +cx2 T, Hax :pcpgax +hx?2 /2 +cx3/3 = WE—L

Ebut = 0 Cp %aL +0+2cx3/3 —ZTWLE

Efyt = 2600kg/m3x800J/ kg K %xsz%: x0,020m +2( 2 x10%c/ m2)

(0.020m)>/3- 2(20°C)0.020m§

Epyt =4.94x10% 3/ m? <

COMMENTS: (1) In part (a), note that the temperature gradient is larger at x = + L than at x
=- L. Thisisconsistent with the results of part (c) in which the conduction heat fluxes are
evaluated.

Continued .....



PROBLEM 2.25 (Cont.)

(2) In evaluating the conduction heat fluxes, g (x), it isimportant to recognize that this flux
isin the positive x-direction. See how this convention is used in formulating the energy
balance in part (c).

(3) Itisgood practice to represent energy balances with a schematic, clearly defining the
system or surface, showing the CV or CS with dashed lines, and |abeling the processes.
Review again the features in the schematics for the energy baances of parts (c & d).

(4) Re-writing the heat diffusion equation introduced in part (b) as
dQg, drg,.
-—rmrk—pg+q =0
dx H_ dx a
recognize that the term in parenthesisis the heat flux. From the differential equation, note
that if the differential of thisterm is a constant (q/ k), then the term must be alinear function

of the x-coordinate. This agrees with the analysis of part (€).
(5) In part (f), we evaluated Eg, the rate of energy change stored in the wall at the instant the

volumetric heat generation was deactivated. Did you noticethat Eg = -2 x10° W/ m® isthe
same value of the deactivated g? How do you explain this?



PROBLEM 2.26

KNOWN: Steady-state conduction with uniform internal energy generation in a plane wall;
temperature distribution has quadratic form. Surface at x=0is prescribed and boundary at x = L is
insulated.

FIND: (@) Calculate the interna energy generation rate, ¢, by applying an overal energy balanceto

the wall, (b) Determine the coefficients a, b, and c, by applying the boundary conditionsto the
prescribed form of the temperature distribution; plot the temperature distribution and label as Case 1,
(c) Determine new values for a, b, and ¢ for conditions when the convection coefficient is halved, and
the generation rate remains unchanged; plot the temperature distribution and label as Case 2; (d)
Determine new valuesfor a, b, and ¢ for conditions when the generation rate is doubled, and the
convection coefficient remains unchanged (h = 500 W/mz[K); plot the temperature distribution and
label as Case 3.

SCHEMATIC:
T(x) =a+ bx + cx2
k=5W/mK, g

T(0) = T, = 120°C

T = 20°C |
h = 500 W/m2-K ? %
L5«

L =50 mm

Insulated
boundary

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant
properties and uniform interna generation, and (3) Boundary at x = L is adiabatic.

ANALYSIS: (@) Theinterna energy generation rate can be calculated from an overall energy balance
on the wall as shown in the schematic below.

Efn —Eout +Egen =0 where Ein =biconv
h(Tw —To) +qL =0 0

§=-h(Te ~To)/L = -500W/m? [ (20 ~120) T/0.050 m =1.0 K0°W/m® <

To To ~ups 117

» » v

q . Yconv 1 x(0) ax(L) ! %

conv — il — > 1|

—> 7 i 1 %

) 7 ith |%
E;en | |—> X —L 5 x=L

|—> X L
(a) Overall energy balance (b) Surface energy balances

(b) The coefficients of the temperature distribution, T(x) =a+ bx + cx2, can be evaluated by applying
the boundary conditionsat x = 0and x = L. See Table 2.1 for representation of the boundary
conditions, and the schematic above for the relevant surface energy balances.

Boundary condition at x = 0, convection surface condition

Ein —Eout =deonv —0ix (0) =0 where b (0) = _kd_X B<=0

h(Teo —To) ~Hk (0 +b +2cx), _oH =0
Continued .....



PROBLEM 2.26 (Cont.)
b=-h(Te ~To)/k = 500W/m? [K (20 -120) T/5W/m K =1.0 10*K /m <

Boundary condition at x = L, adiabatic or insulated surface

dT O

Ein—Eout =0 (L) =0  where dx (L) =- &E(:L
k[o+b+2cx] _ =0 3
c=-b/2L =-1.0x10%K /m/(2 x0.050m) = 1.0 40°K / m? <

Since the surface temperature at x = 0 is known, T(0) = T, = 120°C, find
T(0)=120°C=a+b0+c or a=120C @ <

Using the foregoing coefficients with the expression for T(x) in the Workspace of IHT, the
temperature distribution can be determined and is plotted as Case 1 in the graph below.

(c) Consider Case 2 when the convection coefficient is halved, h, = h/2 =250 W/mZEE(, q= 1x10°
W/m3 and other parameters remain unchanged except that T, #120°C. We can determine a, b, and ¢

for the temperature distribution expression by repeating the analyses of parts (a) and (b).
Overall energy balance on the wall, see Egs. (1,4)

a=Ty =qL/h+Te =1x10%W/m® x0.050m/250W/m? K +20C =220C <
Surface energy balance at x = 0, see Eq. (2)

b=-h(Te ~To)/k = 250W/m? [K (20 220) T/5W/m K =1.0 40%K /m <
Surface energy balance at x = L, see Eq. (3)

c=-b/2L =-1.0x10*K /m/(2 x0.050m) =-1.0 M0°K / m? <

The new temperature distribution, T (x), is plotted as Case 2 below.
(d) Consider Case 3 when theinternal energy volumetric generation rate is doubled,
G3=24=2 x10%W / m3, h =500 W/mZEB(, and other parameters remain unchanged except that
To #120°C. Following the same analysis as part (c), the coefficients for the new temperature
distribution, T (x), are

a=220°C  b=2x10*K/m  ¢=-2x10°K/m? <
and the distribution is plotted as Case 3 below.

Continued .....



PROBLEM 2.26 (Cont.)

800

700

600 el

500

400

Temperature, T (C)

300

/
/

200

AN

100

o
(3,1

10 15 20 25 30 35 40 45 50

Wall position, x (mm)

1. h =500 W/m"2.K, qdot=1e6 W/m~"3
—&— 2. h=250W/m"2 K, qdot=1e6 W/m*"3
—&— 3. h=500W/m"2.K, qdot=2e6 W/m*"3

COMMENTS: Notethefollowing featuresin the family of temperature distributions plotted above.
The temperature gradients at X = L are zero since the boundary is insulated (adiabatic) for al cases.
The shapes of the distributions are all quadratic, with the maximum temperatures at the insulated
boundary.

By halving the convection coefficient for Case 2, we expect the surface temperature T to increase
relative to the Case 1 value, since the same heat flux is removed from thewall (gL ) but the
convection resistance has increased.

By doubling the generation rate for Case 3, we expect the surface temperature T, to increase relative
to the Case 1 value, since double the amount of heat flux is removed from thewall (2qL).

Can you explain why T isthe same for Cases 2 and 3, yet the insulated boundary temperatures are
quite different? Can you explain the relative magnitudes of T(L) for the three cases?



PROBLEM 2.27

KNOWN: Temperature distribution and distribution of heat generation in central layer of a solar
pond.

FIND: (a) Heat fluxes at lower and upper surfaces of the central layer, (b) Whether conditions are
steady or transient, (c) Rate of thermal energy generation for the entire central layer.

SCHEMATIC:

o

S A Gu LD G Co~s

Y

Mixed layer

Central layer

Mixed layer

ASSUMPTIONS: (1) Central layer is stagnant, (2) One-dimensional conduction, (3) Constant
properties

ANALYSIS: (a) The desired fluxes correspond to conduction fluxesin the central layer at the lower
and upper surfaces. A genera form for the conduction flux is

oT A .
"og = —k— = k| —e* +B|.
Ucond Ix [ka }
Hence,
n — n — A 'aL [ LJ— n — A
ar = qcond(x:L) - _k[ge +B} Qu = qcond(x:O) - _k[g +B} <
(b) Conditions are steady if 0T/0t = 0. Applying the heat equation,
2 .
oT,4_107 Aga Aga 10T
Ix? k a ot K K a dt
Hence conditions are steady since
d0T/ot=0 (forall 0sx<L). <
(c) For the central layer, the energy generation is
—n — L . - L -aX
Eg _Io gdx=A _[0 e dx
L
Eg=-De®| =-L(e? ) L) <
a 0 a a

Alternatively, from an overall energy balance,
95 —0i+Eg=0 Ey=ai-a5= (‘qéond(xzo)) - (_qgond(x:L))
Eg = k[i + BJ— k[ie'a" + B} = é(1—e"""').
ka ka a

COMMENTS: Conduction isin the negative x-direction, necessitating use of minus signsin the
above energy balance.



PROBLEM 2.28
KNOWN: Temperature distribution in a semi-transparent medium subjected to radiative flux.
FIND: (a) Expressionsfor the heat flux at the front and rear surfaces, (b) Heat generation rate q(x),
(c) Expression for absorbed radiation per unit surface areaintermsof A, a, B, C, L, and k.

SCHEMATIC:
l l[aser' irradiation

9:(0) ) W S
Sm— P emitransparent medium,
‘;_ _ _E-_S.’ _____ ._“‘ E : Tix ='k—Aa'z e 9% +Bx+C
vaxit)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in medium, (3)
Constant properties, (4) All laser irradiation is absorbed and can be characterized by an internal
volumetric heat generation term ¢j(X).

ANALYSIS: (a) Knowing the temperature distribution, the surface heat fluxes are found using
Fourier's law,

dT A -
v = | = o -2 (-a)e™ +B
x [dXJ [ ka2( )e }
A

Front Surface, x=0: ay(0) = —k[+kA 1+ B} = —[— + kB} <
a a

Rear Surface, x=L: ay(L)= —k[+kﬁe'aL +B] = —[ée'a'- +kB}. <
a a

(b) The heat diffusion equation for the mediumis

i(d_-rj+ﬂ:0 or q:_ki(d_-r)
dx \ dx k dx \ dx

a(x) = —ki[+ie'ax +B} =A™, <
dx| ka

(c) Performing an energy balance on the medium,
Ein — Eout +Eg =0
recognize that Eg represents the absorbed irradiation. On aunit areabasis
E5 = ~Ef + Eha = -G (0) ray(L) =+ (1-¢™) <

Alternatively, evaluate Eé by integration over the volume of the medium,

Eg = j(;' ¢(x)dx = J()L Ae®dx = -%[e‘ax]; = %(1—e'a" )



PROBLEM 2.29
KNOWN: Steady-state temperature distribution in a one-dimensiona wall of thermal
conductivity, T(x) = Ax3 + Bx2 +Cx +D.

FIND: Expressionsfor the heat generation rate in the wall and the heat fluxes at the two wall
faces(x =0,L).

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3)
Homogeneous medium.

ANALYSIS: The appropriate form of the heat diffusion equation for these conditionsis

2+ . 2
d_'2I'+g =0 or ¢@= -kd—T
dx= K dx?
Hence, the generation rateis
q:-ki[d—T}:—ki[Ssz +2Bx + C + 0
dx | dx dx
¢ =-k[6AXx + 2B] <

which is linear with the coordinate x. The heat fluxes at the wall faces can be evaluated from
Fourier'slaw,

ql = kd—T = k[SAx + 2Bx + c]
using the expression for the temperature gradient derived above. Hence, the heat fluxes are:
Surface x=0:

a%(0) = -kC <
Surface x=L:
qi(L —k[3AL2 +2BL +c] <

COMMENTS: (1) From an overal energy balance on the wall, find
Ef — Eout + Eé =0
0% (0) - (L) + E} = (~KC) ~( k)| 3AL? +2BL +C| +Ey =0
Ey = -3AKL” —2BKL.

From integration of the volumetric heat rate, we can aso find Eé as

. L
Ey = [ a(x)ax= j K[6AX + 2B]ix = -K[3Ax? +2Bx]0

Ey= —3AKL2 —2BKL.



PROBLEM 2.30
KNOWN: Planewall with no internal energy generation.

FIND: Determine whether the prescribed temperature distribution is possible; explain your
reasoning. With the temperatures T(0) = 0°C and T, =20°C fixed, compute and plot the
temperature T(L) as a function of the convection coefficient for the range 10 < h < 100 W/m?[K.

SCHEMATIC:

120
T(°C)
0

T(0)
g=0

Too= 20 °C
k=45WimK ! Zo4gm \1=30 Wim2K

ASSUMPTIONS: (1) One-dimensional conduction, (2) No internal energy generation, (3) Constant
properties, (4) No radiation exchange at the surface x = L, and (5) Steady-state conditions.

ANALYSIS: (@) Isthe prescribed temperature distribution possible? If so, the energy balance at the
surface x = L as shown above in the Schematic, must be satisfied.

Ein —Eout 2="0 ay (L) —dey 2 =20 (1,2)
where the conduction and convection heat fluxes are, respectively,

arQ

a (L) =~ = —kw = 45W/m K x(120 -0)’ C/0.18m = -3000W/m?

X =L
Ay =h[T (L) ~Teo] =30W/m? (K x(120 ~20)° C =3000W, m?

Substituting the heat flux valuesinto Eq. (2), find (-3000) - (3000) # 0 and therefore, the temperature
distribution is not possible.

(b) With T(0) = 0°C and T,, = 20°C, the temperature at the surfacex = L, T(L), can be determined
from an overall energy balance on the wall as shown above in the Schematic,

. T(L)-T(0
Ein ~Eout =0 dx (0) —dey =0 _kw _h[T (L) _Too] =0
-45W/mK (L) —0°C%/0.18m 30w/ m? KST(L)-20°¢ =0

T(L) =10.9°C <

Using this same analysis, T(L) as afunction of 2
the convection coefficient can be determined
and plotted. We don't expect T(L) to be
linearly dependent upon h. Notethat ash
increases to larger values, T(L) approaches
T,,. Towhat value will T(L) approach as h
decreases? a

16

12

Surface temperature, T(L) (C)

0 20 40 60 80 100

Convection cofficient, h (W/m"2.K)



PROBLEM 2.31

KNOWN: Coal pile of prescribed depth experiencing uniform volumetric generation with
convection, absorbed irradiation and emission on its upper surface.

FIND: (a) The appropriate form of the heat diffusion equation (HDE) and whether the prescribed
temperature distribution satisfies this HDE; conditions at the bottom of the pile, x = 0; sketch of the
temperature distribution with labeling of key features; (b) Expression for the conduction heat rate at
the location x = L; expression for the surface temperature T based upon a surface energy balance at x

=L; evaluate Tg and T(0O) for the prescribed conditions; (c) Based upon typical daily averages for Gs
and h, compute and plot Tg and T(0) for (1) h=5 W/m?K with 50 < Gs < 500 W/m?, (2) Gs = 400
W/m?with 5 < h < 50 W/m’K.

SCHEMATIC:

- ) Gg =400 W/im?2 v Gs,aps  E
i ANV
— / ,ag=e=095  gz==mm===mo= S

L=1m

ASSUMPTIONS: (1) One-dimensional conduction, (2) Uniform volumetric heat generation, (3)
Constant properties, (4) Negligible irradiation from the surroundings, and (5) Steady-state conditions.

PROPERTIES: Table A.3, Coa (300K): k =0.26 W/m.K

ANALYSIS: (a) For one-dimensional, steady-state conduction with uniform volumetric heat
generation and constant properties the heat diffusion equation (HDE) follows from Eq. 2.16,

d EDITD q (1) <
axHxH k-
Substituting the temperature distribution into the HDE, Eq. (1),
20 20 0 2 :
T(x)=Te+ q-% 995 —$+9?:?o 223)
2k L2 dx B 2k LZEE
we find that it does indeed satisfy the HDE for all values of x. <

From Eq. (2), note that the temperature distribution must be quadratic, with maximum value at x = 0.
At x =0, the heat flux is

2 | Parabolic shape
dT O L 2x [ 1
ay (0) = —k— ——kE(D+q Ep —m =0

dxa<= g 2kQ LZEEXO

Zero gradient
at bottom

so that the gradient at x = 0 is zero. Hence, the
bottom is insulated. T 7(0) T()

(b) From an overall energy balance on the pile, the conduction heat flux at the surface must be

ok (L) =Eg =dL <
Continued...



PROBLEM 2.31 (Cont.)
From a surface energy balance per unit area shown in the Schematic above,

I-Ein_'Eout""Eg =0 Ay (L)_dcv"'GS,abs'E:O
L —h(Ts - T ) +0.95Gg €0 Tg" =0 (4)

20w/ m3am -5W/m2& (T, -298K ) +0.95 x400W,/ m? ~0.95 .67 <108 W/ m2k*T4 =0

T = 295.7K =22.7°C <
From Eq. (2) withx =0, find

30W/ m2x(1m)?
2x0.26W/m K

a1 2
T(0)=Ts +% =27°C+ =61.1°C (5 <

where the thermal conductivity for coal was obtained from Table A.3.

(c) Two plots are generated using Eq. (4) and (5) for Tsand T(0), respectively; (1) with h = 5 W/m?K
for 50 < Gs < 500 W/m? and (2) with Gs = 400 W/ for 5 < h < 50 W/mPIK.

Solar irradiation, GS = 400 W/m”2

Convection coefficient, h = 5 W/im"2.K 80
80
g
S —
60 ] F 60
%) 1 a
~ =
o -
= =t E
©
5 L M g 40
- L E
g 20 — g
3
g —
qéi 0 alll 20 —
o L1 0 10 20 30 40 50
20 i Convection coefficient, h (W/m"2.K)
0 100 200 300 400 500 —— T0C
—%— Ts_C

Solar irradiation, GS (W/m”2)

— T0_C
—*%— Ts C

Fromthe T vs. h plot with Gs = 400 W/n?, note that the convection coefficient does not have a major
influence on the surface or bottom coal pile temperatures. Fromthe T vs. Gs plot with h = 5 W/m?[K,
note that the solar irradiation has a very significant effect on the temperatures. The fact that T, isless

than the ambient air temperature, Ty, , and, in the case of very low values of Gs, below freezing, isa
consequence of the large magnitude of the emissive power E.

COMMENTS: In our analysis we ignored irradiation from the sky, an environmental radiation effect
you'll consider in Chapter 12. Treated as large isothermal surroundings, Gs, = aTiy where Tgy = -
30°C for very clear conditions and nearly air temperature for cloudy conditions. For low Gg
conditions we should consider Gy, the effect of which will be to predict higher values for T, and
T(0).



PROBLEM 2.32
KNOWN: Cylindrical system with negligible temperature variation in the r,z directions.

FIND: (a) Heat equation beginning with a properly defined control volume, (b) Temperature
distribution T(¢) for steady-state conditions with no internal heat generation and constant properties,
(c) Heat rate for Part (b) conditions.

SCHEMATIC:

ry Ig.d ¢\/1§\ ;

Insulation

A
¢2, -,;- 7;
ASSUMPTIONS: (1) T isindependent of r,z, (2) Ar = (r, - ;) <<r;.

ANALYSIS: (a) Define the control volume asV = rid@ [ where L islength normal to page.
Apply the conservation of energy requirement, Eq. 1.11a,

. . ) . _ oT
Ein —Eout tEg =Eg Ay ~Ug+de tAV = PVCE (12
_ aT _ 7}
where gy = —k(Ar [Il)% Up+dg =g +%(q(p)d(p. (3,4)

Egs. (3) and (4) follow from Fourier’slaw, Eq. 2.1, and from Eq. 2.7, respectively. Combining Egs.
(3) and (4) with Eg. (2) and canceling like terms, find

1 T T

—zi(ka—j+q:pca—. 5) <

fi op\ do

Since temperature is independent of r and z, this form agrees with Eq. 2.20.

(b) For steady-state conditions with ¢ =0, the heat equation, (5), becomes
i k d—T =0. (6)
dp| de

With constant properties, it follows that dT/d@is constant which implies T(¢q) islinear in @. That is,
d_T = T2 — Tl =+ 1
do -4 n

(c) The heat rate for the conditions of Part (b) follows from Fourier’slaw, Eq. (3), using the

temperature gradient of Eq. (7). That is,

ap = +(or 1) [ #2175 -1y | = B2 1, -y, <

in(T2 -Ty) or T(g) =Ty +=(T, -Ty)e. (7,8 <

COMMENTS: Note the expression for the temperature gradient in Fourier’slaw, EqQ. (3), is

dT/ridpnot 0T/d¢. For the conditions of Parts (b) and (c), note that g isindependent of ¢
thisisfirst indicated by Eq. (6) and confirmed by Eq. (9).



PROBLEM 2.33

KNOWN: Heat diffusion with internal heat generation for one-dimensional cylindrical,
radial coordinate system.

FIND: Heat diffusion equation.
SCHEMATIC:

ASSUMPTIONS: (1) Homogeneous medium.
ANALYSIS: Control volume hasvolume, V = A, [dr = 27z [dr [1, with unit thickness
normal to page. Using the conservation of energy requirement, Eq. 1.11a,

Ein —Eout * Egen =Eg

oT
Or —Qr+gr +QV = pVey—— FT

Fourier'slaw, Eg. 2.1, for this one-dimensional coordinate systemis

qr = kA, ﬂ:—k X271 EIJ><ﬂ
Tor or

At the outer surface, r+dr, the conduction rateis

d TO
Or+dr =0r "‘(?—(Qr)dr Oy "'ﬂ%‘k ﬁ— dr.

0 r
Hence, the energy balance becomes
0TO oT
k2 — dr +( R rdr= p2 mrdr @
qu orH \ P ot

Dividing by the factor 2rr dr, we obtain

10 J0TO oT
<
rdr% Eqppo"'t

COMMENTS: (1) Note how the result compares with Eq. 2.20 when the terms for the @,z
coordinates are eliminated. (2) Recognize that we did not require ¢ and k to be independent

of r.



PROBLEM 2.34

KNOWN: Heat diffusion with internal heat generation for one-dimensional spherical, radial
coordinate system.

FIND: Heat diffusion equation.
SCHEMATIC:

_—_—
L +dr

ASSUMPTIONS: (1) Homogeneous medium.

ANALYSIS: Control volume has the volume, V = A, [dr = 4T[r2dr. Using the conservation
of energy requirement, Eq. 1.11a,

Ein —Eout * Egen =Eg
. oT
O ~Gr+ar +qV =PVCy .
t
Fourier'slaw, EQ. 2.1, for this coordinate system has the form
q = _kA d_ = _k A4 2 Lgf
At the outer surface, r+dr, the conduction rateis

[l
Or+dr =0r "‘(?—(Qr)dr =0r +07_E_k @72 ﬁ— dr.

Hence, the energy balance becomes

2 2 2 oT
k@m dr +q @ rrdr=p [@rr<dr @
ity o amp o T
Dividing by the factor 47r°dr, we obtain
10 20 TO oT
- v <
ﬁm% EIE TS

COMMENTS: (1) Note how the result compares with Eq. 2.23 when the terms for the 6,¢
directions are eliminated.

(2) Recognize that we did not require ¢ and k to be independent of the coordinater.



PROBLEM 2.35

KNOWN: Three-dimensiona system — described by cylindrical coordinates (r,q,z) —
experiences transient conduction and internal heat generation.

FIND: Heat diffusion equation.
SCHEMATIC: SeedsoFig. 2.9.

I\‘~\ -t 7T¢+d¢
dz 1 ~ 1 /}\\\ }
L N 9 T
df‘\\“", /“fdr
9¢ > Igz - Tg

ASSUMPTIONS: (1) Homogeneous medium.

ANALYSIS: Consider the differential control volume identified above having avolume
given asV = drifdpdz. From the conservation of energy requirement,

Or =Gr+dr Tdgp ~Ug+dp Tz ~Az+dz +I.Eg =Eg. )
The generation and storage terms, both representing volumetric phenomena, are
Eg=QV =q(dr fdpdz) Ey =pVcdT/dt =p(dr Bdg dz)c T/ dt. (2,3)

Using a Taylor series expansion, we can write

J J J
Or+dr =dr +_(qr)dr’ Ao+dp =g +E0(qu)d¢y Uz+dz =4z +_(QZ)dZ' (4,5,6)

or 0z
Using Fourier’ s law, the expressions for the conduction heat rates are
dr = —-kA0T/dr = —k(rde dz)dT/ or (7
dp = —KA O T/ rdp=—k(dr [dz)dT/rop (8)
a, = -kA,0T/dz=—k(dr de)dT/ 9z 9)

Note from the above, right schematic that the gradient in the ¢@-direction is dT/ro@ and not
0T/d@. Substituting Egs. (2), (3) and (4), (5), (6) into Eq. (1),

9 9 J . _ T
- (@) —%(q(p)dw—z(qz)dz +q dr [fde Gz =p(dr g dz)c—- (10)
Substituting Egs. (7), (8) and (9) for the conduction rates, find

7} oT 7} oT 7} oT

-—| —k(rdeldz)— |dr - —| —k(drdz)— |d¢p——| —k(dr [Hdgp)— |dz
ar[ (rde )o"'r} a"'qo[ ( >ra"'g0}(p a"'z[ ( (p)o"'z]
oT
+¢ dr deldz = o(dr Hd (pmlz)cz. (11)

Dividing Eqg. (11) by the volume of the CV, Eq. 2.20 is obtained.

10 oT| 1 0|,0T| 2|, 0T| . oT
T kr— |+ | k= [+ —=—| k= |+q = pc— <
rorl dr]| (20p| dp| dz| Iz ot



PROBLEM 2.36

KNOWN: Three-dimensional system — described by cylindrical coordinates (r,,0) — experiences
transient conduction and internal heat generation.

FIND: Heat diffusion equation.
SCHEMATIC: SeeFigure 2.10.
ASSUMPTIONS: (1) Homogeneous medium.

ANALYSIS: Thedifferentia control volumeisV = drlrisinBd@irtld, and the conduction terms are
identified in Figure 2.10. Conservation of energy requires

dr —Gr+dr +p ~Gg+dp +do ~Yo+de +Eq =Esg- 1)

The generation and storage terms, both representing volumetric phenomena, are
Eg =V =¢[dr Bsinbdeidf]  Eq = p/c‘;—I = p[dr Esinéde Q]c(;—-{. (2,3)
Using a Taylor series expansion, we can write

J J J
Orear =0y +——(0r)dr,  Ggedp =0g +§0(q(p)d¢, dg+do =o +55(dp)d0.  (456)

or
From Fourier's law, the conduction heat rates have the following forms.
dr = kA, dT/dr = —K[rsinbde d ] T/ or (7)
Ay = kA P T/rsindp= —k[dr 1d 6] IT /1 sin 69¢ (8)
g = —kAgd T /196 = —k[dr [MsinBdg|d T/ rdb. 9)
Substituting Egs. (2), (3) and (4), (5), (6) into Eg. (1), the energy balance becomes
0 0 7 . : . oT
—E(qr)dr —d—q)(q(p)dqo —%(QQ)dH +¢[dr Bsin@dg d6] = p[dr Msinbdy Eble]cﬁ (10)
Substituting Egs. (7), (8) and (9) for the conduction rates, find
7] . oT 0 oT
-—| -k 6de id0|— |dr ——| —k|dr id6 d
09{ [rsm ¢ ](9r}r 0(p{ [r ]rsined(p}(p
—i[—k[dr T sinedqﬂa—qqu[dr 7 sinédolid 6 = ddr [ sin @ gind &2 (11)
00 roé ot
Dividing Eq. (11) by the volume of the control volume, V, Eg. 2.23 is obtained.
izi[krzﬁ—q+ s i{kﬂ}+ - i[ksinea—T}q:pca—T. <
rcor ar résinc0 0p| 0@ | r4sngdo 20 ot

COMMENTS: Note how the temperature gradientsin Egs. (7) - (9) are formulated. The numerator
isaways dT while the denominator is the dimension of the control volume in the specified coordinate
direction.



PROBLEM 2.37
KNOWN: Temperature distribution in steam pipe insulation.

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate
vary with radius.

SCHEMATIC:

Insu/a‘/‘ion,

Tr)=C, /77,,4;-# C

ASSUMPTIONS: (1) One-dimensional conductioninr, (2) Constant properties.
ANALYSIS: From Equation 2.20, the heat equation reduces to
Ei(r 9_T) _19T
ror\ or

a ot
Substituting for T(r),
10T 10 (rcljzo.

aodt ror r

Hence, steady-state conditions exist. <
From Equation 2.19, the radial component of the heat flux is

oT C
"= —k—— =k,
ar or r
Hence, 0y decreaseswith increasing r(qyal/r). <

At any radial location, the heat rateis
qr =2mrLqgy = —27KC4L

Hence, gy isindependent of r. <

COMMENTS: The requirement that gy isinvariant with r is consistent with the energy conservation

requirement. If gy is constant, the flux must vary inversely with the area perpendicular to the direction
of heat flow. Hence, gy variesinversely withr.



PROBLEM 2.38

KNOWN: Inner and outer radii and surface temperatures of along circular tube with internal energy
generation.

FIND: Conditionsfor which alinear radial temperature distribution may be maintained.

SCHEMATIC:

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties.

ANALYSIS: For the assumed conditions, Eg. 2.20 reducesto

kdOgdTg .
—_— " —/+0g=0
r dr drH q

If  =0o0r q = constant, it is clearly impossible to have alinear radial temperature distribution.
However, we may use the heat equation to infer a special form of ( (r) for which dT/dr is a constant (call
it Cy). It follows that

Kk d -

?E(rC1)+q—o

=Gk <
r

where C; = (T, - T1)/(r2 - r1). Hence, if the generation rate varies inversely with radial location, the radial
temperature distribution is linear.

COMMENTS: Conditions for which O (1/r) would be unusual.



PROBLEM 2.39

KNOWN: Radii and thermal conductivity of conducting rod and cladding material. Volumetric rate
of thermal energy generation in the rod. Convection conditions at outer surface.

FIND: Heat equations and boundary conditions for rod and cladding.
SCHEMATIC:

ry ' Cladding, k¢

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductioninr, (3) Constant
properties.

ANALYSIS: From Equation 2.20, the appropriate forms of the heat equation are

Conducting Rod:
ﬁg(r ﬂj + q =0 <
r dr dt
Cladding:
i(r %j =0. <
dr\ dr

Appropriate boundary conditions are;

@  dT,/dr=p=0 <

0 To(r)=Te(n) <
dT.. . dT,

(c) Ky d_rrlri = kcd_rc|ri <
dT,

@ Koyl =MTelio) ~Too] <

COMMENTS: Condition (a) corresponds to symmetry at the centerline, while the interface

conditions at r = rj (b,c) correspond to requirements of thermal equilibrium and conservation of
energy. Condition (d) results from conservation of energy at the outer surface.



PROBLEM 2.40

KNOWN: Steady-state temperature distribution for hollow cylindrical solid with volumetric heat
generation.

FIND: (@) Determinethe inner radius of the cylinder, rj, (b) Obtain an expression for the volumetric
rate of heat generation, ¢, (c) Determine the axia distribution of the heat flux at the outer surface,

ar (ro, Z), and the heat rate at this outer surface; isthe heat rate in or out of the cylinder; (d)
Determine the radial distribution of the heat flux at the end faces of the cylinder, g5 (r,+z,) and

ay (r, —zo) , and the corresponding hezat rates; are the heat rates in or out of the cylinder; (e)

Determine the relationship of the surface heat rates to the heat generation rate; is an overall energy
balance satisfied?

SCHEMATIC:
[ ,/ —+z,=25m
/:/2 . T(r,z)=a+br2 +cIn(r) + dz2 r(m), z(m)
Insulated ! , _T 7 a=20°C c =-12°C
boundary !—-f ——————————— [ b = 150°C/m2 d =-300°C/m2
: k=16 W/m-K
7 — z,=25m
| | | > r
0 re=1m

ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction with constant
properties and volumetric heat generation.

ANALYSIS: (a) Since theinner boundary, r = r;, is adiabatic, then gy (r;,z) =0. Hencethe

temperature gradient in the r-direction must be zero.

ARs =0+2br; +c/r; +0 =0
o

/2 o /2
ol e S, <
0 2x150°C/m<0

(b) To determine g, substitute the temperature distribution into the heat diffusion equation, Eq. 2.20,
for two-dimensional (r,z), steady-state conduction
10 GTD 00T q

vorH orH oo "k

iar( [0+2br +c/1 +0]) (O +0 +0 +2dz) E =0

—[4br+0] +2d+d =

r k

= -k[4b-2d] =-16W/m K X150 T/ m? —2( -300 T/ mz)g

q=0W/m3 <
(c) The heat flux and the hest rate at the outer surface, r = ro, may be calculated using Fourier’s law.

Note that the sign of the heat flux in the positive r- -direction s negative, and hence the heat flow isinto
the cylinder.

ar (ro2) = —kZ—TE = —« [0 +2br, +c/ 1, +0]
r
]

Continued .....



PROBLEM 2.40 (Cont.)

Gr (10,2) = -16W/m K (2 x150°C/m? x1 m ~12°C/1 mH] = 4608W / m” <
a (p)=A, q (rolz) where A, =2m, (22,)
ar (o) = =4 x1 m x2.5 m x4608W / m? = -144, 765W <

(d) The heat fluxes and the heat rates at end faces, z = + z, and — z,, may be calculated using Fourier’s
law. The direction of the heat rate in or out of the end face is determined by the sign of the heat flux in
the positive z-direction.

At the upper end face, z = + z,: heat rate is out of the cylinder <
oT
qy (r,+zo) = —ka— = &[0 +0 +0 +2dz,]
z
d, (1, +20) = -16W/m K ><2(—300°C/m2)2.5 m = +24,000W / m? <
A o _ 2 2
a; (+20) =A, a5 (1, +25) where A, -7T(ro —; )

dy (+2,) = rr(12 —0.22)m2 x24,000W / m? = 72,382W

At the lower end face, z= - z,: heat rate is out of the cylinder
oT

0y (r-zo)=—&—[ =-k[0+0+0 +2dz,]

0z L1z
a0, (r.-2o) = -16W/m? (K x2(-300°C/m)( 25 m) = -24,000W / m? <
dy (-2o) = -72,382W <

(€) The heat rates from the surfaces and the volumetric heat ﬁenerati on can be related through an
overall energy balance on the cylinder as shown in the sketch.
q)(r,+2,) = +24,000 W/m?
T q(r+zo) = +72,382 W
Ve Egen = q v
; 4 pz

q/(ro,2) = -4,608 W/m?

qr(ro,z) =-144765 W

Ls | T q(r,-2o) = -24,000 W/m?
qZ(r,-zo) =-72,382 W

Ein ~Eout +Egen =0 where Egen =qE 0
Ein =0 (o) = (<144, 765W) = 4144, 765W <
Eout = 05 (20) ~05 (2o ) =[72.382 ~(72,382)] W = 444,764 W <

The overall energy balance is satisfied.

COMMENTS: When using Fourier’slaw, the heat flux g, denotesthe heat flux in the positive z-

direction. At aboundary, the sign of the numerical value will determine whether heat is flowing into
or out of the boundary.



PROBLEM 2.41

KNOWN: An electric cable with an insulating sleeve experiences convection with adjoining air and
radiation exchange with large surroundings.

FIND: (a) Verify that prescribed temperature distributions for the cable and insulating sleeve satisfy
their appropriate heat diffusion equations; sketch temperature distributions labeling key features; (b)
Applying Fourier's law, verify the conduction heat rate expression for the sleeve, qy, in terms of Ts:
and Ts.; apply asurface energy balance to the cable to obtain an aternative expression for gy in
terms of ¢andry; (c) Apply surface energy balance around the outer surface of the sleeve to obtain an

expression for which T, can be evaluated; (d) Determine Ts1, Ts2, and T, for the specified geometry
and operating conditions; and (€) Plot T3, Ts», and T, as afunction of the outer radius for the range
155<r,<20 mm.

SCHEMATIC:

Ty =350C

Electrical cable, k., ¢
Insulation sleeve, kg =0.15 W/m-K
Ts,1

T..=25°C ry=15mm
h =25 Wim2-K
// ro=155mm
Ts,2

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Uniform volumetric heat generation
in cable, (3) Negligible thermal contact resistance between the cable and sleeve, (4) Constant
propertiesin cable and sleeve, (5) Surroundings large compared to the sleeve, and (6) Steady-state
conditions.

ANALYSIS: (@) The appropriate forms of the heat diffusion equation (HDE) for the insulation and
cable areidentified. The temperature distributions are valid if they satisfy the relevant HDE.

Insulation: The temperature distribution is given as

In(r/rp)
T(r)=Ts2+(Ts1~Ts2) 7% (1)
2T a2 )iy )
and the appropriate HDE (radial coordinates, SS, g = 0), Eq. 2.20,
dQ dTD_
H drH
d0 O d Tg1-TgoU
— +(Tgq — ?0
drﬁg) ( i In r/r2 % drﬁln rl/rz Eq
Hence, the temperature distribution satisfies the HDE. <
Cable: The temperature distri butionis given as
o E_"L 125
T(r)=Tgq +——U - 2
()=Ts1+ i~ 2p @
O 10

and the appropriate HDE (radial coordinates, SS, g uniform), Eq. 2.20,
Continued...



PROBLEM 2.41 (Cont.)

lgjd_-r[l+i =0
rdrg rH Ke

OO0 420 11l
EE][@J,ﬂ _a D+ﬂ?=?o
rdr} g 4k0%o r12 Ke
1d 8 af 2°5 a0

Hence the temperature distribution satisfies the HDE. <

The temperature distributionsin the cable, 0 < r < ry, and sleeve, r; <1 <1, and their key features are
asfollows:

(1) Zero gradient, symmetry condition,

(2) Increasing gradient with increasing radius,
r, because of ¢,

(3) Discontinuous T(r) across cable-sleeve
interface because of different thermal
conductivities,

(4) Decreasing gradient with increasing radius,
r, since heat rate is constant. 0 re

(b) Using Fourier’'s law for the radial-cylindrical coordinate, the heat rate through the insulation
(sleeve) per unit length is

ar =—kA'rd—T =—k2md—T <
dr dr
and substituting for the temperature distribution, Eqg. (1),
, 0 r O Ts1—Ts2
ar = —k527'lT ) +(Ts,1 _TS,Z)]/—D =2nksg ©) <
0 In(r/r2)0 In(r2/r1)

Applying an energy balance to a control surface placed around the cable,

Ein _Eout =0

where U represents the dissipated electrical power in the cable
Continued...



PROBLEM 2.41 (Cont.)
a(m?)-g=0 o d=mif @<

(c) Applying an energy balance to a control surface placed around the outer surface of the sleeve,

I-Ein - I'Eout =0

dr ~dev —Grad =0

)
.2 4 4
merf - (2m5) (o2 ~To) - d2 ) {75 Ty ) =0 6 <
Thisrelation can be used to determine T, in terms of the variables (, ry, 1, h, Te, € and Ty

(d) Consider a cable-sleeve system with the following prescribed conditions:

r,=15mm k. = 200 W/mK h = 25 W/m?K €=0.9
r,=15.5mm ks = 0.15 W/mK T, =25°C Ter =35°C

For 250 A with Rg = 0.005 Q/m, the volumetric heat generation rate is
a4=1° Re/U= |2R’e/(m12)
4 =(250A)% x0.005Q/ m/ (n><o.0152 m2) =4.42 x10° W/ m?

Substituting numerical valuesin appropriate equations, we can evaluate Ty, Ts2 and To.
Seeve outer surface temperature, Tso: Using Eqg. (5),

7% 4.42x10° W/ m® x(0.015m)? -25W/m? K x(27r0.0155m)(Tg 2 —298K)

—0.9% (27 x0.0155m) x5.67 X108 W/m? [K4(T§2 —3084)K4 =0

Ts,2 = 395K =122°C <
Seeve-cableinterface temperature, Tq;: Using Egs. (3) and (4), with T, = 395K,
Ts1- T
nquz =2nks( sl s,2)
In(r/n)
Ts1—395K
7% 4.42x10° W/ m® x(0.015m)? =277x0.15W/m & (Ts1-3%5K)
In(15.5/15.0)
Ts1=406K =133°C <

Continued...



Cable centerline temperature, T,: Using Eq. (2) with T4, = 133°C,
To=T(0)=Tg1 +

T, =133°C+4.42x10° W/m> x(0.015m)? / (4x200W/m [K) =133.1°C

(e) With all other conditions remaining the same, the relations of part (d) can be used to calculate T,,
Ts1 and Ts as afunction of the sleeve outer radius r, for the range 15.5 < r, < 20 mm.

Temperature, Tsl or Ts2 (C)

On the plot above T, would show the same behavior as T since the temperature rise between cable
center and its surface is 0.12°C. With increasing r,, we expect T, to decrease since the heat flux

200

180

160

140

120

100

PROBLEM 2.41 (Cont.)

.2
an

c

/

o

15 16 17 18
Sleeve outer radius, r2 (mm)

—>— Inner sleeve, r1
Outer sleeve, r2
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decreases with increasing r,. We expect Ts; to increase with increasing r, since the thermal resistance

of the deeve increases.



PROBLEM 2.42
KNOWN: Temperature distribution in aspherical shell.

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate
vary with radius.

SCHEMATIC:

Sphemcal shell,
Tir)==£+(,

ASSUMPTIONS: (1) One-dimensiona conduction inr, (2) Constant properties.
ANALYSIS: From Equation 2.23, the heat equation reduces to

L9 (20T). LaT
2c?r or

a ot
Substituting for T(r),

10T = ii(rzﬂ) =0.

Eﬁ_ rzﬁr r2

Hence, steady-state conditions exist. <
From Equation 2.22, the radial component of the heat flux is

oT C
"= -kZ—=—k2L
Hence " d . : : 2 " 2 <
, Oy decreaseswith increasing r (qrallr )

At any radial location, the heat rateis
qr = 4nrzq'r' =47kC;.
Hence, gy isindependent of r. <

COMMENTS: Thefact that gy isindependent of r is consistent with the energy conservation
requirement. If gy is constant, the flux must vary inversely with the area perpendicular to the direction
of heat flow. Hence, gy variesinversely with r2.



PROBLEM 2.43

KNOWN: Spherica container with an exothermic reaction enclosed by an insulating material whose
outer surface experiences convection with adjoining air and radiation exchange with large
surroundings.

FIND: (a) Verify that the prescribed temperature distribution for the insulation satisfies the
appropriate form of the heat diffusion equation; sketch the temperature distribution and label key
features; (b) Applying Fourier's law, verify the conduction heat rate expression for the insulation
layer, g, interms of T4 and Ts,; apply a surface energy balance to the container and obtain an
alternative expression for g, in termsof ¢ and ry; (c) Apply a surface energy balance around the outer
surface of the insulation to obtain an expression to evaluate T,; (d) Determine T, for the specified
geometry and operating conditions; (€) Compute and plot the variation of T, as afunction of the
outer radius for the range 201 < r, < 210 mm; explore approaches for reducing Ts, < 45°C to
eliminate potential risk for burn injuries to personnel.

SCHEMATIC:
RS Reaction, T, G =Ggexp (-A/Ty)
Tar oo Insulation, k
sur -
Ts,1
Ts2
Too,h

ASSUMPTIONS: (1) One-dimensional, radial spherical conduction, (2) Isothermal reactionin
container so that T, = T4, (2) Negligible thermal contact resistance between the container and
insulation, (3) Constant properties in the insulation, (4) Surroundings large compared to the insul ated
vessel, and (5) Steady-state conditions.

ANALYSIS: The appropriate form of the heat diffusion equation (HDE) for the insulation follows
from Eq. 2.23,

1 dQodl[ <
- —r=0 1
r2drH dr @

The temperature distribution is given as

O1-(r/r) O

T(r)= Ts1— (Ts,l ‘Ts,2) mg 2

Substitute T(r) into the HDE to seeiif it is satisfied:

I:l rl D
G (Ts1—Ts,2) =07 =70 <
0 (1T )1‘(f1/f2)D

and since the expression in parenthesisis independent of r, T(r) does indeed satisfy the HDE. The
temperature distribution in the insulation and its key features are as follows:

Continued...



PROBLEM 2.43 (Cont.)

(1) Ts1>Ts2

(2) Decreasing gradient with increasing radius, ()
r, since the heat rate is constant through

the insulation. Ts2 |——
el

1

(b) Using Fourier’'s law for the radial-spherical coordinate, the heat rate through the insulation is

qr = KA, Z—T = & (4m2)d—T
r

dr
and substituting for the temperature distribution, Eq. (2),
B
qr = —knr —(Ts1 —Ts,2
A 1-(n/rp) 5

4k (Ts1-Ts2)
T W) - ()

Applying an energy balance to a control surface about the container at r =y,

where L] represents the generated heat in the container,

ar = (4/3)m13q

<

@<

(c) Applying an energy balance to a control surface placed around the outer surface of the insulation,

I.Ein —Eout =0

Or ~Ocv ~Orad =0

ar —hAs(Ts 2~ T ) —eAsa(

B <

Continued...



PROBLEM 2.43 (Cont.)

where
Ag = 42 (6)

These relations can be used to determine Ts, in terms of the variables q, ry, 1, h, T, € and Tg.

(d) Consider the reactor system operating under the following conditions:

r. = 200 mm h =5 W/m?K €=09
r, =208 mm T, =25°C Tewr=35°C
k = 0.05 W/mK

The heat generated by the exothermic reaction provides for avolumetric heat generation rate,
q=0doexp(-A/Ty) do :5000W/m3 A =75K (7)

where the temperature of the reaction isthat of the inner surface of theinsulation, T, = Ts1. The
following system of equations will determine the operating conditions for the reactor.

Conduction rate equation, insulation, Eq. (3),

_ 4rrx0.05W/m (K (Ts,l ‘Ts,2)

& T (1/0.200m-v/0208m) ©
Heat generated in the reactor, Egs. (4) and (7),

qr = 4/37(0.200m)* g )

§=5000W/ mS exp (-75K/Ts1) (10)

Surface energy balance, insulation, Egs. (5) and (6),

ar —5W/m? K Ag (Ts2 —298K ) ~0.9A45.67 x10™° w/m2r* (TS‘}Z —(308K)4) =0 (11)

Ag = 41(0.208m)? (12)

Solving these equations simultaneoudly, find that

Ts1=94.3C Ts2 =52.5°C <

That is, the reactor will be operating at T, = Ts; = 94.3°C, very close to the desired 95°C operating
condition.

(e) From the above analysis, we found the outer surface temperature T, = 52.5°C represents a
potential burn risk to plant personnel. Using the above system of equations, Egs. (8)-(12), we have
explored the effects of changes in the convection coefficient, h, and the insulation thermal
conductivity, k, as afunction of insulation thickness, t =r, - ry.

Continued...
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Inthe Ts, vs. (12 - r1) plot, note that decreasing the thermal conductivity from 0.05 to 0.01 W/m(K
slightly increases T, while increasing the convection coefficient from 5 to 15 W/m’K markedly
decreases Ts,. Insulation thickness only has a minor effect on T, for either option. Inthe T, vs. (2 -
r1) plot, note that, for all the options, the effect of increased insulation isto increase the reaction
temperature. With k = 0.01 W/mIK, the reaction temperature increases beyond 95°C with less than 2
mm insulation. For the case with h = 15 W/m’[K, the reaction temperature begins to approach 95°C
with insulation thickness around 10 mm. We conclude that by selecting the proper insulation
thickness and controlling the convection coefficient, the reaction could be operated around 95°C such
that the outer surface temperature would not exceed 45°C.



PROBLEM 2.44

KNOWN: One-dimensional system, initially at a uniform temperature T, is suddenl
exposed to auniform heat fluxat one boundary, while the other boundary s insulated.

FIND: (@) Proper form of heat equation and boundary and initial conditions, (b) Temperature
distributions for following conditions:_ initial condition (t < 0), and several times after heater
is energized; will a steady-state condition be reached; (c) Heat flux at x =0, L/2, L asa
function of time; (d) Expression for uniform temﬁerature, Tt, reached after heater has been

switched off following an elapsed time, te, with the heater on.
SCHEMATIC:
s I nsulation
XL - Sys‘l‘em, mass M, Cp

Electrical heater, areca As

ASSUMPTIONS: (1) One-dimensiona conduction, (2) No internal heat generation, (3)
Constant properties.

ANALYSIS: (a) The appropriate form of the heat equation follows from Eg. 2.15. Also, the
appropriate boundary and initial conditions are:

Initial condition: T(x,00=T;  Uniform temperature
2
Ll = EXAl Boundary conditions: x=0 qs =-kaT/dx)g
dxz a ot
x=L dT/ox) =0
(b) The temperature distributions are as follows:
LT — s_~lope at this boundery is always zero.

7 Tx,1)

Slope at this boundar
¥ is g/ways constant: 4

0 -Txo) Ten” 577)0 =9 /k <
No steady-state condition will be reached since E;,, = E4 and E;, is constant.
(c)The heat flux as afunction of time for positionsx =0, L/2 and L isasfollows:
' " 9; gx’(o,f)
') i
0 -2%(L,1)
O -t <

(d) If the heater is energized until t = tg and then switched off, the system will eventuall
reach a uniform temperature, Ts. Perform an energy balance on'the system, Eq. 1.11b, for
an interval of time At = tg,

te n — n —
Ein =Eg« Ein =Qin =j0 doAsdt =dpAdte Eq = MC(Tf _Ti)

It follows that WALe=Mo(T; -T,) o T; =T, +%|C|~ste_ <
C



PROBLEM 2.45

KNOWN: Plate of thickness 2L, initially at a uniform temperature of T; = 200°C, is suddenly
guenched in aliquid bath of T, = 20°C with a convection coefficient of 100 W/mZEB(.

FIND: (@) On T-x coordinates, sketch the temperature distributions for the initial condition (t < 0), the
steady-state condition (t — o), and two intermediate times; (b) On gy -t coordinates, sketch the
variation with time of the heat flux at x = L, (c) Determine the heat flux at x = L and for t = 0; what is
the temperature gradient for this condition; (d) By performing an energy balance on the plate,
determine the amount of energy per unit surface area of the plate (J/mz) that is transferred to the bath
over the time required to reach steady-state conditions; and (€) Determine the energy transferred to the
bath during the quenching process using the exponential-decay relation for the surface heat flux.

SCHEMATIC:

Quenching heat flux /\/\'\"\/\/ T(xt), T(x,0)=T;=200°C
hLE— !
q = Aexp(-Bt) . ) 1 ./ p= 2770 kg/m3
St I
' i k=50 W/m-K
|
Liquid bath i
|
Ty = 20°C ?lﬁ \/\i/\/\/l lﬁ?
= 2. '
h =100 W/m+-K L Ls x +L =10 mm

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) No interna heat
generation.

ANALYSIS: (a) The temperature distributions are shown in the sketch below.

N , h(T; - T )/\
T; — Initial, T(x,0) b Area represents
t energy transferred
Tt ! q‘;((L,t) during quench
—\' Steady-state
To f——— T(x,®)
—> >
(a) 0 L X (b,c,d) 0 t

(b) The heat flux at the surface x = L, g} (L,t), isinitially amaximum value, and decreases with
increasing time as shown in the sketch above.

(c) The heat flux at the surfacex = L at timet =0, gy (L,0), isequal to the convection heat flux with
the surface temperature as T(L,0) = T;.

oy (L,0) = deony (t =0) =h(T; ~T,,) =100W/m? K (200 -20) T =18.0kw/m? <

From a surface energy balance as shown in the sketch considering the conduction and convection
fluxes at the surface, the temperature gradient can be calculated.
Continued .....



PROBLEM 2.45 (Cont.)

Ein‘Eout =0
6TD
' (L,0)- t=0)=0 with (L,0)
dy (L,0) = dcony (t =0) di ( GX& )
oT O 3
= —Qony (t =0)/k = -18 10 W/m2/50W/m K =-360K/m <
GXH_O
I T(L,0)=T;

—> : :—> Qconv(t=0)

ax(L,0)

SN |

(d) The energy transferred from the plate to the bath over the time required to reach steady-state
conditions can be determined from an energy balance on atime interval basis, Eq. 1.11b. For the

initial state, the plate has a uniform temperature T;; for the final state, the plateis at the temperature of
the bath, T.

~Eout =p¢p (2L)[Teo ~Ti]
Efut = ~2770kg/ mS x875J/ kg [K (2x0.010 m)[20 ~200] K = 48.73 x0° 3/ m? <

(e) The energy transfer from the plate to the bath during the quenching process can be evaluated from
knowledge of the surface heat flux as a function of time. The areaunder the curvein the qj (L,t) vs.

time plot (see schematic above) represents the energy transferred during the quench process.

] _ 00 _ %) _B
out = th:o dy (L, t)dt ‘th:o Ae Blgt

out = 2A E—i Btgo —ZAE L —1@ =2A/B
*ut = 2x1.80x10% W/ m?/4.126 x103s 7L =8.73 10% 3/ m? <

COMMENTS: (1) Can you identify and explain the important features in the temperature
distributions of part (a)?

(2) The maximum heat flux from the plate occurs at the instant the quench process begins and is equal
to the convection heat flux. At thisinstant, the gradient in the plate at the surface isa maximum. |If
the gradient istoo large, excessive thermal stresses could be induced and cracking could occur.

(3) In this thermodynamic anaysis, we were able to determine the energy transferred during the
guenching process. We cannot determine the rate at which cooling of the plate occurs without solving
the heat diffusion equation.



PROBLEM 2.46
KNOWN: Planewall, initially at a uniform temperature, is suddenly exposed to convective heating.

FIND: (a) Differential equation and initial and boundary conditions which may be used to find the
temperature distribution, T(x,t); (b) Sketch T(x,t) for these conditions: initia (t < 0), steady-state, t —
oo, and two intermediate times; (¢) Sketch heat fluxes as a function of time for surface locations; (d)
Expression for total energy transferred to wall per unit volume (J/ms).

SCHEMATIC:

T(x0)=Ti
Insulation= i ?;:P ‘E_ iJ] To0, h To>T;
i

I=—>x L

ASSUMPTIONS: (1) One-dimensiona conduction, (2) Constant properties, (3) No internal heat
generation.

ANALYSIS: (a) For one-dimensional conduction with constant properties, the heat equation has the
form,

0°T _107T
ax? a ot
Initial, t<0 T(x,0)=T; uniform
and the Boundaries. x=0 0JT/dx)g=0 adiabatic
conditions are: x=L -kaT/dx) = hT(Lt)-T,] convection

(b) The temperature distributions are shown on the sketch.

. : i$~%‘?gy~sfa te,
T(x1) ;
T; E"-Inifia/, 716¢,0)
o /A i

Note that the gradient at x = 0 is always zero, since this boundary is adiabatic. Note also that the
gradient at x = L decreases with time.

() The heat flux, q')'((x,t), as afunction of time, is shown on the sketch for the surfaces x = 0 and x
=L.

Continued .....
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'9; x,1
“INC 2509

0 ey

Tt

For the surface at x =0, % (0,t) = 0 sinceitisadiabatic. Atx=L andt=0, q%(L,0) isa
maximum

ax(L.0) = h[T(L,0) - T ]
where T(L,0) = T;. The gradient, and hence the flux, decrease with time.

(d) Thetotal energy transferred to the wall may be expressed as

Ein = JO OgonvA <t

Ei, = hASj;o (T = T(L,t))clt

Dividing both sidesby Agl, the energy transferred per unit volumeis

%:%J;[Tw ~T(L, 1)}t [J/m3]

COMMENTS: Notethat the heat flux at x = L isinto the wall and is hence in the negative x
direction.



PROBLEM 2.47

KNOWN: Planewall, initially at a uniform temperature Tj, is suddenly exposed to convection with a

fluid at To, at one surface, while the other surface is exposed to a constant heat flux qg,.

FIND: (a) Temperature distributions, T(x,t), for initial, steady-state and two intermediate times, (b)
Corresponding heat fluxeson gy — X coordinates, (c) Heat flux at locationsx =0andx =L asa

function of time, (d) Expression for the steady-state temperature of the heater, T(0,0), in terms of
Jo, Teos k, hand L.

SCHEMATIC:
: 2=0,k
Heater, 9,
LS

0
Insulati Teo,
nsulation |_’x A T(x,0)=7,7
ASSUMPTIONS: (1) One-dimensional conduction, (2) No heat generation, (3) Constant properties.
ANALYSIS: (a) For T <T,, thetemperature distributions are

TN T

To | — oo
7;_ MT@;O):ﬁ
(0] L R

Note the constant gradient at x = 0 since gy (0) = gp.

(b) The heat flux distribution, q')’((x, t), is determined from knowledge of the temperature gradients,
evident from Part (a), and Fourier’s law.

93(,1-)A E ?o 1’: 9”x (o'm) 9’(’(,’.) A 9x1{0"’: ?o”
o ' 76,0 oV L)
0 — .

(c) On gy (x, t) —1t coordinates, the heat fluxes at the boundaries are shown above.

(d) Perform a surface energy balance at x = L and an energy balance on the wall:

Geond = Acony = N[T(L,©) ~Too| (1), Agona =0 (2

For the wall, under steady-state conditions, Fourier’slaw gives 1 E
7 :_1/"
o 9T _ T(01°°) - T(L, °°) gcond I 9conv
Qo = —k——=k : (3) lL
dx L x=

Combine Egs. (1), (2), (3) to find:

T(0,00) =T, 4 %
1/h+L/k



PROBLEM 2.48

KNOWN: Planewall, initially at a uniform temperature T, has one surface (x = L) suddenly

exposed to a convection process (T., > To,h), while the other surface (x = 0) is maintained at T,
Also, wall experiences uniform volumetric heating ¢ such that the maximum steady-state temperature

will exceed T.

FIND: (a) Sketch temperature distribution (T vs. X) for following conditions: initial (t < 0), steady-
state (t —» o), and two intermediate times; also show distribution when there is no heat flow at the x =

L boundary, (b) Sketch the hest flux (g% Vs. t) at the boundaries x = 0 and L.
SCHEMATIC:

2(+=0) T(,4)

<701 RREY
L>x A

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric
generation, (4) T, <T,, and g large enough that T(x,c) > T.

ANALYSIS: (@) Theinitial and boundary conditions for the wall can be written as

Initial (t <0): T(x,0)=Tg Uniform temperature
Boundary: x=0 T(O)=Tg Constant temperature
oT .
x=L —k—) =h[T(L,t)~Ts] Convection process.
IX x=L

The temperature distributions are shown on the T-x coordinates below. Note the special condition
when the heat flux at (x = L) is zero.

(b) The heat flux as afunction of time at the boundaries, g% (0,t) and dfy(L,t), can beinferred from
the temperature distributions using Fourier’s law.

Tix,) +—T(x.c0) A (L
! u q;'(x, f) /—T ”
T I[QX(L;I'):O 0 i >t
. L
A %0 9w o-nrT, 7
0 A X X ) ( .).V ¢9)’(’(0} f)

COMMENTS: Since T(x,)>T, and T, >T,, heat transfer at both boundaries must be out of the
wall. Hence, it follows from an overall energy balance on the wall that +gj (0, ) -d (L,)+dL =0.



PROBLEM 2.49

KNOWN: Planewadl, initidly at a uniform temperature T, has one surface (x = L) suddenly exposed

to a convection process (T, < T, h), while the other surface (x = 0) ismaintained at T,. Also, wall
experiences uniform volumetric heating ¢ such that the maximum steady-state temperature will

exceed Te.

FIND: (a) Sketch temperature distribution (T vs. x) for following conditions: initia (t < 0), steady-
state (t — o), and two intermediate times; identify key features of the distributions, (b) Sketch the heat

flux (g vs. t) at the boundaries x = 0 and L; identify key features of the distributions.
SCHEMATIC:

q(t=0) T(L,Y)

T(0,t) =T,
SR
|—>x L=0.1m

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric
generation, (4) T, < Ty and ¢ large enough that T(x,) > T,

ANALYSIS: (a) Theinitial and boundary conditions for the wall can be written as

Initial (t <0): T(x,0) =Ty Uniform temperature
Boundary: x=0 TO) =T, Constant temperature
x=L -k 0—T) =h[T(L,t)~To] Convection process.
Ix X=L

The temperature distributions are shown on the T-x coordinates below. Note that the maximum
temperature occurs under steady-state conditions not at the midplane, but to the right toward the
surface experiencing convection. The temperature gradientsat x = L increasefor t > 0 since the
convection heat rate from the surface increases as the surface temperature increases.

(b) The heat flux as afunction of time at the boundaries, qy(0,t) and oy (L,t), can beinferred from

the temperature distributions using Fourier’ slaw. At the surface x = L, the convection heat flux at t =
0is ay (L,0)=h(T, - T, ). Because the surface temperature dips dightly at early times, the

convection heat flux decreases slightly, and then increases until the steady-state condition is reached.
For the steady-state condition, heat transfer at both boundaries must be out of thewall. It followsfrom

an overall energy balance on the wall that +dj (0,%0)—dy (L, ) +¢L =0.

CR Steady-state + A KO =RTO) Tl gy Lt

T(X,CD)
t . I

! 0

! t
To  Initial, T(x,0)
To p------ S -V

0 L X q5(0.1)




PROBLEM 2.50
KNOWN: Interfacial heat flux and outer surface temperature of adjoining, equivalent plane walls.

FIND: (a) Form of temperature distribution at representative times during the heating process, (b)
Variation of heat flux with time at the interface and outer surface.

SCHEMATIC:

qo

I — I
-L X +L

ASSUMPTIONS: (1) One-dimensiona conduction, (2) Constant properties.

ANALYSIS: (a) With symmetry about the T
interface, consideration of the temperature

distribution may berestrictedtoO<x<L.

During early stages of the process, heat transfer

isinto the material from the outer surface, as

well as from the interface. During later stages T,
and the eventual steady state, heat is transferred

fromthe materia at the outer surface. At 0

steady-state, dT/dx = —(qg/2)/k = const . and
TOY) =To+ (dp/2)L /K.

A

9" (x.t) q"(0.9)
(b) At the outer surface, the heat flux isinitially B
negative, but increases with time, approaching ' /2
Go/2. Itiszerowhen dT/dx| _, =0. . /_ .

q" (LY




PROBLEM 2.51

KNOWN: Temperature distribution in a plane wall of thickness L experiencing uniform volumetric
heating ¢ having one surface (x = 0) insulated and the other exposed to a convection process

characterized by T, and h. Suddenly the volumetric heat generation is deactivated while convection
continues to occur.

FIND: (@) Determine the magnitude of the volumetric energy generation rate associated with the
initial condition, (b) On T-x coordinates, sketch the temperature distributions for the initial condition

(T < 0), the steady-state condition (t — o), and two intermediate times; (c) On g -t coordinates,
sketch the variation with time of the heat flux at the boundary exposed to the convection process,
ay (L, t); calculate the corresponding value of the heat flux at t = 0; and (d) Determine the amount of

energy removed from the wall per unit area (J/m2) by the fluid stream as the wall coolsfromitsinitia
to steady-state condition.

SCHEMATIC:
% T(x,0)=a+bx2 x(m) p = 7000 kg/m3
Insulated é a=300°C b=-1.0x104°C/m2  Cp= 450 Jlkg-K
boundary\; d¢0fort<0- g=0fort=0 k=90 W/m-K
%
Z
%
% | Too 20°C
= 2.
|—>x L=04m =1000 W/m2-K

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) Uniform internal
volumetric heat generation for t < 0.

ANALYSIS: (@) The volumetric heating rate can be determined by substituting the temperature
distribution for the initial condition into the appropriate form of the heat diffusion equation.

d [dT D 2
B_ h [ =
™ de where (x,O) a +bx

9 0+2bx)+d 0420 +9 =
dx K k

¢ =—-2kb = 2 x90W /m K ( 1.0 x10% T/ m2) =1.8 05w /m?3 <
(b) The temperature distributions are shown in the sketch below.
A " A
300 ITn(|>t<|%|) =a+bx? WL0) = ITL0) - Teo]
OZ 200 toN g% (L.t)
|i_<: 100 [ T——) Steady-state
T, L/ T(x,®)
0 L x 0 “t

Continued .....



PROBLEM 251 (Cont.)

(c) The heat flux at the exposed surface x = L, gy (L,O), isinitially a maximum value and decreases

with increasing time as shown in the sketch above. The heat flux at t = 0 isequal to the convection
heat flux with the surface temperature T(L,0). See the surface energy balance represented in the
schematic.

oy (L, 0) = deony (t =0) =h(T(L,0) ~T,, ) =1000W/m? & (200 —20) T =1.80 x10° W /m? <
where T(L,0)=a+bL? =300°C -1.0 x10*T/m? (0.1m)? =200 C.

T(L,0) = a + bx2
:—> Qeonv(t=0)
L Jan>
|
(d) The energy removed from the wall to the fluid asit cools fromitsinitia to steady-state condition
can be determined from an energy balance on atime interval basis, Eq. 1.11b. For theinitia state, the

wall has the temperature distribution T(x,0) =a + bxz; for thefinal state, the wall is at the temperature
of thefluid, Tf = T. We have used T, asthe reference condition for the energy terms.

n :L
~Eout = PCpL [Tt ~T] =pCp [ (x,0) ~TeoAix

— x=L 2 _ H 34 L

Eout =PCp [, _, %+bx Tooéjx = pepgex +bx>/3 WEO

r L =7000kg/m3 x4503/ kg K 300x0.1-1.0 x10% (0.1)3/3 —20 x0.12K
out = g/rm g 1-1 (0.1) 1@

ot = 7.77x107 3/ m? <

COMMENTS: (1) Inthe temperature distributions of part (a), note these features: initial condition
has quadratic form with zero gradient at the adiabatic boundary; for the steady-state condition, the wall
has reached the temperature of the fluid; for al distributions, the gradient at the adiabatic boundary is
zero; and, the gradient at the exposed boundary decreases with increasing time.

(2) In this thermodynamic analysis, we were able to determine the energy transferred during the
cooling process. However, we cannot determine the rate at which cooling of the wall occurs without
solving the heat diffusion equation.



PROBLEM 2.52

KNOWN: Temperature as afunction of position and timein a plane wall suddenly subjected to a
change in surface temperature, while the other surface isinsulated.

FIND: (a) Validate the temperature distribution, (b) Heat fluxesat x =0 and x = L, (c) Sketch of
temperature distribution at selected times and surface heat flux variation with time, (d) Effect of
thermal diffusivity on system response.

SCHEMATIC:
4 o<, T(x,0)=
Z T <Ts
Z
g I w o exp(4 7— cos(—>- )
A s

ASSUMPTIONS: (1) One-dimensiona conduction in x, (2) Constant properties.

ANALYSIS: (a) To bevalid, the temperature distribution must satisfy the appropriate forms of the
heat equation and boundary conditions. Substituting the distribution into Equation 2.15, it follows
that

9°T _ 197
X2 a at
o) 2 X
—Cq(Ti = Tg)exp| ———= | — | co§ ——
1% T p{ ez )ar) {3t)
C(T T)nza pnza {"ﬁj_ <
a 4 12 4 2 2L
Hence, the heat equation is satisfied. Applying boundary conditionsat x = 0 and x = L, it follows that
oT Cymt ?od). (nxj
— =—-———(T, = Tg)exp| —— |9inf —— = <
(?X'xO 2L(I S) p[ 4L2} 2L|x0
and
m ot X
T(L,t) :TS +Cl(Ti —Ts)exp( _TF CO{EE)lsz :TS' <

Hence, the boundary conditions are also satisfied.
(b) The heat flux has the form

0T _ kCymr 7 a). ( nx
n=—k—— =+ (T, —Tg)exp| ——— |sinl —— |.
=Ko =L (T p( 4 LZ} (2 L)

Continued .....



PROBLEM 2.52 (Cont.)

Hence, ay(0) =0, <
. kC]_T[ 7'12 a
()= +S5 Te] - <

(c) The temperature distribution and surface heat flux variations are:

7; ¢—+—>oo
T 9L
t+=0
T '
i 1
0 X L

(d) For materials A and B of different a,

[Tt -Tg], e
W = exp[——(aA —a B)t}

2
B 4L

Hence, if ap >ag, T (X,t) - Tg morerapidly for Material A. If ap <apg, T (X,t) - Tg more

rapidly for Material B. <

COMMENTS: Note that the prescribed function for T(x,t) does not reduceto T; fort — 0. For

times at or close to zero, the function is not avalid solution of the problem. At such times, the
solution for T(x,t) must include additional terms. The solution is consideed in Section 5.5.1 of the
text.



PROBLEM 2.53

KNOWN: Thin electrical heater dissipating 4000 W/m2 sandwiched between two 25-mm thick plates
whose surfaces experience convection.

FIND: (@) On T-x coordinates, sketch the steady-state temperature distribution for -L < x < +L;
calculate values for the surfaces x = L and the mid-point, x = 0; label this distribution as Case 1 and
explain key features; (b) Case 2: sudden loss of coolant causing existence of adiabatic condition on
the x = +L surface; sketch temperature distribution on same T-x coordinates as part (a) and calculate
valuesfor x =0, + L; explain key features; (c) Case 3: further loss of coolant and existence of
adiabatic condition on the x = - L surface; situation goes undetected for 15 minutes at which time
power to the heater is deactivated; determine the eventual (t — o) uniform, steady-state temperature
distribution; sketch temperature distribution on same T-x coordinates as parts (a,b); and (d) On T-t
coordinates, sketch the temperature-time history at the plate locations x = 0, = L during the transient
period between the steady-state distributions for Case 2 and Case 3; at what location and when will the
temperature in the system achieve a maximum value?

SCHEMATIC:
Electric heater
q;, = 4000 W/m?
T = 20°C
h = 400 W/m2-K Plates p = 2500 kg/m3

cp = 700 J/kg-K

zrzrl | zrzr k=5 W/m-K

> x +L =25 mm

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal
volumetric generation in plates, and (3) Negligible thermal resistance between the heater surfaces and
the plates.

ANALYSIS: (a) Sincethe system is symmetrical, the heater power resultsin equal conduction fluxes
through the plates. By applying a surface energy balance on the surface x = +L as shown in the
schematic, determine the temperatures at the mid-point, X = 0, and the exposed surface, x + L.

e T(L)
1|1 dconv
—» | —>
Qx(*+L) 1fs

1
Ein —Eout =0
d (+L) ~deonv =0 where dx (+L) =80/2
Uo/2-hE (+L) -TeH=0
T (+L) =05 /2h +T, :4OOOW/m2/(2 x400W / m? uz() +20C =25T <

From Fourier’slaw for the conduction flux through the plate, find T(0).
oy =do/2=k () -T(+L)B/L
T1(0) =Ty (+L) +0pL / 2k =25°C +4000W /m? K x0.025m/(2 x5W/m K) =35 T <

The temperature distribution is shown on the T-x coordinates below and labeled Case 1. The key
features of the distribution are its symmetry about the heater plane and its linear dependence with
distance.

Continued .....



PROBLEM 2.53 (Cont.)

Case 3, T3(x)

®
®
BN

1
i
Case 2, Ty(x)

Case 1, T4(x)
T4(0) = 35°C

HERN
7 X

(b) Case 2: sudden loss of coolant with the existence of an adiabatic condition on surface x = +L. For
this situation, al the heater power will be conducted to the coolant through the left-hand plate. Froma
surface energy balance and application of Fourier’slaw as done for part (a), find

To(-L) =0 /h +To, =4000W/m?/400W/m? [K +20C =30C <

T5(0) =Ty (-L) +gbL /k =30°C +4000W /m? x0.025 m/5W/m K =50C <

The temperature distribution is shown on the T-x coordinates above and labeled Case 2. The
distributionislinear in the left-hand plate, with the maximum value at the mid-point. Since no heat
flows through the right-hand plate, the gradient must zero and this plate is at the maximum
temperature as well. The maximum temperature is higher than for Case 1 because the heat flux
through the left-hand plate has increased two-fold.

(c) Case 3: sudden loss of coolant occurs at the x = -L surface also. For this situation, there is no heat

transfer out of either plate, so that for a 15-minute period, At,, the heater dissipates 4000 W/ m’ and
then is deactivated. To determine the eventual, uniform steady-state temperature distribution, apply
the conservation of energy requirement on atime-interval basis, Eq. 1.11b. Theinitia condition
corresponds to the temperature distribution of Case 2, and the final condition will be a uniform,

elevated temperature T; = T3 representing Case 3. We have used T, as the reference condition for the
energy terms.

Ein —Eout +*Egen = 0Eg =Ef —FE; (1)
Notethat Ej, - E,, =0, and the dissipated electrical energy is
gen = Aol =4000W /m? (15%60)s =3.600 x10° J/ m? @)

For the final condition,
E} = pc(2L)[T; - Te] =2500kg/ m® x700J/ kg [K (2 x0.025m)[T; -20] T
Ef =8.75x10%[T; -20] 3/ m?
where Tf =Ty, thefinal uniform temperature, Case 3. For theinitial condition,
ch’ [T2 () ~TeoJax = pc{I?L [T2(x) —Te] dx +J’O+L [T2(0) - oo]o|><} (4)

where T, (x) islinear for L < x < 0 and constant at T, (0) for 0< x < +L.

©)

To(x)=T2(0)+H2(0) -T2 (L)Ex/L - <x <0

T, (x) =50°C +[50 —30] °Cx/0.025m

Tp (x) =50°C +800x )
Substituting for T, (x), Eq. (5), into Eq. (4)

Continued .....



PROBLEM 2.53 (Cont.)

Ef =pc [J?L [50 +800x — T, ] dx +H2 (0) —ngL@

E = pC%GX +400x? —waaOL +{2(0) ‘Tooﬁ'-lg

- 2

Ef = pc{—5—50L +400L +T00L5 +H2(0) - ng}

Ej = pcL{+50 -400L ~To, +T2(0) ~Too}

E{ = 2500kg/ mS>x700J/ kg (K x0.025 m{ +50 —400 x0.025 -20 +50 -2 K

E! =2.188x100 3/ m? 6)
Returning to the energy balance, Eq. (1), and substituting Egs. (2), (3) and (6), find Ts = T3.

3.600x10°% J/m? =8.75x10%[ T3 -20] —2.188 x10° 3/ m?

T3 =(66.1+20)°C =86.1°C <

The temperature distribution is shown on the T-x coordinates above and labeled Case 3. The
distribution is uniform, and considerably higher than the maximum value for Case 2.

(d) The temperature-time history at the plate locations x = 0, + L during the transient period between
the distributions for Case 2 and Case 3 are shown on the T-t coordinates bel ow.

Maximum point

T(x,t) 4
T3

T2(0) = To(+L)

T(+L.Y) E

T2l T(LY)
To
15 >
0 Time (min)
Case 2 Heater deactivated

Note the temperatures for the locations at time t = 0 corresponding to the instant when the surface
X = - L becomes adiabatic. These temperatures correspond to the distribution for Case 2. The heater
remains energized for yet another 15 minutes and then is deactivated. The midpoint temperature,

T(0,1), isadways the hottest location and the maximum value slightly exceeds the final temperature Ts.



PROBLEM 2.54

KNOWN: Radius and length of coiled wirein hair dryer. Electric power dissipation in the wire, and
temperature and convection coefficient associated with air flow over the wire.

FIND: (a) Form of heat equation and conditions governing transient, thermal behavior of wire during
start-up, (b) Volumetric rate of thermal energy generation in the wire, (c) Sketch of temperature
distribution at selected times during start-up, (d) Variation with time of heat flux atr=0andr =r,.

SCHEMATIC: .
S .
$ I Egen

L=05m

i |l )

lHI— o =1mm
ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties, (3) Uniform
volumetric heating, (4) Negligible radiation from surface of wire.

ANALYSIS: (@) The general form of the heat equation for cylindrical coordinatesis given by Eqg.
2.20. For one-dimensional, radial conduction and constant properties, the equation reduces to

C
rorl] or k ot a ot
Theinitial condition is T(r,0)=T, <
The boundary conditions are: 6T/6r|r:O =0 <
T
VAL . h[T (t5,t) = Teo] <
r=r,
(b) The volumetric rate of thermal energy generation is
E
g=—3 = Fetec _ S0 W =318 x10°W/m° <

O mZL  m(0.001m)? (05m)

Under steady-state conditions, all of the thermal energy generated within the wire is transferred to the
air by convection. Performing an energy balance for a control surface about the wire, —Eg;; + Eg =0,

it followsthat -2mmoL ' (rg,t - ) +Pye. =0. Hence,

0 (101t - )= Patec _ 500 W
2rmL  271(0.001m)0.5m

=159 x10° W/ m? <

Tirt) A . LA ;

(50 | Steady-state, T(roo) O [ =~ —/—5' 9"(ro, )
\< Iy
——

. a“(0.t)
T; Initial, T(r,0)
| N .
Ll 7
0 o T 0 t

COMMENTS: The symmetry condition at r = 0 imposes the requirement that aT/ar||r=0 =0, and

hence ' (0, t) =0 throughout the process. The temperature at rq, and hence the convection heat flux,

increases steadily during the start-up, and since conduction to the surface must be balanced by
convection from the surface at all times, 9T/ ar|r_r also increases during the start-up.
—'o



PROBLEM 3.1
KNOWN: One-dimensional, plane wall separating hot and cold fluids at T, 1 and T, »,
respectively.
FIND: Temperature distribution, T(x), and heat flux, gy, intermsof Ty 1, T, 2, hy, hy, K
andL.
SCHEMATIC:

Co/a’ fluid
TOO,Z /72«

Hot fluid
7;, 1, h]

cond I qconv

“
%

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant
properties, (4) Negligible radiation, (5) No generatlon

ANALYSIS: For theforegm ng conditions, the general solution to the heat diffusion equation
isof the form, Equation 3

T(x)=Cyx +Co. )
The constants of mtegratlon C1 and Co, are determined by using surface energy balance

conditionsat x =0 and x = L, Equation 2.23, and asillustrated above,
dT O dTQ

—kd— :O:hlgl'oo,l—T(O)E _k_EL =hoHT (L) ~Teo H- (2,3

For the BC at x = 0, Equation (2), use Equation (1) to find

—k(Cp +0) = Heo 1 =(C1 D +Cp H (4)
and for theBC at x = L to find
—k(Cl +0 :h2 aC:LL +C2) —Teo ZE' (5)

Multiply Eq. (4) by hy and Eq. (5) by hq, and add the equations to obtain C1. Then substitute
C1 into Eq. (4) to obtain Cy. Theresultsare

C = — (Too,l Too,2) Co = — (Too,l_Too,Z) +T
o le +i+ED ’ h Di+i +Iﬂ ot
 hy kA Hhy " hy
~ (Too,l Too,Z) x 10 <
T==0 1 o g Ty e

From Fourier’ slaw, the heat flux is a constant and of the form

g =k = k¢, = (T°°’1_T°°’2).
o 110

%Tﬁa




PROBLEM 3.2

KNOWN: Temperatures and convection coefficients associated with air at the inner and outer surfaces
of arear window.

FIND: (&) Inner and outer window surface temperatures, Ts; and Ts,, and (b) Ts; and T, as afunction of
the outside air temperature T, , and for selected values of outer convection coefficient, h,.

SCHEMATIC:
Glass . ko0 Tso Ts i ko j

[ ] S,I .—/\/\/\;—.—\/\/\/ \/V & V'V \/VV ° n

7;00:_1000 lll TS,O -~

ho = 65 W/im2s K qa I T I

7;°i=4OOC

- 2
L =0.004m | Ni=30WmeeK
ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible radiation

effects, (4) Constant properties.
PROPERTIES: Table A-3, Glass (300 K): k =1.4W/mK.
ANALYSIS: (a) The heat flux may be obtained from Egs. 3.11 and 3.12,

40°C - (—10° C)

' Too,i _Too,o _
1 L 1 1 0.004m 1
—+—+— + +
ho k hi esw/m2mk L14W/MK  30w/m? K
q = 0 C = 968W/m?.

(0.0154 +0.0029 +0.0333) m? [K /W

Hence, with " =h (Too’i —Too,o), the inner surface temperature is

' 2
q—=40°C— 968W/m

=77°C <
h 2
i 30W/m K

Tsi = Too)i —

Similarly for the outer surface temperature with q' = hg (TS,o ‘Too,o) find

' 2
o W
Ts,0 = Too,0 __r? =-10C _—968 /m

0 65W,/ m? K
(b) Using the same analysis, Ts; and T, have been computed and plotted as a function of the outside air
temperature, T, fOr outer convection coefficients of h, = 2, 65, and 100 W/M’K. As expected, Ts; and
Tso are linear with changes in the outside air temperature. The difference between T; and T, increases
with increasing convection coefficient, since the heat flux through the window likewise increases. This
differenceislarger at lower outside air temperatures for the same reason. Note that with hy = 2 W/MK,
Tsi - Tso, iIStoo small to show on the plot.

=49°C <

Continued .....



PROBLEM 3.2 (Cont.)

e 40
o
17}
= 30
o
e 20
¢ 10 ——
=
= | 85— ——1 — |
g 0 = —
o
g 5""///
e -10
8 — |
g 20
=3
wn

-30

-30 -25 -20 -15 -10 5 0

Outside air temperature, Tinfo (C)

—&— Tsi; ho =100 W/m"2.K
—&— Tso; ho =100 W/m"2.K
—8— Tsi; ho=65W/m"2.K
—&— Tso; ho=65W/m"2.K
Tsior Tso; ho =2 W/m”r.K

COMMENTS: (1) Thelargest resistance is that associated with convection at the inner surface. The
values of Tg; and T, could be increased by increasing the value of h;.

(2) The IHT Thermal Resistance Network Model was used to create a model of the window and generate
the above plot. The Workspace is shown below.

/l Thermal Resistance Network Model:
/I The Network:

q1 q4

\\ R21q2\ Ra‘zﬁ\ R42 \

1 =2 4

/I Heat rates into node j,qij, through thermal resistance Rij
g21=(T2-T1)/R21
032 =(T3-T2)/R32
43 = (T4 - T3) / R43

/I Nodal energy balances
gl+9g21=0
g2-921+9g32=0
03-032+0g43=0
g4-0943=0

/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set gi = 0 for embedded nodal points
at which there is no external source of heat. */

T1 = Tinfo /I Outside air temperature, C

/lql = /I Heat rate, W

T2 = Tso /I Outer surface temperature, C

g2=0 /I Heat rate, W; node 2, no external heat source

T3 = Tsi /I Inner surface temperature, C

g3=0 /I Heat rate, W; node 2, no external heat source

T4 = Tinfi /' Inside air temperature, C

/g4 = /I Heat rate, W

/I Thermal Resistances:

R21= 1/(ho*As) /I Convection thermal resistance, K/W; outer surface
R32= L/(k*As) /I Conduction thermal resistance, K/W; glass

R43= 1/(hi*As) /I Convection thermal resistance, K/W; inner surface

/I Other Assigned Variables:

Tinfo =-10 /I Outside air temperature, C

ho = 65 /I Convection coefficient, W/m”2.K; outer surface
L =0.004 /I Thickness, m; glass

k=14 /I Thermal conductivity, W/m.K; glass

Tinfi =40 I Inside air temperature, C

hi =30 /I Convection coefficient, W/m”2.K; inner surface

As=1 /I Cross-sectional area, m"2; unit area



PROBLEM 3.3

KNOWN: Desired inner surface temperature of rear window with prescribed inside and outside air
conditions.

FIND: (a) Heater power per unit area required to maintain the desired temperature, and (b) Compute and
plot the electrical power requirement as a function of Too,0 for therange -30 < Too,0 < 0°C with h, of 2,
20, 65 and 100 W/m*K. Comment on heater operation needs for low h,. If h~V", whereV isthe

vehicle speed and n is a positive exponent, how does the vehicle speed affect the need for heater
operation?

SCHEMATIC:
T,; = 15°C le———}—1=0.004m

L —Window glass

|| Cmrentai’

Film-type heater, qf';

(e ar) |

T;=25°C Too =-10°C, h, = 65 W/m2-K
h;=65W/m2 - K
Tei T
S,/ 00,0
Toi & AMA—SANNN— AN —8 — g
1/h; A I LKA 1/h A
Ah

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Uniform heater
flux, gh, (4) Constant properties, (5) Negligible radiation effects, (6) Negligible film resistance.
PROPERTIES: Table A-3, Glass (300 K): k =1.4W/mK.

ANALYSIS: (a) From an energy balance at the inner surface and the thermal circuit, it follows that for a
unit surface area,

Toi=Tsi ., Tsi~Teo
+qh =
Yh L/k+Vhg
0 - Toi ~Twoo Tewi-Tsi 1500‘(‘1000) 25°C-15'C
- _ _ _
L/k +j/h0 j/hi 0.004m N 1 1
L4W/mK  ssw/m2K 10w/ m? K
i, = (1370-100) W/ m? =1270W/m? <

(b) The heater electrical power requirement as a function of the exterior air temperature for different
exterior convection coefficients is shown in the plot. When h, = 2 W/m?K, the heater is unecessary,
since the glassis maintained at 15°C by theinterior air. If h ~ V", we conclude that, with higher vehicle
speeds, the exterior convection will increase, requiring increased heat power to maintain the 15°C
condition.

3500

3000

2500

2000
1500 — \ \
1000

e
500 E——

Heater power (W/m"2)

—>— |

0

-30 -20 -10 0
Exterior air temperature, Tinfo (C)

—>— h=20W/m"2K
— h=65W/m"2K
—&— h =100 W/m"2.K

COMMENTS: With g}, =0, theinner surface temperature with T, , =-10°C would be given by



Toi = Tsji 1h, 010 _

= = =0846, or Ty :25°c:—o.846(35°c) - _46°C.
Toi~Two ¥hj+L/k+Vh, 0118 ’



PROBLEM 3.4

KNOWN: Curing of atransparent film by radiant heating with substrate and film surface subjected to
known thermal conditions.

FIND: (a) Thermal circuit for this situation, (b) Radiant heat flux, qg (W/mP), to maintain bond at
curing temperature, T,, (¢) Compute and plot g asafunction of the film thicknessfor 0 < L¢ < 1 mm,
and (d) If thefilmis not transparent, determine g, required to achieve bonding; plot results as afunction
of L.
SCHEMATIC:

— T.=20°C

—_—>

— h=50W/m2.K |%

L;=0.25 mm Al >_F_i|[n _______ _
- Bond, T, =60 °C

k= 0.025 W/m K

S T, =30°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) All the radiant heat
flux qg isabsorbed at the bond, (4) Negligible contact resistance.

LS= 1.0 mm

ANALYSIS: (a) Thethermal circuit 9o

for this situation is shown at the right. R, R R%

Note that terms are written on a per unit 0y +— eAAA e AN AN —> Q)
areabasis. T Ts To Ty

(b) Using this circuit and performing an energy balance on the film-substrate interface,

= + = +
%o = *d2 % Ry, +Rf R

where the thermal resistances are
R, =1/h =1/50W/m? K =0.020m? K,/ W
R} =L¢ /k¢ =0.00025m/0.025W/m (K =0.010m? (K /W
RS = Lg/Kg =0.001m/0.05W/m K =0.020m? [K/W
- (60-20)"C .\ (60-30)°C
° [0020+0.010] m2 K/W 0.020m? (K/W

(c) For the transparent film, the radiant flux required to achieve bonding as a function of film thickness L+
is shown in the plot below.

= (133 +1500) W/ m? =2833W/m? <

(d) If the film is opaque (not transparent), the thermal circuit is shown below. Inorder tofind qg, itis
necessary to write two energy balances, one around the T node and the second about the T, hode.
qoll
RHCV R"f RIIS
q2H .4AA .AA“ 1‘ﬁ q1"

'The results of the analyses are plotted below.
Continued...



PROBLEM 3.4 (Cont.)

7000
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5 6000 —
o
T
< 5000
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< 4000 ]
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& 3000
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S ———
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Film thickness, Lf (mm)

—>— Opaque film
Transparent film

COMMENTS: (1) When the filmistransparent, the radiant flux is absorbed on the bond. The flux
required decreases with increasing film thickness. Physically, how do you explain this? Why isthe
relationship not linear?

(2) When thefilm is opaque, the radiant flux is absorbed on the surface, and the flux required increases
with increasing thickness of the film. Physically, how do you explain this? Why is the relationship
linear?

(3) The IHT Thermal Resistance Network Model was used to create amodel of the film-substrate system
and generate the above plot. The Workspace is shown below.

/I Thermal Resistance Network

Model: \ RZ1 \\ R32 \\ R4 \

/I The Network: . ’v\./'\r . ’\f\,f\r ™ ‘V\,f\;

/I Heat rates into node j,qij, through thermal resistance Rij
q21 = (T2-T1)/R21
g32=(T3-T2)/R32
q43 = (T4 - T3) / R43

/I Nodal energy balances
gl+9g21=0
g2-921+9g32=0
03-032+0g43=0
g4-0943=0

/* Assigned variables list: deselect the gi, Rij and Ti which are unknowns; set gi = 0 for embedded nodal points
at which there is no external source of heat. */

T1 =Tinf /I Ambient air temperature, C

/lql = /I Heat rate, W; film side

T2=Ts /I Film surface temperature, C

g2=0 /I Radiant flux, W/m”2; zero for part (a)
T3=To /I Bond temperature, C

g3=qo /I Radiant flux, W/m”2; part (a)

T4 = Tsub /I Substrate temperature, C

/g4 = /I Heat rate, W; substrate side

/l Thermal Resistances:

R21=1/(h*As) /I Convection resistance, K/IW
R32 = Lf/ (kf * As) /I Conduction resistance, K/W; film
R43 = Ls/ (ks * As) /I Conduction resistance, K/W; substrate
/I Other Assigned Variables:

Tinf = 20 /I Ambient air temperature, C

h =50 /I Convection coefficient, W/m”2.K

Lf = 0.00025 /I Thickness, m; film

kf = 0.025 /I Thermal conductivity, W/m.K; film

To =60 /I Cure temperature, C

Ls = 0.001 /I Thickness, m; substrate

ks =0.05 /I Thermal conductivity, W/m.K; substrate
Tsub =30 /I Substrate temperature, C

As=1 /I Cross-sectional area, m”2; unit area



PROBLEM 3.5

KNOWN: Thicknesses and thermal conductivities of refrigerator wall materials. Inner and outer air
temperatures and convection coefficients.

FIND: Heat gain per surface area.

SCHEMATIC:
- Li=0.050 m —KC L, =0.003 m
Refrigerated ) -
Top,i = 4°C Tw,0 = 25°C
h; = 5 W/m2-K ho = 5 W/m2-K T, Tw,o
H ”
Insulation Panel (2) 9 h Lok Ltk Lplk, 1/hg
ki = 0.046 W/m-K kp = 60 W/m-K

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) Negligible
contact resistance, (4) Negligible radiation, (5) Constant properties.

ANALYSIS: From the thermal circuit, the heat gain per unit surface areais
TOO,O _TOO’I
(/ hi)+(Lp/kp)+(Li /ki)+(Lp/kp) +(1/ho)
(25-4)°C
2(1/5W/m2 [H()+2(0.003m/60W/m[H()+(0.050m/0.046W/m K)

q = 21°C =141 W/m? <

(0.4+0.0001+1.087) m? (K / W

COMMENTS: Although the contribution of the panelsto the total thermal resistance is negligible,
that due to convection is not inconsequential and is comparable to the thermal resistance of the
insulation.



PROBLEM 3.6
KNOWN: Design and operating conditions of a heat flux gage.

FIND: (a) Convection coefficient for water flow (Ts = 27°C) and error associated with neglecting
conduction in the insulation, (b) Convection coefficient for air flow (Ts = 125°C) and error associated
with neglecting conduction and radiation, (c) Effect of convection coefficient on error associated with
neglecting conduction for T = 27°C.

SCHEMATIC:
Air or
Water f — ~  q'ony  9vad Foil (Pl = 2000 W/m?2)
h,T,.= 25 °C . 1 ______ g Tg=27 OC (Water)
T5=125 OC (Air)
"""""" : Surroundings
L=10mm fpegsppugegey, 00 ; Insulation Tsur=25°C

(k = 0.040 W/m-K)

Tp=25°C
ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant k.

ANALYSIS: (@) The electric power dissipation is balanced by convection to the water and conduction
through the insulation. An energy balance applied to a control surface about the foil therefore yields

Paec = dconv *dcond = h(Ts _Too) +K (Ts _Tb)/L

Hence,
- Phec K (Ts=Tp)/L _ 2000W/m? -0.04W/m K (2K )/0.01m
- To—Too - 2K
_ 2
_ (2000 28|Zw/m - so6w1/m? K <

If conduction is neglected, a value of h = 1000 W/m?[K is obtained, with an attendant error of (1000 -
996)/996 = 0.40%

(b) Inair, energy may also be transferred from the foil surface by radiation, and the energy balance
yields
4 4
Piec = deonv *+drad +8cond =h(Ts ~Tw) +€0 (Ts _Tsur) +k (Ts _Tb)/l-
Hence,
P' _ 4 _ 4 _ _
h=

2000W/m? - 0.15x5.67 x10 8w/ m? K4 (3984 —2984)K4 ~0.04W/m [ (100K)/0.01m

100K

(2000- 146 - 400) W/ m?

=145W/m? K <
100K

Continued...



PROBLEM 3.6 (Cont.)

If conduction, radiation, or conduction and radiation are neglected, the corresponding values of h and the
percentage errors are 18.5 W/m’K (27.6%), 16 W/m?K (10.3%), and 20 W/m’K (37.9%).

(c) For afixed value of Ts= 27°C, the conduction loss remains at Qpong = 8 W/, which isalso the

fixed difference between Pyec and qgony - Although this differenceis not clearly shown in the plot for
10 < h < 1000 W/m’[K,, it is revealed in the subplot for 10 < 100 W/m’[K.

2000 200
& 1600 & 160
<
£ £
= =
& 1200 g 120
2 o
o &
& 800 5 80
g 2
2 8
S 400 S 40
o 9]
g 2
2 &
0 0
0 200 400 600 800 1000 0 20 40 60 80 100
Convection coefficient, h(W/m"2.K) Convection coefficient, h(W/m”2.K)
— No conduction — No conduction
—&— With conduction —&— With conduction

Errors associated with neglecting conduction decrease with increasing h from values which are
significant for small h (h < 100 W/m’[K) to values which are negligible for large h.

COMMENTS: Inliquids (large h), it is an excellent approximation to neglect conduction and assume
that all of the dissipated power istransferred to the fluid.



PROBLEM 3.7

KNOWN: A layer of fatty tissue with fixed inside temperature can experience different
outside convection conditions.

FIND: (a) Ratio of heat loss for different convection conditions, (b) Outer surface
temperature for different convection conditions, and (c) Temperature of still air which
achieves same cooling as moving air (wind chill effect).

SCHEMATIC:

[L=0003m"|

To.=36C

h-25Wle- C
Fatty tissue TTT A=Z5W;;,_.oéor

ASSUMPTIONS: (1) One-dimensiona conduction through a plane wall, (2) Steady-state
conditions, (3) Homogeneous medium with constant properties, (4) No internal heat
generation (metabolic effects are negligible), (5) Negligible radiation effects.

PROPERTIES: Table A-3, Tissue, fat layer: k =0.2 W/mIK.
ANALYSIS: Thetherma circuit for this situation is

5,1 5e Joo

—>
LKA 1hA ?
Hence, the heat rate is

Riot ~ L/KA+1/hA°

Therefore,

O, 10
Jealm :E; ha/vindy.
Owindy G-, 10

k hbeam

Applying a surface energy balance to the outer surface, it aso follows that

dcond = deonv-

Continued .....



PROBLEM 3.7 (Cont.)
Hence,

To determine the wind chill effect, we must determine the heat |oss for the windy day and use
it to evaluate the hypothetical ambient air temperature, T.,, which would provide the same

heat |oss on a calm day, Hence,

' _ Tsl‘T _ Tsl ~Teo
- [L , 10 oL, O
ha/\/lndy Ek IA/Ecalm

From these relations, we can now find the results sought:

0.003 m + 1
deam _ 02W/mK g5 W/m2 K _ 0.015+0.0154

a, =
@ dwingy ~ 0003m 1 0.015+0.04
0.2W/mIK 25 W/m2 K
Gedm - 553 <
Awindy
_15°C+ 0.2 WimK 36°C
(25 W/m? [IK)(0.00S m) -
0 Ts2E,, = . S VimK =221°C
(25 Wim? ) (0.003 m)
scs 02WMK o
(65 wim? K ) (0.003m) g
T2 Eindy = 02 WimTK =108c
(65 W/m? ) (0.003m)
| g o . (0.003/0.2+1/25) .
() T =36"C-(36+15) C =-56.3°C <

(0.003/0.2+1/65)

COMMENTS: Thewind chill effect is equivalent to adecrease of Tg» by 11.3°C and
increase in the heat loss by a factor of (0.553)-1 =181



PROBLEM 3.8
KNOWN: Dimensions of athermopane window. Room and ambient air conditions.

FIND: (a) Heat loss through window, (b) Effect of variation in outside convection coefficient for
double and triple pane construction.

SCHEMATIC (Double Pane):

Glass | Lofe 1] Window, 0.8 m x 0.5 m
Hl Hl L =0.007m
T.;=20°C o0 =-10°C
h‘;° 10 W/im2* K ho = 80 W/im2-K
T Too,O
e
1 L L L A q
hiA  kgA  kgA  kgA  hoA

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant
properties, (4) Negligible radiation effects, (5) Air between glass is stagnant.

PROPERTIES: Table A-3, Glass (300 K): ky=1.4W/mK; Table A-4, Air (T =278K): ka=
0.0245 W/mIK.
ANALYSIS: (a) From the thermal circuit, the heat lossis
TOOi ~To ,0
1 S S S S
Ah kg Ka kg hof

20°C— (—10° C)

q=
0, 1 0.007m 0.007m 0.007m 1 O
Ep4m %NW/m K 14W/mEIK 00245W/mEIK 14W/mEIK sow/m DK@
o= 30°C __30°C  oaw <

(0.25+0.0125+0.715 +0.0125 +0.03125) K/W  1.021K/W

(b) For the triple pane window, the additional pane and airspace increase the total resistance from
1.021 K/W to 1.749 K/W, thereby reducing the heat loss from 29.4 to 17.2 W. The effect of h, on the
heat lossis plotted as follows.

30

27

24

Heat loss, q(W)

21

18

| o1—6—1—°—

15

10 28 46 64 82 100

Outside convection coefficient, ho(W/m"2.K)

Double pane
—S— Triple pane

Continued...



PROBLEM 3.8 (Cont.)

Changes in h, influence the heat loss at small values of h,, for which the outside convection resistance
isnot negligible relative to the total resistance. However, the resistance becomes negligible with
increasing h,, particularly for the triple pane window, and changesin h, have little effect on the heat
loss.

COMMENTS: The largest contribution to the thermal resistance is due to conduction across the
enclosed air. Note that thisair could bein motion due to free convection currents. If the
corresponding convection coefficient exceeded 3.5 W/m?IK, the thermal resistance would be less than
that predicted by assuming conduction across stagnant air.



PROBLEM 3.9

KNOWN: Thicknesses of three materials which form a composite wall and thermal
conductivities of two of the materials. Inner and outer surface temperatures of the composite;
also, temperature and convection coefficient associated with adjoining gas.

FIND: Vaue of unknown thermal conductivity, kg.

SCHEMATIC:
o LA:O.3777
T, =600°C 50=R0°C 47/ _015m
kA=ZOW§777'K
ke =50 W/m-K
750=8O7°C ¢ ”
h=25W/|mz2-K
Too ki Ts.o
kot LT
a bs L PA A kA kA

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible contact resistance, (5) Negligible radiation effects.

ANALYSIS: Referring to the thermal circuit, the heat flux may be expressed as

o_ Tsi=Tso  _ (600-20)°C
T La, g, Lc  03m _015m_ 015m
kA kB kC 20 W/mK kB 50 Wim K
g=— 20 \wm2. (1)
0.018+0.15/kg
The heat flux may be obtained from
q'=h(Te - Tgj) =25 W/m? [K (800-600)° C )
q'=5000 W/mZ.
Substituting for the heat flux from Eq. (2) into Eq. (1), find
015_580 _018=280 _0018=0.008
ks q 5000
kg =1.53 W/mK. <

COMMENTS: Radiation effects are likely to have a significant influence on the net heat
flux at the inner surface of the oven.



PROBLEM 3.10

KNOWN: Properties and dimensions of a composite oven window providing an outer surface safe-
to-touch temperature Ts o = 43°C with outer convection coefficient hy = 30 W/m2[K and € = 0.9 when
the oven wall air temperatures are Ty, = T4 = 400°C. See Example 3.1.

FIND: Values of the outer convection coefficient hg required to maintain the saf e-to-touch condition
when the oven wall-air temperature is raised to 500°C or 600°C.

SCHEMATIC:
La=41.8 mm —k——>Kk—>+ Lg=20.9 mm Sg%
Tei €= 0.9 Teo=43°C, £= 0.9 i
/ Tw,;i = 500 or 600°C Two = 25°C \
Ta=Tw,i ﬁ ﬁ T = 25°C
hi = 25 W/m2-K hog =7
A, ka =0.15 W/m-K B, kg = 0.08 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in window with no
contact resistance and constant properties, (3) Negligible absorption in window material, (4)
Radiation exchange processes are between small surface and large isothermal surroundings.

ANALYSIS: From the analysisin the Ex. 3.1 Comment 2, the surface energy balances at the inner
and outer surfaces are used to determine the required value of ho when Tso =43°Cand Ty j = Ta=
500 or 600°C.

4 4 _ Ts,i_TS,O
w(TW’i _TSvi)+hi (Ta=Tsi) “(La/ka)+(L/kp)
Tsi ~Tso ( 4 4 )
y s = T _T h T _T
(Lalka)+(Lp/kg) Lo wo)” o(Tso ~To)

Using these relationsin IHT, the following results were cal cul ated:

Twi, TS°C) Tsi(°C) ho(W/m’K)
400 392 30
500 493 40.4
600 594 50.7

COMMENTS: Note that the window inner surface temperature is closer to the oven air-wall
temperature as the outer convection coefficient increases. Why isthis so?



PROBLEM 3.11

KNOWN: Drying oven wall having material with known thermal conductivity sandwiched between thin
metal sheets. Radiation and convection conditions prescribed on inner surface; convection conditions on
outer surface.

FIND: (a) Thermal circuit representing wall and processes and (b) Insulation thickness required to
maintain outer wall surface at To = 40°C.

SCHEMATIC:
) Insulation, k = 0.05 W/m-K
Grag = 100 W/m M, = 40°C To:>i Ti To Tw,o
—> A AN —

M di RcvuT Red  Revo %o

Toi = 300°C T, 0 = 25°C

2_ 2 drad
h;j = 30 W/m#4-K ho = 10 W/m#4-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Thermal
resistance of metal sheets negligible.

ANALYSIS: (a) Thethermal circuit is shown above. Note |abels for the temperatures, thermal
resistances and the relevant heat fluxes.

(b) Perform energy balances on the i- and o- nodes finding

T —-T _T
oo,: | +TO TI +q;’6d =0 (1)
Rev,i Red
T Two-T
li2To, @0” 0 )
Red I:\>'c:v,o
where the thermal resistances are
tvi =1/h; =0.0333 m? K /W 3)
Riy=L/k=L/0.05m?K/W (4)
Rev.0 =1/hg =0.0100 m? (K /W (5)

Substituting numerical values, and solving Egs. (1) and (2) simultaneously, find
L =86 mm <

COMMENTS: (1) Thetemperature at the inner surface can be found from an energy balance on the
i-node using the value found for L.

TOO,i =T + TOO,O =T
Rovo  Red +Revj

+qag =0 T; =298.3°C

It followsthat Tjiscloseto To i Since the wall represents the dominant resistance of the system.

(2) Verify that gj =50 W /m? and Jo =150 W/m2. Isthe overall energy balance on the system
satisfied?



PROBLEM 3.12
KNOWN: Configurations of exterior wall. Inner and outer surface conditions.
FIND: Heating load for each of the three cases.

SCHEMATIC:
Ly Lf Ly Ly Lg Lag Lg
10 mm > |~ 50 mm—>| <10 mm | “}<3 mm 3 mm 5 mm->}F 3 mm

I I
I I
| |
| |
I I
I I
hO | hO | hO
Tooo | T | T
y | 2,0 | 00,0
T \%\ I I
I I
J L Wood (w) | |
I I

Plaster

board (p) %ﬁt‘?{;e Glass (9) Glass (g) Aira) — Class (@)
hj=5W/m2-K hg = 15 W/m2-K
Toj=20°C Two =-15°C

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties, (4)
Negligible radiation effects.

PROPERTIES: (T =300K): Table A.3: plaster board, k, = 0.17 W/m[K; urethane, k; = 0.026 W/mIK;
wood, ky = 0.12 W/mIK; glass, ky = 1.4 W/mIK. TabIeA.4. air, ka=0.0263 W/mIK.

ANALYSIS: (a) The heat loss may be obtained by dividing the overall temperature difference by the
total thermal resistance. For the composite wall of unit surface area, A = 1 n,

Tw,i_TOO,O
]/h) ( p/k ) ('—f/kf)"'('-w/kw)*'(J/hOE/A

20°C - (—15° c)

q=

q =
H02+0.059+1.92 +0.083 +0.067) m? [K/W%/lmz

-_C 50w <
2.33K/W
(b) For the single pane of glass,

Tooi = Toor0
q =
H/hi)+ (Lo /kg )+ (Who )/ A
q= »C =% 1303w <
Ho2+0002+0067) m” K /W%/lm2 0.269K/W

(c) For the double pane window,

Tm,i _TOO,O
T H )+ 2(Lg fkg) *(La/ka) +(Who /A
35°C 35°C <
q= = =75.9W

g0.2+0.004+0.190 +0.067)m2 [H(/W%/lmz 0.461K /W

COMMENTS: The composite wall is clearly superior from the standpoint of reducing heat loss, and the
dominant contribution to itstotal thermal resistance (82%) is associated with the foam insulation. Even
with doubl e pane construction, heat 1oss through the window is significantly larger than that for the
composite wall.



PROBLEM 3.13

KNOWN: Composite wall of a house with prescribed convection processes at inner and
outer surfaces.

FIND: (a) Expression for thermal resistance of house wall, Rqt; (b) Total heat loss, q(W); (c)
Effect on heat loss due to increase in outside heat transfer convection coefficient, ho, and (d)
Controlling resistance for heat |oss from house.

SCHEMATIC:
~ <Plaster board, kp Fiberglsss blankc‘f'(ZBkg/’""’), kg
A=350m?
m Plywood siding, ke
h;=30W[mz-K % Wmz-K T, °C
7i=20°C 44 4 o= 60W/m e

LP-IOMM —H(-[_b IOQIIm"I(_’I_ L 20771777

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3)
Negligible contact resistance.

PROPERTIES: TableA-3, (T =(Tj +To)/2=(20-15)° C/2=2.5°C -~300K): Fiberglass

blanket, 28 kg/ms, kp = 0.038 W/mIK; Plywood siding, ks = 0.12 W/mIK; Plasterboard, kp =
0.17 W/mIK.
ANALYSIS: (a) The expression for the total thermal resistance of the house wall follows
from Eq. 3.18.

L

1 P . Lp + Lg N 1 <

(b) Thetotal heat loss through the house wall is

q=AT/Rot = (Ti ‘To)/ Riot-

Riot =

Substituting numerical values, find
1 . 0.01m . 0.10m
30W/m?2 K 2350m2 0.17W/mIK x 350m2  0.038W/m [K x350m?2
UZm
+

Rtot =

0.12W/mK x350m2  60W/m? [K x350m?
Riot =[9.52+16.8+752 +47.6 +4.76] x10° °C/W =831 0™ °C/W

The heat lossisthen,
o= 20-(-15)F C/831x10™ °C/W=4.21 kW. <

(c) If hg changes from 60 to 300 W/mZEK, Ro = 1/hgA changes from 4.76 x 10'5 °C/W t0 0.95

x 10 °C/W. This reduces Riot t0 826 x 10™ °C/W, which is a 0.5% decrease and hence a
0.5% increasein q.

(d) From the expression for Rygt in part (b), note that the insulation resistance, Lp/kpA, is
752/830 = 90% of the total resistance. Hence, this material layer controls the resistance of the
wall. From part (c) note that a 5-fold decrease in the outer convection resistance due to an
increase in the wind velocity has a negligible effect on the heat loss.



PROBLEM 3.14

KNOWN: Composite wall of a house with prescribed convection processes at inner and
outer surfaces.

FIND: Daily heat loss for prescribed diurnal variation in ambient air temperature.
SCHEMATIC:

fiberglass blanket (28kg[m3) k,

Plywood siding, kg
ho = 60WfmZ-k

,. s 10.0=273+5 sin (‘4‘ f) 0<14]2h
;=20 C To 275 11 1) 1241424k
i =20 10mm "I‘—"I‘LbJOOmm’l(—’I-LS- o.0=275+11sin(27 1) 7

ASSUMPTIONS: (1) One-dimensional, steady-state conduction (negligible change in wall
thermal energy storage over 24h period), (2) Negligible contact resistance.

PROPERTIES: Table A-3, T =300 K: Fiberglass blanket (28 kg/ms), kp = 0.038 W/mIK;
Plywood, ks = 0.12 W/mIK; Plasterboard, kp = 0.17 W/mK.

24h1  _

ANALYSIS: The heat loss may be approximated as Q = I 4dt where
Ritot

Riot =— —
ot~ A ks hop

1 0.01m 0.1m 0.02m 1 O]
Riot = + + + +

200m2 E'BO W/m2mK 017W/mIK 0.038W/mK 0.12W/mK | 60 W/m?2 I:IK%
Riot =0.01454 K/W.

Hence the heat rateis

2h 24h
s f %93 %73 +5 snﬂtmdt + I 7293 D273 1527 of
D24D ZMD 12 024
68.8— [ 20t+5 2T 20t cos
¥ % i N L
Q=68 8%40+— (-1-2) +H480 240 22 (1 ¥ HW &
m 0
Q=68.8 {480-38.2+84.03 W [h
Q=36.18 kW [h=1.302x10°%J, <

COMMENTS: From knowledge of the fuel cost, the total daily heating bill could be
determined. For example, at a cost of 0.10$/kWH, the heating bill would be $3.62/day.



PROBLEM 3.15

KNOWN: Dimensions and materials associated with a composite wall (2.5m x 6.5m, 10 studs each
2.5m high).

FIND: Wall thermal resistance.
SCHEMATIC:

Insulation
Glass f'ibe/;

paper faced (D)
(28kg/m3) e mm———— Gypsum (C)

ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of composite depends only on x
(surfaces normal to x are isothermal), (3) Constant properties, (4) Negligible contact resistance.

PROPERTIES: Table A-3 (T = 300K): Hardwood siding, ka = 0.094 W/mIK; Hardwood,
kg = 0.16 W/mIK; Gypsum, kc = 0.17 W/mIK; Insulation (glass fiber paper faced, 28 kg/mz),
kp = 0.038 W/mIK.

ANALYSIS: Usingtheisothermal surface assumption, the thermal circuit associated with asingle
unit (enclosed by dashed lines) of thewall is

LglksAg

LelkeAc
Callaln =0 RS
(La/KpAA)= 0.008m =0.0524 K/W
0.094 W/mIK (0.65mx 2.5m)
(Lg/kgAg)= 0.13m =8.125 K/W
0.16 W/m[K (0.04mx2.5m)
(Lo/kpAp) = 0.13m = 2.243 K/W
0.038 W/mK (0.61mx 2.5m)
(Le/kcAg) = 0.012m =0.0434 K/W.
0.17 W/m K (0.65mx 2.5m)

The equivalent resistance of the coreis
Req =(1/Rg +1/Rp ) T =(1/8.125 +1/ 2.243) * =1.758 K/W

and the total unit resistanceis
RtOt,l = RA + Req +RC =1.854 K/W

With 10 such unitsin paralé, the total wall resistanceis

Riot =(10x1/ Rtot,l)_l =0.1854 K/W. <

COMMENTS: If surfaces parallel to the heat flow direction are assumed adiabatic, the thermal
circuit and the value of Rig: will differ.



PROBLEM 3.16

KNOWN: Conditions associated with maintaining heated and cooled conditions within a refrigerator
compartment.

FIND: Coefficient of performance (COP).
SCHEMATIC:

—— Tw=20°C

— > h=50W/m2-K

T ;=90°¢°C T =50
dour™___Case@ __ /= o Case(b) ,l=i™5"C
1 1 1 1
' 7] : S
1 1 1 S 1
rI?Iec.:Etric : ! T T : Yout E : Co_;:ling
eater . delec =20 W : . 25 oc . P : coi
1 0.0 = 1 q
1 ) 1 out
: 1 : ~44n
1 H—_
QTI ) ——— qin
Unplugged Plugged

W, = 125,000 J
At=12h

ASSUMPTIONS: (1) Steady-state operating conditions, (2) Negligible radiation, (3) Compartment
completely sealed from ambient air.

ANALYSIS: The Case (a) experiment is performed to determine the overall thermal resistance to heat
transfer between the interior of the refrigerator and the ambient air. Applying an energy balanceto a
control surface about the refrigerator, it follows from Eq. 1.11athat, at any instant,

I.Eg ~Eout =0
Hence,
Jelec ~Yout =0
where gyt = (Too,i —Too,o)/Rt . It follows that

Twi ~Teo,0 _ (90-25)"C
Oelec 20W

For Case (b), heat transfer from the ambient air to the compartment (the heat |oad) is balanced by heat
transfer to the refrigerant (gin = o). Hence, the thermal energy transferred from the refrigerator over the
12 hour period is

=3.25"C/W

Rt:

QOUI = qOUtAt = qut :M N
Rt
25-5)°C
0t = g(lzh x3600s/h) = 266,000J
3.25°C/W
The coefficient of performance (COP) is therefore
cop=Sout 200,00 _, ;5 <
W 125,000
COMMENTS: Theideal (Carnot) COPis
T, 278K
COP) € _ = 8 =

ided ~ 1, T (298-278)K
and the system is operating well below its peak possible performance.



PROBLEM 3.17
KNOWN: Total floor space and vertical distance between floors for a square, flat roof building.

FIND: (a) Expression for width of building which minimizes heat loss, (b) Width and number of floors
which minimize heat loss for a prescribed floor space and distance between floors. Corresponding heat
loss, percent heat loss reduction from 2 floors.

SCHEMATIC:
As= 32,768 m2

ror

) A
Ambient
T
El_f=4m A )
AT =250C S
U=1W/m2K W
/I /_>'<:/_4Afo/W
(a) T W (b) - W

ASSUMPTIONS: Negligible hesat loss to ground.
ANALYSIS: (a) Tominimizethe heat loss g, the exterior surface area, As, must be minimized. From
Fig. (a)

Ag =W? +4WH =W? +4WN; Hy
where

N =As /W2
Hence,

As=W2 +4WAs Hf /W2 =W2 +4A¢ H

s= f Hy = f Hf /W

The optimum value of W corresponds to

dAg — oW — 4A¢ H¢

=0
dw W2

or

Wop = (2A¢He M3 <

The competing effects of W on the areas of the roof and sidewalls, and hence the basis for an optimum, is
shown schematically in Fig. (b).
(b) For A;=32,768 m* and H; = 4 m,

) 1/3
Wop:(2><32,768m ><4m) =64m <

Continued .....



PROBLEM 3.17 (Cont.)

Hence,
_ A _32,768m? _

8
w2 (6am)?

Ny

and

2 U
2 +4X32, 768m X4m!:|25°c :307, 200W

64m g

0
q= UAGAT =1W/m? K 564m)

For N¢ = 2,
W = (Ad/N;)"? = (32,768 m?/2)"? = 128 m
2 N 4x32, 768m2 x4md

[125°C =512,000W
128m g

0
q=1W/m? K %128 m)

% reduction in g = (512,000 - 307,200)/512,000 = 40%
COMMENTS: Even the minimum heat lossis excessive and could be reduced by reducing U.



PROBLEM 3.18

KNOWN: Concrete wall of 150 mm thickness experiences a flash-over fire with prescribed radiant
flux and hot-gas convection on the fire-side of thewall. Exterior surface condition is 300°C, typical
ignition temperature for most household and office materials.

FIND: (a) Thermal circuit representing wall and processes and (b) Temperature at the fire-side of the
wall; comment on whether wall is likely to experience structural collapse for these conditions.

SCHEMATIC:

Concrete, k = 1.4 W/m-K

Qrad = 25 kW/m?2 My,

T, = 400°C -
= 2' I
h = 200 W/m2-K L >x L=150mm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant
properties.

PROPERTIES: Table A-3, Concrete (stone mix, 300 K): k =1.4 W/mK.

ANALYSIS: (a) Thetherma cirucit is shown above. Note labels for the temperatures, thermal
resistances and the relevant heat fluxes.

(b) To determine the fire-side wall surface temperatures, perform an energy balance on the o-node.

Rev Red

where the thermal resistances are
Ry, =1/h; =1/200 W/m? K =0.00500 m? K / W
od =L/k=0.150 m/1.4W/m[K =0.107 m2 K/W

Substituting numerical values,

400-T, )K 300-T,)K

( 20) +25,000 W/ m? ( 20) =0
0.005 m? [K / W 0.107 m2 K /W
Ty =515°C <

COMMENTS: (1) Thefire-side wall surface temperature is within the 350 to 600°C range for which
explosive spalling could occur. Itislikely thewall will experience structural collapse for these
conditions.

(2) This steady-state condition is an extreme condition, as the wall may fail before near steady-state
conditions can be met.



PROBLEM 3.19

KNOWN: Representative dimensions and thermal conductivities for the layers of fire-fighter’s
protective clothing, a turnout coat.

FIND: (a) Thermal circuit representing the turnout coat; tabulate thermal resistances of the layers
and processes; and (b) For a prescribed radiant heat flux on the fire-side surface and temperature of

Tj =.60°C at the inner surface, calculate the fire-side surface temperature, T,
SCHEMATIC:

Shell Moisture barrier Thermal liner

T; = 66°C

Firefighter

(th
Qrad = 0.25 W/cm?

Li(mm) 0.8 1.0 0.55 1.0 3.5
ki (W/m-K) 0.047 0.012 0.038

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through the layers,
(3) Heat istransferred by conduction and radiation exchange across the stagnant air gaps, (3) Constant
properties.

PROPERTIES: Table A-4, Air (470K, 1 atm): Kgy = keg = 0.0387 W/mIK.

ANALYSIS: (a) Thethermal circuit is shown with labels for the temperatures and thermal
resistances.

R rad,ab R”rad,cd

The conduction thermal resistances have the form Rg =L /k while the radiation thermal
resistances across the air gaps have the form

11
Nred 40734

Rred =

The linearized radiation coefficient follows from Egs. 1.8 and 1.9 with € = 1 where Tgq represents
the average temperature of the surfaces comprising the gap

hrag =0 (T +T2)(T12 +T22) 40Ty
For the radiation thermal resistances tabulated below, we used Ta,g = 470 K.

Continued .....



PROBLEM 3.19 (Cont.)

Shell Air gap Barrier Airgap  Liner Total

©® (a-b) (mb) (c-d) (N (tot)
Ry (szIK/W) 001702  0.0259 0.04583 0.0259  0.00921 -
Rl (mZDK/W) - 0.04264 - 0.04264 - -
Rbap(mZDK/W) - 0.01611 - 001611 - -
Rioia - - - - - 0.1043

From the thermal circuit, the resistance across the gap for the conduction and radiation processesis
1 1 1
14 = +
Rgap Red  Rrad

and the total thermal resistance of the turn coat is
Rtot = Red,s +Rgap,a-b *Red,mb +Rgap,c-d +Red,tl

(b) If the heat flux through the coat is 0.25 W/cmz, the fire-side surface temperature T, can be
calculated from the rate equation written in terms of the overall thermal resistance.

9 =(To —Ti )/ Riot
2 (102 2 2
T, =66°C+0.25 W /cm ><(10 cm/m) x0.1043 m? K / W

T, =327°C

COMMENTS: (1) From the tabulated results, note that the thermal resistance of the moisture barrier
(mb) is nearly 3 times larger than that for the shell or air gap layers, and 4.5 times larger than the
thermal liner layer.

(2) The air gap conduction and radiation resistances were cal culated based upon the average
temperature of 470 K. This value was determined by setting Tayg = (To + Tj)/2 and solving the

equation set using IHT with Kair = Kair (Tavg)-



PROBLEM 3.20

KNOWN: Materials and dimensions of acomposite wall separating a combustion gas from a
liquid coolant.

FIND: (a) Hesat loss per unit area, and (b) Temperature distribution.
SCHEMATIC:

XR*C-OO!;THZ K/W ( )
Beryllium ox/de R Stainless steel (304
L s PR $4 4 CoalenD
gaseslr?lr 7;;,;,—100C
T2 22600 C bz =1000 Wim2-K

hy=50 W/ m*-K Tt AN e AN AN NN

LA']Omm—i“"*—ﬂ—LB-ZOMM i ILA' th éﬁ_ 711; 9

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)
Constant properties, (4) Negligible radiation effects.

PROPERTIES: Table A-1, St. St. (304) ('T' = 1000K): k =25.4 W/mK; Table A-2,
Beryllium Oxide (T = 1500K): k = 21.5 W/mIK.
ANALYSIS: (a) The desired heat flux may be expressed as

a Too 1~ Teo 2 (2600-100)° C

o= _
1,La th+£+i 01,001, ., 002, 1 Om°K
o ka kg B0 215" 254 10008 W

q=34,600 W/m?. <

(b) The composite surface temperatures may be obtained by applying appropriate rate
equations. From the fact that q'=hy ( w1~ Tsl) it follows that

' 2
Ts1=Too 1 —ﬂ— = 2600° C ~ 26O WIM™ 1 g0e .

1 50 W/m? (K
With g=(ka /L )(Ts1-Te1). it dsofollows that

LAG _ once~ 0.0IMx 34,600 W/m?

Toq=Taq- ~1892°C.
cl™'s1 7y 21.5 W/imIK

Similarly, with ¢'=(Tg,1 - Te2)/ Rec

2
MK 34,600 =162°C
2

T2 =Te1 — Ry c0'=1892°C -0.05

Continued .....



PROBLEM 3.20 (Cont.)
and with o'= (kg /Lg )(Te2 - Ts2),

0.02mx 34,600 W/m?
25.4 W/mK

=134.6°C.

Ts2=Te2 ——qu =162°C -
B

The temperature distribution is therefore of the following form:

Teo,1=2600 . T, , =162 °C

1;,1=1908°C‘/ / / /_7;1:134.6‘(
R I e T

COMMENTS: (1) The caculations may be checked by recomputing g* from

o' =h2(Ts 2 ~ Teo 2) =1000W/m? [K (134.6-100)° C=34,600W/m?

(2) Theinitia estimates of the mean material temperatures are in error, particularly for the
stainless steel. For improved accuracy the cal culations should be repeated using k values

corresponding to T = 1900°C for the oxide and T = 115°C for the stedl.

(3) The mgjor contributions to the total resistance are made by the combustion gas boundary

layer and the contact, where the temperature drops are largest.



PROBLEM 3.21

KNOWN: Thickness, overall temperature difference, and pressure for two stainless steel

plates.
FIND: (@) Heat flux and (b) Contact plane temperature drop.
SCHEMATIC:
0.0Ilm—t=———+-0.0Im
T 4 Contact
s1 pressure 1 bar
T
L1 ecvvv— v — T..-T..=100°C
[ R”fc L_ 9 T s1 Isa
k ’ k 52

Stainless steel

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)

Constant properties.

PROPERTIES: Table A-1, Stainless Steel (T =400K): k =16.6 W/mK.

ANALYSIS: (a) With R} ¢ =15x10% m? (K/W from Table 3.1 and

L_  00im
k 16.6 W/mIK

it follows that

=6.02x10

~“4m2 KW,

Riot =2(L/k)+Ryc =27 x10~4m?2 K/W:

hence

AT 100°C

q = 7 =
Riot 27x10™*m2 /W

(b) From the thermal circuit,

AT, _ Ric _15x107*m? K/W

=3.70x10%W/m?2. <

Ts1-Ts2  Riot  27x10%m2 K/W

Hence,

=0.556.

AT =0.556(Tg 1 ~Tg2) =0.556 (1oo° c) =55.6°C. <

COMMENTS: The contact resistance is significant relative to the conduction resistances.
Thevalue of Rt would diminish, however, with increasing pressure.



PROBLEM 3.22

KNOWN: Temperatures and convection coefficients associated with fluids at inner and outer
surfaces of acomposite wall. Contact resistance, dimensions, and thermal conductivities
associated with wall materials.

FIND: (a) Rate of heat transfer through the wall, (b) Temperature distribution.
SCHEMATIC:

FLA—Ls— —ks=004W/m-K

7;’1 =200°C T T T

o | L Wi
kA: 01 W/mK_Jj — I 40°C /1,A kAA tc EA h,A

H:2m, W=2.5m, A= 5m? o2 ® . Ric= 0.30m2-K/W

LA:’()).OIM, Z;o.ozm -5 hy=20 Wimz-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Negligible radiation, (4) Constant properties.

ANALYSIS: (a) Caculatethetotal resistance to find the heat rate,
1 La N N Lg N 1

Riot =—— + R .

O hA kaA € TkgA  hoA

01 .00l 03, 002 . 1 OK
= + +— + +

"HOx5 01x5 5 0.04x5 20x5HW

Rtot =[0.02+0.02 +0.06 +0.10 +0.01] % :0.21%

Rtot

T 1-To2 _ (200-40)°C
Riot 0.21 K/W

=762 W. <

(b) It follows that

o T62W i
Ts1=Teo 1‘i=200 C- =184.8 C T
: T A 50 W/K o1 3
aa . . 762Wx0.01m . Tss
Tp=Tgp—— =1848°C-————— =169.6 C |7
kKaA 01— x5m?2 A
m K TB
o K .
Tg =Ta —QR¢ ¢ =169.6°C -762W x0.06— =123.8°C
1 W T
s,2
qLg o 762W x0.02m o T
Tsp=Tg——— =1238C-———— =476 C 0,2
KpA 0.04 x 5m?
m K

. T82W
Too = Ts2 —hi =476°C - =40°C
A 100W/K




PROBLEM 3.23

KNOWN: Outer and inner surface convection conditions associated with zirconia-coated, Inconel
turbine blade. Thicknesses, thermal conductivities, and interfacial resistance of the blade materials.
Maximum allowable temperature of Inconel.

FIND: Whether blade operates below maximum temperature. Temperature distribution in blade, with
and without the TBC.

SCHEMATIC:
L7,=0.5mm Lip=5mm
zr AHt’X—’F In
E%%% T°°’ 0 0/\/\/\/0/\/\/\r0’\/\/\i3\/\/\fof\l/\/\,o T°°, /
(hoyt (WLhze Ry (WK (ny
ho = 1000 Wm2-K i hj = 500 W/m2-K
Loz 100K | T,j= 400K
i i Inconel
" _ _4 2 k = 25 W/m'K
Zirconia ~ R't,e =107 maK/W Trmax = 1250 K
k= 1.3 Wim-K

ASSUMPTIONS: (1) One-dimensional, steady-state conduction in a composite plane wall, (2) Constant
properties, (3) Negligible radiation.

ANALYSIS: For aunit area, the total thermal resistance with the TBCis
' _ .1 -1
RtOt,W - hO +(L/k)Zr +R’t,C +(L/k)|n +hi

Riot,w = (10‘3 +385x107% +107% +2x107* +2 >¢o‘3)m2 K/W =3.69 40 °m? K/W

With a heat flux of
Too,0 = Two)i 1300K
Oy =20t = = =352 x10° W/ m?
Rtotw  3.69x107° m“ (K/W

the inner and outer surface temperatures of the Inconel are
Tsiw) = T +(Ciy /hi ) =400K +(3.52 x10° W/ m?2 /500w m? ua() =1104K

Tsow) = Teoi + H1/N; ) +(L/K), By =400K +(2 X103 +2 ><10'4)m2 K/W (3.52 x10° W/mz) =1174K

Without the TBC, Rig o = hg +(L/K),, +hi* =320 x10°m” ®/W, and dlyo =(Teo o =T )/Rict.wo =

(1300 K)/3.20x10°® m*K/W = 4.06x10° W/m”. The inner and outer surface temperatures of the Inconel
arethen

Tsitwo) = Tewj *+(Giwo/hi ) =400K +(4.06 x10° W/ m? /500w m? ua() =1212K

Toowo) = Tooi +[(@/0) +(L/K),,,] diuo =400K +(2 X107 +2 ><10_4)m2 K/W (4.06 x0° W/mz) =1293K

Continued...



PROBLEM 3.23 (Cont.)

1300
5\
< 1260 —
X
= A
g 1220 —
=}
g \
<3
g 1180
& —
S
1140
—
1100 —
0 0.001 0.002 0.003 0.004 0.005

Inconel location, x(m)

—6— With TBC
—=&— Without TBC

Use of the TBC facilitates operation of the Inconel below T = 1250 K.

COMMENTS: Sincethe durability of the TBC decreases with increasing temperature, which increases
with increasing thickness, limits to the thickness are associated with reliability considerations.



PROBLEM 3.24

KNOWN: Size and surface temperatures of a cubical freezer. Materials, thicknesses and interface
resistances of freezer wall.

FIND: Cooling load.
SCHEMATIC:

Freezer Ly =6.35 mm ad-ousdm Lst =6.35 mm

q” I-aI/kaI I-ins/kins I-st/kst

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties.

PROPERTIES: Table A-1, Aluminum 2024 (~267K): kg = 173 W/mK. Table A-1, Carbon steel
AISI 1010 (~295K): kg = 64 W/mK. Table A-3 (~300K): king = 0.039 W/mK.

ANALYSIS: For aunit wall surface area, the total thermal resistance of the composite wall is

L L. L
Riot = A +Rp ¢+ 115 4R o+

Kal Kins Kgt
2 2
R = 200635M 5 5qoam- K, 0100m 55 p-4 M K, 000635m
173 W/ mIK W 0.039 W/mIK W BaW/mK

Riot = (3.7><10‘5 +25x107% +2.56 +2.5 x10~* +9.9 >¢o‘5)m2 K/W

Hence, the heat flux is
Tep—Tai 2—-(-6)H°C
o _Tso Tsi _ P (-6)8 109 V.

q

Riot 256 m2K/W m?
and the cooling load is
q=Asq =6W2q =54m? x10.9 W/m? =590W <

COMMENTS: Thermal resistances associated with the cladding and the adhesive joints are
negligible compared to that of the insulation.



PROBLEM 3.25

KNOWN: Thicknesses and thermal conductivity of window glass and insulation. Contact resistance.
Environmental temperatures and convection coefficients. Furnace efficiency and fuel cost.

FIND: (a) Reduction in hesat |oss associated with the insulation, (b) Heat losses for prescribed
conditions, (c) Savingsin fuel costs for 12 hour period.

SCHEMATIC:
LW =0.006 M e3¢ s Lins =0.025 m T
=12 m2 @®,0 Rend,w R'nd,ins Too,i
% TT TT .= 200C q Renv,o Ric Reny,i
- 2_
Wlndow Insulation, kjns = 0.027 W/m-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Constant properties.
ANALYSIS: (@) The percentage reduction in heat lossis

] _ ) |:| . D |:| R, D
Rq - Qwo i q'WIth x100% = [l_dw_ltthlOO% =1 —M X100%

dwo 0 GYwo O 5 Rtotwithy
where the total thermal resistances without and with the insulation, respectively, are
1,tw, 1

Rtot,wo = Renv,0 * Rend,w +Renv,i :h_ K ™
o Kw N

Riot.wo = (0.050+0.004 +0.200)m? (K /W =0.254 m? K / W

t 1 L L; 1
Rtot,with = Renv,0 +Rendw +Rt,c +Rend,ins *Renv, “ho +k_W Ric +k.'ns i
o "w ins M

Riot,with = (0.050+0.004 +0.002 +0.926 +0.500)m? K /W =1.482 m? K /W

Rq = (1-0.254/1.482) x100% =82.9% <

(b) With Ag=12 m2, the heat losses without and with the insulation are
Awo =As(Teoi ~Teo,0)/ Riotwo =12m* x32°C/0.254m? K /W =1512W <

Awith = As(Teoi ~Teo,0 )/ Riot,with =12m? x32°C/1.482m? K /W =259 W = <

(c) With the windows covered for 12 hours per day, the daily savings are

(1512 - 259) W

S= Mm Cq x10~ 6MIsg= 12h x3600s/ h x$0.01/ MJ x10 °MJ/J =$0.677

Ns

COMMENTS: (1) The savings may beinsufficient to justify the cost of the insulation, as well asthe
daily tedium of applying and removing the insulation. However, the losses are significant and
unacceptable. The owner of the building should install double pane windows. (2) The dominant
contributions to the total thermal resistance are made by the insulation and convection at the inner
surface.



PROBLEM 3.26

KNOWN: Surface area and maximum temperature of a chip. Thickness of aluminum cover
and chip/cover contact resistance. Fluid convection conditions.

FIND: Maximum chip power.
SCHEMATIC:

CConlant> — w25
—— 4= 1000W[m2-K

L=27ﬂ_£7- qC
Y
T

A=1000mm2=10 "m2

<—R.,l.:c=0.5x10—4m2-/</w
F% ’ 7;, max- 85°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Negligible heat loss from sides and bottom, (4) Chip isisothermal.

PROPERTIES: Table A1, Aluminum (T = 325 K): k=238 W/mIK.
ANALYSIS: For acontrol surface about the chip, conservation of energy yields
or
.- (Te-Tow )A _
HL/K)+Ric+(1/h)g
(85-25)° C(10'4m2)

P =
. 40.002/238) + 0.5x10™* +(1/1000fdm? EK/W

g
60x10™4 °C[n?
8.4x10° +05x1074 +1o‘3) m2 K/W

F’c,max = (

Fe,max =97 W. <

COMMENTS: The dominant resistance is that due to convection (Rconv >Ry >> Rcond).



PROBLEM 3.27

KNOWN: Operating conditions for a board mounted chip.

FIND: (a) Equivalent thermal circuit, (b) Chip temperature, () Maximum allowable heat dissipation for
dielectric liquid (h, = 1000 W/m’[K) and air (h, = 100 W/m’K). Effect of changesin circuit board
temperature and contact resistance.

SCHEMATIC:

L hy
q”o\ T Tw=20°C

_ x = .
Lb-o.oo5_n£f \9 . \}\ .

Ky~ —> hj= 40 Wim2K
> T_;=20°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible chip
thermal resistance, (4) Negligible radiation, (5) Constant properties.

PROPERTIES: Table A-3, Aluminum oxide (polycrystalline, 358 K): k, = 32.4 W/mIK.
ANALYSIS: (a)

oo, | c 00,0

q" 1/h; (LIK), R"tC T "1”70 q",
qc
(b) Applying conservation of energy to a control surface about the chip (Ein - Eout = O) :
dc —di —do =0
v _ Tc ‘Too,i Te ‘Too,o
Oc = P
]/hi "'(L/k)b +Ric  Vho

With g7 = 3x10* W/m? , h, = 1000 W/m?K, ky = L W/mIK and R} ; =10~*m? (K/W

T.—-20°C . Te-20°C

3x104W/m? = s
(J/ 4o+o.005/1+1o‘4)m2 K/W  (1/1000)m? (K /W

3x10% W/ m? = (33.2T, ~664 +1000T, ~20,000)W/m? K
1003T, = 50,664

T.=49°C. <
(c) For T.=85°C and h, = 1000 W/m’[K, the foregoing energy balance yields

q. = 67,160 W/ m? <
with gg = 65,000 W/n? and ¢f = 2160 W/m’. Replacing the dielectric with air (h, = 100 W/n’[K), the
following results are obtained for different combinations of k, and Rt ¢.

Continued...



PROBLEM 3.27 (Cont.)

Ky (W/mIK) Ric g (W) do (W/m?) g (W/m?)
(MK /W)
<
1 10* 2159 6500 8659
324 10* 2574 6500 9074
1 10° 2166 6500 8666
324 10° 2583 6500 9083

COMMENTS: 1. For the conditions of part (b), the total internal resistance is 0.0301 m?K/W, while
the outer resistance is 0.001 m*K/W. Hence

g _ (Te~Tw,0)/Ro _0.0301 4

o (Te-Tewj)/R; 0001

and only approximately 3% of the heat is dissipated through the board.

2. With h, = 100 W/m?[K, the outer resistance increases to 0.01 m’IK/W, in which case dy /i = R; /R,

=0.0302/0.01 = 3.1 and now amost 25% of the heat is dissipated through the board. Hence, although
measures to reduce R; would have a negligible effect on g, for the liquid coolant, some improvement

may be gained for air-cooled conditions. As shown in the table of part (b), use of an aluminum oxide
board increase ¢f by 19% (from 2159 to 2574 W/m?) by reducing R; from 0.0301 to 0.0253 m*K/W.

Because the initial contact resistance (R; ¢ =10"*m? (K/W ) isaready much lessthan R; , any reduction

in its value would have a negligible effect on q; . The largest gain would be realized by increasing h;,
since the inside convection resistance makes the dominant contribution to the total internal resistance.



PROBLEM 3.28

KNOWN: Dimensions, thermal conductivity and emissivity of base plate. Temperature and
convection coefficient of adjoining air. Temperature of surroundings. Maximum allowable
temperature of transistor case. Case-plate interface conditions.

FIND: (a) Maximum allowable power dissipation for an air-filled interface, (b) Effect of convection
coefficient on maximum allowable power dissipation.

SCHEMATIC:
k =240 W/m-K

TscS 85°C
|:>elec

Ac=2x10% m2, Ry

L =0.006 m

G
K>t

m :.
N1 <208k fir

—— T, €=0.90

To =298 K
h =4 W/m2-K

W=0.02m

1
i

ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from the enclosure, to the
surroundings. (3) One-dimensional conduction in the base plate, (4) Radiation exchange at surface of
base plate is with large surroundings, (5) Constant thermal conductivity.

PROPERTIES: Aluminum-aluminum interface,
pressure (Table 3.1): R} ¢ =2.75x10* m? K

air-filled, 10 pum roughness, 10° N/m? contact
/W.

ANALYSIS: (a) With all of the heat dissipation transferred through the base plate,

Tee—Too
Pelec :q =_2
Riot

where Rygt =Rt ¢ +Rend +HL/ Reny ) (1 Ryag )H

R _Rt,c L N 1% 1 S
tot —
Ac kw2 w2mh+heq

To obtain T, the following energy balance must be performed on the plate surface,

q= Tsc—Tsp
Rt,c+Rend

=0cnv t0rad =hw?

@
-1
2
®3)
(Ts,p _Too) +hy W2 (Ts,p ‘Tsur) (4)

With Re ¢ = 2.75 x 10° mPIK/MW/2x10™ m” = 1.375 K/W, Reng = 0.006 m/(240 W/mIK x 4 x 10 m?)

=0.0625 K/W, and the prescribed values of h, W,

Tw = Tgrand g, EQ. (4) yields a surface

temperature of Tsp = 357.6 K = 84.6°C and a power dissipation of

Continued .....



PROBLEM 3.28 (Cont.)
Pyec =0 =0.268 W <

The convection and radiation resistances are R¢ny = 625 mIK/W and Ry = 345 mK/W, where h, =
7.25 Wim’KK.

(b) With the major contribution to the total resistance made by convection, significant benefit may be
derived by increasing the value of h.

4.5

3.5

2.5

1.5 -

Power dissipation, Pelec (W)

d

0.5

0 20 40 60 80 100 120 140 160 180 200
Convection coefficient, h (W/m~2.K)

For h =200 W/mz[[(, Reny = 12.5 mK/W and Tsp = 351.6 K, yielding Rryg = 355 mIK/W. The effect
of radiation is then negligible.
COMMENTS: (1) The plate conduction resistance is negligible, and even for h = 200 W/mZEB(, the

contact resistance is small relative to the convection resistance. However, R; ¢ could be rendered
negligible by using indium foil, instead of an air gap, at the interface. From Table 3.1,

R} ¢ =0.07x10*m? (K /W, inwhich case Ry = 0.035 MKW,

(2) Because A¢ < Wz, heat transfer by conduction in the plate is actually two-dimensional, rendering
the conduction resistance even smaller.



PROBLEM 3.29

KNOWN: Conduction in aconical section with prescribed diameter, D, as afunction of x in
theform D = ax1/2.

FIND: (a) Temperature distribution, T(x), (b) Heat transfer rate, gy.

SCHEMATIC:
B T,=400K
T.-600K Fure aluminum shape
! k D=ax# where a=05m% T \
X > Xy=25mm 7;.|
e xe=125mm X

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-
direction, (3) No internal heat generation, (4) Constant properties.

PROPERTIES: Table A-2, Pure Aluminum (500K): k=236 W/mIK.
ANALYSIS: (a) Based upon the assumptions, and following the same methodol ogy of
Example 3.3, gy is a constant independent of x. Accordingly,

dT 0 2 OdT
qx=—kAd—--kgT( )/45 (1)

usingA = nD2/4 where D = ax : Separating variables and identifying limits,

X dx
A 2
T a2k IXl X ITl 2
Integrating and solving for T(x) and then for To,
T(x)=T - 4q>2< A 4q>2< Inx2 (3.4)
ma‘k X1 ma‘k X1
Solving Eq. (4) for gy and then substituting into EQ. (3) gives the results,
m
Ox = —Z 2k(T1 —T2)/ln (X1/X2) )
In (x/
T(x) =Ty (7 1) M 02) <

In (x1/x2)

From Eq. (1) note that (dT/dx)[X = Constant. It followsthat T(x) has the distribution shown
above.
(b) The heat rate follows from Eg. (5),

Oy = T 052mx236- (600 ~400)K/In 2 _5 76kW. <
4 m K 125



PROBLEM 3.30
KNOWN: Geometry and surface conditions of a truncated solid cone.

FIND: (a) Temperature distribution, (b) Rate of heat transfer across the cone.
SCHEMATIC:

A Px=007%m | ©
T=100C—F
Aluminum P X, = 0.225m
D=axi a=Im=
=20°C v

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin X, (3)
Constant properties.

PROPERTIES: Table A-1, Aluminum (333K): k =238 W/mIK.

ANALYSIS: (a) From Fourier’slaw, Eg. (2.1), with A=nD2/4=(na2/4)x3, it follows that

ADHK — .,
Tasx
Hence, since gy isi ndependent of X,
4qX J,x dx __kJ, dqT
X1 X Tl
or
4g, O 1 0%
OO0 =*(T-N
ma? 0 2x20 X1 ( )
Hence

(b) From the foregoing expression, it also follows that

_ a2k To-Tq1
Ox = 5
EJXZ -1/ x1 §
n(lm'l) 238 W/m[K (20-100)° C
dx = x
" 2 {0.225) - (0.075) “Em
Ox =189 W. <

COMMENTS: The foregoing results are approximate due to use of a one-dimensional model
in treating what is inherently atwo-dimensional problem.



PROBLEM 3.31
KNOWN: Temperature dependence of the thermal conductivity, k.
FIND: Heat flux and form of temperature distribution for a plane wall.
SCHEMATIC:

. k= /<o + aT T >0
o T>T; A a=0
(srbitrary a< O
— selection)
7x 41, T
Cx L 0 L

ASSUMPTIONS: (1) One-dimensiona conduction through a plane wall, (2) Steady-state
conditions, (3) No internal heat generation.

ANALYSIS: For the assumed conditions, gy and A(x) are constant and Eq. 3.21 gives
L T
Y[, dx=- ko +al )dT
o . ITO( o +aryd
ro_ al.2 2\d
ax = m %o (To-T1) +§(To -T7 )E
From Fourier’s law,
ax = —(ko +aT) dT/dx.

Hence, since the product of (ko+al) and dT/dx) is constant, decreasing T with increasing x
implies,

a>0: decreasing (kgtaTl) and increasing |dT/dx| with increasing x
a=0: k=kg=>constant (dT/dx)

a<0: increasing (kgt+aTl) and decreasing |[dT/dx| with increasing x.

The temperature distributions appear as shown in the above sketch.



PROBLEM 3.32
KNOWN: Temperature dependence of tube wall thermal conductivity.

FIND: Expressionsfor heat transfer per unit length and tube wall thermal (conduction)
resistance.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No internal heat generation.

ANALYSIS: From Eq. 3.24, the appropriate form of Fourier'slaw is

daT daT
=-kA, — = k(2 rL)—
Gr " dr ( ) dr

dT
= =21 kr—
qr = dr

Or = -2 rko (1+al)— dr
ar’
Separating variables,

SO Oy (@eaT)dT

21T
and integrating across the wall, find

~dr rodr kOJ’ (1+aT)dT

2115 )
' U HREy
S|P PN
2 v H 2. g|T
- Inro—k aT -T)+2(18 -T2
o ofTo~Ti) 2 Ny &
D(To TI) <

o :—2nko§ 2(To +T; )E—In(ro )

It follows that the overall thermal resistance per unit length is

R! _ AT In(rolri)
= .
I 2m %"’2(1—0 +Ti )D

H

COMMENTS: Note the necessity of the stated assumptionsto treating ¢, asindependent of r.



PROBLEM 3.33

KNOWN: Steady-state temperature distribution of convex shape for material with k = k(1 +
oT) where a is a constant and the mid-point temperature is AT higher than expected for a
linear temperature distribution.

FIND: Relationship to evaluate a interms of ATy and T1, T2 (the temperatures at the
boundaries).

SCHEMATIC:
Tix/}
A
1 R 2N
T—I
al, i I
Lyx L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) No
internal heat generation, (4) a is positive and constant.

ANALYSIS: At any location in thewall, Fourier’slaw has the form

. dT
Since gy isaconstant, we can separate Eq. (1), identify appropriate integration limits, and

integrate to obtain
L, _ To
Jo Okax=~[;"ko (1 +a T)dT 2

_o By, + @ 2507, .20 €

L 2 2 OO0
e HE ™ 207
We could perform the same integration, but with the upper limitsat x = L/2, to obtain

dx =

. __2Ko L/i20] 1M
ay = - L/2 + -0n + (4)
M 0
L 3 2 3B 22 H
where
T2 =T(L/2) :—TlJ;TZ + AT, (5)

Setting Eq. (3) equal to Eq. (4), substituting from Eq. (5) for T\ 2, and solving for a, it
follows that
2AT,

a= .
(T22 +T12)/2— {1 +T2)/ 2+ Ao




PROBLEM 3.34

KNOWN: Hollow cylinder of thermal conductivity k, inner and outer radii, r; and rg,
respectively, and length L.

FIND: Thermal resistance using the alternative conduction analysis method.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No internal volumetric generation, (4) Constant properties.

ANALYSIS: For the differential control volume, energy conservation requiresthat gy = Qr+qr
for steady-state, one-dimensional conditions with no heat generation. With Fourier’s law,
dT dT
=—-kA— =k (2 rL)— 1
ar ar ( ) ar 1)

where A = 21rL isthe areanormal to the direction of heat transfer. Since gy is constant, EQ.

(1) may be separated and expressed in integral form,
Gr (o dr_ _rToy (rygr
2mLJg r ITi (T)dr.

Assuming k is constant, the heat rate is

2 Lk (T; = To)
ar = .
In(ro/1;)

Remembering that the thermal resistance is defined as

Rt = AT/q
it follows that for the hollow cylinder,

R :In(rolri). <

2 LK

COMMENTS: Compare the alternative method used in this analysis with the standard
method employed in Section 3.3.1 to obtain the same resullt.



PROBLEM 3.35

KNOWN: Thickness and inner surface temperature of calcium silicate insulation on a steam pipe.
Convection and radiation conditions at outer surface.

FIND: (a) Heat loss per unit pipe length for prescribed insulation thickness and outer surface
temperature. (b) Heat loss and radial temperature distribution as a function of insulation thickness.

SCHEMATIC:

T. =250C — 55 O
h = 25 Wim2-K Tsur=25°¢
p——— i
r4=006m 3y  \ec============
Tg 4 = 800 K

Insulation ———
....... /“ -——c ’\
9'conv 9rad
1
h2ﬂ:f'2
TOO
. Ts Ts,2
q —>
In (r2/r1)
2nk TSUf'
1
hr27tf2

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties.
PROPERTIES: Table A-3, Calcium Silicate (T = 645 K): k =0.089 W/mK.
ANALYSIS: (a) From Eq. 3.27 with Ts, = 490 K, the heat rate per unit length is

2k (Ts1-Ts2)

' = L=
R ATy
, _ 2m(0.089W/m K ) (800 - 490)K
In(0.08m/0.06m)
q =603W/m. <

(b) Performing an energy for a control surface around the outer surface of the insulation, it follows that

deond = Yeonv * drad

Ts,l_Ts,Z — Ts,2 ~Too + Ts,2 ~Tsur
In(ry/n)/2mk  Y(2mh)  1(2mhy)

where h, =eo (TS1 2 +Taur ) (Tsz,z +T32u|r ) . Solving this equation for Ts, the heat rate may be
determined from

q =2 Fh(Ts.2 ~Too ) +hy (Ts 2 ~Tour B
Continued...



PROBLEM 3.35 (Cont.)

and from Eq. 3.26 the temperature distribution is

Teq1-T. Or O
T =232 105 47,
In(r/r2) 0
As shown below, the outer surface temperature of the insulation T, and the heat loss ' decay
precipitously with increasing insulation thickness from values of Ts, = Ts; =800 K and ' = 11,600
W/m, respectively, at r, = r; (no insulation).

800

10000

700
g E
N
¥ e00 %
o £
£ \ 5 1000
g 500 > 1
[} 1]
aQ \ 2
£ o
= \ S

400 T

\\
300 100 T T T
0 0.04 0.08 0.12 0 0.04 0.08 0.12
Insulation thickness, (r2-r1) (m) Insulation thickness, (r2-r1) (m)

— Outer surface temperature

Heat loss, gprime

When plotted as afunction of adimensionlessradius, (r - r1)/(r» - ry), the temperature decay becomes
more pronounced with increasing r».

800

700

600

500

Temperature, T(r) (K)

400

NS

300

\é\
0 0.2 0.4 0.6 0.8 1

Dimensionless radius, (r-r1)/(r2-rl)

—©— r2=0.20m
r2=0.14m
—#— r2=0.10m

Note that T(r,) = T2 increases with decreasing r, and alinear temperature distribution is approached asr»
approaches ;.

COMMENTS: Aninsulation layer thickness of 20 mm is sufficient to maintain the outer surface
temperature and heat rate below 350 K and 1000 W/m, respectively.



PROBLEM 3.36

KNOWN: Temperature and volume of hot water heater. Nature of heater insulating material. Ambient
air temperature and convection coefficient. Unit cost of electric power.

FIND: Heater dimensions and insulation thickness for which annual cost of heat lossis less than $50.
SCHEMATIC:

D

o S Ts 1 Urethane

Toh | P et B
air v/ St

’

n

1

1

1

1 1
Mo

1 e

1 e

1 -:_‘;

1 AP

1

1

| )
rp
TOO
ANNL—" NN T —
Reond Reonv

ASSUMPTIONS: (1) One-dimensional, steady-state conduction through side and end walls, (2)
Conduction resistance dominated by insulation, (3) Inner surface temperature is approximately that of the
water (Ts; = 55°C), (4) Constant properties, (5) Negligible radiation.

PROPERTIES: Table A.3, Urethane Foam (T = 300 K): k =0.026 W/mIK.
ANALYSIS: To minimize heat loss, tank dimensions which minimize the total surface area, As;, should
be selected. With L = 40/mD? Ag ¢ = DL +2( rD2/4) =40/D+ 1D2/2, and the tank diameter for
which Ag; is an extremum is determined from the requirement

dAg/dD = ~40/ D% D= 0
It follows that

D = (ay/m)*3 and L= (@ /n)H3

With d2Asyt /dD2 = 8D/D3+ > 0, the foregoing conditions yield the desired minimum in As;.
Hence, for 0 = 100 gal x 0.00379 m*gal = 0.379 m’,

Dop = Lop =0.784m <
Thetotal heat loss through the side and end wallsis
4= In(rz/;zssl_Tw 1 52(TS,1_T00)1
+

+
2nkLop 2ol gp k(ITDgp/4) h(anp/4)

We begin by estimating the heat |oss associated with a 25 mm thick layer of insulation. Withr; = Dgy/2 =
0.392mandr,=r; + 0=0.417 m, it follows that
Continued...



PROBLEM 3.36 (Cont.)

(55-20)°C
In(0.417/0.392) . 1
27(0.026W/m(K)0.784m (2 w/m? K ) 2r1(0.417m)0.784m

q:

2(55-20)°C
0.025m 1

(0.026W/mK ) 71/4(0.784m)> ' (2W/ m? EK)n/4(O.784 m)?

+

+

= =(482+231)W =71.3W
q (0.483+0.243)K/W  (1.992+1.036)K/W ( )

The annual energy lossistherefore
Qannual = 71.3W (365days) (24 h/day) (10‘3 kW/W) =625kWh

With a unit electric power cost of $0.08/kWh, the annual cost of the heat lossis
C = ($0.08/kWh)625 kWh = $50.00

Hence, an insulation thickness of
0=25mm <
will satisfy the prescribed cost requirement.

COMMENTS: Cylindrical containers of aspect ratio L/D = 1 are seldom used because of floor space
constraints. Choosing L/D =2, 0 = mD%2 and D = (20/m)** = 0.623 m. Hence, L =1.245m, 1, =
0.312mandr, = 0.337 m. It followsthat q=76.1 W and C = $53.37. The 6.7% increase in the annual
cost of the heat lossis small, providing little justification for using the optimal heater dimensions.



PROBLEM 3.37
KNOWN: Inner and outer radii of atube wall which is heated electrically at its outer surface

and is exposed to afluid of prescribed h and To,. Thermal contact resistance between heater
and tube wall and wall inner surface temperature.

FIND: Heater power per unit length required to maintain a heater temperature of 25°C.
SCHEMATIC:

ro To=25°C Elecfrical heater (2°)
to=75mm i /1 100W).
2.
PR e O\ T e

k=10W/[m-K= *—Rzc=0.01m- K/W

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across heater.

ANALYSIS: Thetherma circuit has the form

T Teo
+—F o—/\/W\,——-o——/V\/\A,—.—MM—O —_—
2 Lr(rolri). (/nDy) %
21k T?

Applying an energy balance to a control surface about the heater,

0 =0da +dp

q=

io/n) , o WD)

2k !

- (255) C . P5-(-10H C

In (75mm/25mm) +00L™M K %_/ (100 W/m?2 K x nxO.lSm)D

2rrx10 W/m K W -
q =(728+1649) W/m
q'=2377 W/m. <

COMMENTS: The conduction, contact and convection resistances are 0.0175, 0.01 and
0.021 m [K/W, respectively,



PROBLEM 3.38

KNOWN: Inner and outer radii of atube wall which is heated electrically at its outer surface. Inner and
outer wall temperatures. Temperature of fluid adjoining outer wall.

FIND: Effect of wall thermal conductivity, thermal contact resistance, and convection coefficient on
total heater power and heat rates to outer fluid and inner surface.

SCHEMATIC:

T5=25°C7 _ Electrical heater, q
)
fo=75mm - T T 10_éhé1000W/m K
r:=25mm i~ Too—-1OC

1< k<200 W/meK 0£R't £0.1 m-K/W

9% Un(rolr) R'te A(12nrgh) 9o
27Tk q’

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible temperature drop across heater, (5) Negligible radiation.

ANALYSIS: Applying an energy balance to a control surface about the heater,
q =dj +do
= +
in(io/%), . (2mgh)
t,c
21k '

Selecting nominal values of k = 10 W/miK, R't,c =0.01 mEK/W and h = 100 W/m’K,, the following
parametric variations are obtained

3500
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2500
2500 \A\
= —~ 2000
S 2000 £ S R S
= | s =
o e T 1500
S 1500 IS
I ]
£ 1000 g 1000
500 500 \FL —
B |
/ [ a1 4
0 0
0 50 100 150 200 0 0.02 0.04 0.06 0.08 0.1
Thermal conductivity, k(W/m.K) Contact resistance, Rtc(m.K/W)
—8— qi G
s g q
—0— qo —5—qo

Continued...



PROBLEM 3.38 (Cont.)

20000

16000

12000

8000
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4000
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Convection coefficient, h(W/m”"2.K)

—8—qi
& q
—— qo

For aprescribed value of h, g isfixed, while g, and hence ', increase and decrease, respectively,
withincreasingk and Rt ¢. These trends are attributable to the effects of k and Rt ¢ on the total
(conduction plus contact) resistance separating the heater from the inner surface. For fixed k and R't,c’
q; isfixed, while g, and hence q', increase with increasing h due to a reduction in the convection
resistance.

COMMENTS: For the prescribed nominal values of k, Rt ¢ and h, the electric power requirement is

g =2377 W/m. To maintain the prescribed heater temperature, ' would increase with any changes
which reduce the conduction, contact and/or convection resistances.



PROBLEM 3.39

KNOWN: Wall thickness and diameter of stainless steel tube. Inner and outer fluid temperatures
and convection coefficients.

FIND: (a) Heat gain per unit length of tube, (b) Effect of adding a 10 mm thick layer of insulation to
outer surface of tube.

SCHEMATIC:
r3 =30 mm
2 =20 mm V\V\ Too,i R’cond,ss R,cond,ins Too
r1=18mm T030=2300 ¢ AA A AAAA AAAA AAAo
ho = 6 W/m2-K ’ ; ’
Pharmaceutical © q Rc:onv,i Rconv,o
Teo,i = 6°C Insulation
h; = 400 W/m2-K Kins = 0.05 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant
properties, (4) Negligible contact resistance between tube and insulation, (5) Negligible effect of
radiation.

PROPERTIES: Table A-1, St. St. 304 (~280K): kg = 14.4 W/mIK.

ANALYSIS: (a) Without the insulation, the total thermal resistance per unit length is
In(ro/r;
1 In(ra/n), 1
2rmihy 2TKg 2 mohg

Rtot = Reconv,i +Reond,st +Rconv,0 =

1 . In(20118) 1
277(0.018m)400 W/m? K 271(144 W/mIK)  27(0.020m)6 W /m? (K

Rtot =

Riot = (0.0221+1.16 x1073 +1.33)m /W =1.35m K/W

The heat gain per unit length is then
To o~ Tooj 23-6)°C
q=Tmo Toi . (BUO)C 6y <
RtOt 1.35mIK /W

(b) With the insulation, the total resistance per unit length isnow Ry = Regny i + Reond st +Reond,ins
+Reonv,0r Where Regny i and Rgng ¢ remain the same. The thermal resistance of the insulation is

, In(r3/r2) In(30/20)
’ 2nkins  2m(0.05 W/m(K)
and the outer convection resistance is now
' 1 1
conv,o = = :088 m [K /W

2mm3hg  2m7(0.03m)6 W/m? [K
The total resistance is now
Riot = (0.0221+1.16 ><1O_3 +1.29 +0.88)m K/W =220m K /W

Continued .....



PROBLEM 3.39 (Cont.)

and the heat gain per unit length is

Too,o _Too,i _ 17°C
Rigt 220 mK/W

=7.7W/m

COMMENTS: (1) Thevalidity of assuming negligible radiation may be assessed for the worst case
condition corresponding to the bare tube. Assuming a tube outer surface temperature of Ts= T j =
279K, large surroundings at Tgyr = Teo 0 = 296K, and an emissivity of € = 0.7, the heat gain due to net

radiation exchange with the surroundingsis dy = €0 (27mr,) (TSIA'Jr -7d ) =7.7 W/m. Hence, the net

rate of heat transfer by radiation to the tube surface is comparable to that by convection, and the
assumption of negligible radiation is inappropriate.

(2) If heat transfer from the air is by natural convection, the value of hy with the insulation would
actually be less than the value for the bare tube, thereby further reducing the heat gain. Use of the
insulation would also increase the outer surface temperature, thereby reducing net radiation transfer
from the surroundings.

(3) Thecritical radiusisrq = kingh =8 mm < ry. Hence, asindicated by the calculations, heat
transfer is reduced by the insulation.



PROBLEM 3.40

KNOWN: Diameter, wall thickness and thermal conductivity of steel tubes. Temperature of steam
flowing through the tubes. Thermal conductivity of insulation and emissivity of aluminum sheath.
Temperature of ambient air and surroundings. Convection coefficient at outer surface and maximum
allowable surface temperature.

FIND: (a) Minimum required insulation thickness (r3 —r2) and corresponding heat 10ss per unit
length, (b) Effect of insulation thickness on outer surface temperature and heat 10ss.

SCHEMATIC:
/ A|uminum W%%&g% % ,
r3 Ts,0 < 50°C o :

ro =180 mm =020 Teur=27°C

rq =150 mm
Steam ; Tpo = 27°C

Ambient ®,0

Tw,j = 575°C v\v\ ho = 6 W/m2-K
Steel Insulation
kstt = 35 W/m-K Kin = 0.10 W/m-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction, (3) Negligible contact

resistances at the material interfaces, (4) Negligible steam side convection resistance (T j = Ts;), (5)

Negligible conduction resistance for aluminum sheath, (6) Constant properties, (7) Large
surroundings.

ANALYSIS: (a) To determine the insulation thickness, an energy balance must be performed at the
outer surface, where q' = qegny o +drag- With dgony o = 27130, (TS,o —Too,o), Orgg = 2713 €0

4 4 I r 1 U 1
(Ts,o _Tsur)v q = (Ts,i _Ts,o)/(Rcond,st +Rcond,ins)v Reond,st =N (rZ/rl)/ZNksh and Rcond,ins

= in(r3/ry)/ 21k, it follows that

2n(Tsi -Tso) 4 4
in(rp/n) L (r3/12) 2rr3 8‘0 (Ts,o Too10) + ga(TSO T )E
Kst Kins

2 (848 - 323) K
n(018/015) ¢n(ry/018)
+

-8 2 4 4 4 4
= 2, EW/mZEK(SZS—SOO)K +0.20 x5.67 x10 = W /m" K (323 -300 )K B

BW/mK 0.10W/ m[K
A trial-and-error solution yields r3 = 0.394 m = 394 mm, in which case the insulation thicknessis
tins =13 —rp =214mm <
The heat rateis then
3 271(848— 323) K
- (n(0.18/0.15)  ¢n(0.394/0.18)
3BW/mIK 0.10W/m[K

!

q =420W/m <

(b) Theeffectsof r3on Tso and g have been computed and are shown below.

Conditioned .....



PROBLEM 3.40 (Cont.)
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Beyond r3 = 0.40m, there are rapidly diminishing benefits associated with increasing the insulation

thickness.

COMMENTS: Note that the thermal resistance of the insulation is much larger than that for the tube
wall. For the conditions of Part (a), the radiation coefficient is h, = 1.37 W/m, and the heat loss by
rediation is less than 25% of that due to natural convection (day = 78W/m, Ggony,o =342 W/ m).

Too,i = Ts;j
—
q

cond,st

Qrad

R

’
cond,in ,
Yconv,0



PROBLEM 3.41

KNOWN: Thin electrical heater fitted between two concentric cylinders, the outer surface of which
experiences convection.

FIND: (a) Electrical power required to maintain outer surface at a specified temperature, (b)
Temperature at the center

SCHEMATIC:

A, kA:O'IS;,Y\?, ry=20mm
Thin electrical heater ry=40mm

r=ry) Tw=-15°C
I B'k8=1'5ﬂ7wk /J/)/] h =50 Wfm2-K

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Heater
element has negligible thickness, (4) Negligible contact resistance between cylinders and heater, (5)
Constant properties, (6) No generation.

ANALYSIS: (a) Perform an energy balance on the
composite system to determine the power required
to maintain T(rp) = Tg=5°C.

=in — Eout +I'Egen =Eg
+Jdlec ~Yconv =0.

Using Newton's law of cooling,
delec = Yeonv =h 27T 1o (Ts _TOO)

, w 0~
Jelec =50 o x277(0.040m) B —(-15) C=251 W/m. <

(b) From acontrol volume about Cylinder A, we recognize that the cylinder must be isothermal, that
is,

T(0) =T(rq).
Represent Cylinder B by athermal circuit:
T(f‘.z) 7—5
O—WAMMAMN—O —9,—> —<> qu
Rg RB
For the cylinder, from Eq. 3.28,
Re =Inrp/n/2mkyg
giving
o w In 40/20 °
T(n)=Ts+qRg =5 C+253.1— =235C
(1) =Ts +dRs m 271x1.5 W/m K
Hence, T(0) = T(rq) = 23.5°C. <

Note that ka has no influence on the temperature T(0).



PROBLEM 3.42

KNOWN: Electric current and resistance of wire. Wire diameter and emissivity. Thickness,
emissivity and thermal conductivity of coating. Temperature of ambient air and surroundings.
Expression for heat transfer coefficient at surface of the wire or coating.

FIND: (a) Heat generation per unit length and volume of wire, (b) Temperature of uninsulated wire,
(c) Inner and outer surface temperatures of insulation.

SCHEMATIC:

Insulation
ki = 0.25 W/m-K

& = 0.90 Ty, = 20°C

Ts2 f2=3mm Toyr = 20°C /

Tsq,r1=1mm
h=1.25[(T - Ty )/D]1/4

I1=20A ,
Wire T, Rglec =0.01 2/m, g, =0.3

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3)
Constant properties, (4) Negligible contact resistance between insulation and wire, (5) Negligible
radial temperature gradientsin wire, (6) Large surroundings.

ANALYSIS: (@) Therates of energy generation per unit length and volume are, respectively,
Ey =1% Rgec =(20A)(0.01Q/m) =4 W/m <

4=Ey/Ac =4Ey/nD? =16W/m/ n{0.002m)? =1.27 x105 W /m® <
(b) Without the insulation, an energy balance at the surface of the wire yields

E'g =0 =deony +drag =D (T T ) +71D & 0(T4 _TSlA'Jr)
where h =1.25[(T -T,, )/D]* 4. Substituting,
aw /m =1.25r(0.002m)* * (T -293)*'* + 7(0.002m) 0.3 x5.67 x10 B w/m? K* (T4 - 2934) K*

and atrial-and-error solution yields

T =331K =58°C <
(c) Performing an energy balance at the outer surface,

E'g = =dconv *drad :"Dh(Ts,Z _Too) +rD § 0(ng _TSL}JI’)

)5/4

4w /m =1.25m(0.006m)% 4 (T, , -293)>* + 1(0.006m) 0.9 x5.67 x10" 2w /m? ®* (T;'Z —2934) K*

and an iterative solution yields the following value of the surface temperature
Ts,2 =307.8K =34.8°C <

The inner surface temperature may then be obtained from the following expression for heat transfer
by conduction in the insulation.

Continued .....



PROBLEM 3.42 (Cont.)

_Tsi—T2_ Tsi—Ts2

!

21(0.25W / m(K )(Tsj -307.8K)
/n3

4W =

T =310.6K =37.6°C <

As shown below, the effect of increasing the insulation thicknessis to reduce, not increase, the
surface temperatures.

50

45

40

.
N

35

Surface temperatures, C

‘S\\
EN

\

30 —

0 1 2 3 4

Insulation thickness, mm

—&— Inner surface temperature, C
—&— QOuter surface temperature, C

This behavior is due to areduction in the total resistance to heat transfer with increasing ro. Although

the convection, h, and radiation, h, = eo (Ts,2 +Tgyr ) (T52,2 +T52ur ) , coefficients decrease with

increasing ro, the corresponding increase in the surface area is more than sufficient to provide for a
reduction in the total resistance. Even for an insulation thicknessof t=4mm, h=h+h, = (7.1 +5.4)

WIMPK = 12,5 W/m?K, and r = k/h = 0.25 W/mIK/12.5 W/m-2IK = 0.020m = 20 mm > ro = 5 mm.
The outer radius of the insulation is therefore well below the critical radius.



PROBLEM 3.43

KNOWN: Diameter of electrical wire. Thickness and thermal conductivity of rubberized sheath.
Contact resistance between sheath and wire. Convection coefficient and ambient air temperature.
Maximum allowable sheath temperature.

FIND: Maximum allowable power dissipation per unit length of wire. Critical radius of insulation.
SCHEMATIC:

. Wire
Egen, D=2mm q’ Tw,o Tin,i Tin,o T(D
Ric = 3x10* m2-K/W f «— AN AN AANA
) R! Rl
Insulation, t =2 mm T = 200C Ric cond conv
k=0.13 W/m-K " 5
T =50°C =10 W/m=-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3)
Constant properties, (4) Negligible radiation exchange with surroundings.

ANALYSIS: The maximum insulation temperature corresponds to itsinner surface and is
independent of the contact resistance. From the thermal circuit, we may write

Tlni_TOO T|n| —To
cond * Rconv @n(rmolrm,)/2nkH+(1/2nrmoh)

=g =

where r,; =D/2=0.001m, G o =fipj +t =0.003m, and Tj, ; = Typa =50°C yields the maximum
allowable power dissipation. Hence,

. 50-20)°C 30°C
£y = ( ) - =451W/m <

/n3 .\ 1 (135+531)mK /W

2x013W/mIK  277(0,003m)10W / m? (K

The critical insulation radius is also unaffected by the contact resistance and is given by

o = X = QABWIMIK _ ) 13m =13mm <

h  10W/m? K

Hence, rin o < rer and E'g,max could be increased by increasing rin o up to avalue of 13 mm (t = 12
mm).

COMMENTS: The contact resistance affects the temperature of the wire, and for g’ = E'g,max
= 451W /m, the outer surface temperature of thewireis Ty,o = Tinj +q Ry ¢ =50°C +(4.51W/m)

(3x 10 *m? K / W)/ (0.002m) =50.2°C. Hence, the temperature change across the contact

resistanceis negligible.



PROBLEM 3.44

KNOWN: Long rod experiencing uniform volumetric generation of thermal energy, ¢, concentric
with a hollow ceramic cylinder creating an enclosure filled with air. Thermal resistance per unit
length due to radiation exchange between enclosure surfacesis Rygg. The free convection

coefficient for the enclosure surfacesish = 20 W/mZEK.

FIND: (a) Thermal circuit of the system that can be used to calculate the surface temperature of the

rod, T,; label all temperatures, heat rates and thermal resistances; evaluate the thermal resistances; and
(b) Calculate the surface temperature of the rod.

SCHEMATIC:
=20 mm
D 40 mm
Rod Do =120 mm
g = 2x108 W/m3 _‘j
T, =25°C
Air space
h =20 W/m2-K

Rlaq = 0.30 m-K/W Ceramic, k = 1.75 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction through the
hollow cylinder, (3) The enclosure surfaces experience free convection and radiation exchange.

ANALYSIS: (a) Thethermal circuit is shown below. Note labels for the temperatures, thermal
resistances and the relevant heat fluxes.

Enclosure, radiation exchange (given):
Riag =0.30 mK /W
Enclosure, free convection:
= 1 1
cv,rod ~ =
hmDy 20 W/m? K x 7x0.020m
, 1 1
cv,cer ~ =
hmDj 20 W/m? K x 71x0.040m
Ceramic cylinder, conduction:
_tn(Dg/Dj) _ ¢n(0.120/0.040)
- 2nk 2mxL75W/mIK

The thermal resistance between the enclosure surfaces (r-i) due to convection and radiation exchange
is

=080 mK/W

=040 mK/W

I

=010 MK /W

1 _ 1, 1
Renc Rrad Rev,rod * Rev,cer
S 1 gt

mK/W =024 mK/W

~ .30 0.80+0.40H
Thetotal resistance between the rod surface (r) and the outer surface of the cylinder (o) is
Riot = Renc *Reg =(0.24 +0.1)m K /W =034 m K /W

Continued .....



PROBLEM 3.44 (Cont.)

. T, Ruad 1, Red T1,=25°C CV — ”"\\\
) | a ) —>
Rcv,rod Rcv,cer \\\ // q
Two (a) Thermal circuit (b) Overall energy balance on rod

(b) From an energy balance on the rod (see schematic) find T;.
in ~Eout +Egen =0
—q+q= 0
=(Tr —Ti )/ Riot +Q(7TDr2/4) =0
~(T, -25)K/0.34 m K /W +2 x10°W /m3 (rr XO.020m2/4) =0
T, =239°C <

COMMENTS: In evaluating the convection resistance of the air space, it was necessary to define an

average air temperature (T) and consider the convection coefficients for each of the space surfaces.
Asyou'll learn later in Chapter 9, correlations are available for directly estimating the convection

coefficient (henc) for the enclosure so that dey = henc (Tr —T1).



PROBLEM 3.45

KNOWN: Tube diameter and refrigerant temperature for evaporator of arefrigerant system.
Convection coefficient and temperature of outside air.

FIND: (a) Rate of heat extraction without frost formation, (b) Effect of frost formation on heat rate, (c)
Time required for a2 mm thick frost layer to melt in ambient air for which h =2 W/m’K and T_ = 20°C.

SCHEMATIC:
Frost
k= 0.4 W/mK
p = 700 kg/m3
hgf=3.34 x 102 J/kg

T°°0=-3°C — rq =5mm
h =100 W/m2:K — Ts1
Refrigerant —
7;0 i= -18 °C
rp=rq+ )
(028424 mm)

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible convection resistance
for refrigerant flow (Too,i = TS11), (3) Negligible tube wall conduction resistance, (4) Negligible
radiation exchange at outer surface.

ANALYSIS: (a) The cooling capacity in the defrosted condition (& = 0) corresponds to the rate of heat
extraction from the airflow. Hence,

o = 27 (Teo o ~Ts1) =100W/m? (K (277x0.005m) (-3 +18)° C

q =47.1W/m <
(b) With thefrost layer, thereis an additional (conduction) resistance to heat transfer, and the extraction
rateis

" Too,o ‘Ts,l _ Too,o ‘Ts,l
Roonv +Reond  ¥/(h2rmp) +In(ra/r )/ 27k
For 5<r, <9 mmand k = 0.4 W/mIK, this expression yields

q

50

0.4

g
= >4
= £
= = 03
g 45 «© A
= ]
;’F % 0.2 | lo—]
c g ' /8/ e —
S <) T
8 40 g 0.1 Eatl
g £ : Lo
(5]} [
3 ™S =
T 0

35 0 0.001 0.002 0.003 0.004
0 0.001 0.002 0.003 0.004 )
. Frost layer thickness, delta(m)
Frost layer thickness, delta(m)
—&— Conduction resistance, Rtcond(m.K/W)
— Heat extraction, gprime(W/m) —&— Convection resistance, Rtconv(m.K/W)

Continued...



PROBLEM 3.45 (Cont.)

The heat extraction, and hence the performance of the evaporator coil, decreases with increasing frost
layer thickness due to an increase in the total resistance to heat transfer. Although the convection

resistance decreases with increasing 9, the reduction is exceeded by the increase in the conduction
resistance.

(c) Thetimet, required to melt a2 mm thick frost layer may be determined by applying an energy
balance, Eq. 1.11b, over the differential timeinterval dt and to adifferential control volume extending
inward from the surface of the layer.

Emdt = dESt - dU|a:

h(2mL)(Teo o ~ T¢ )dit = ~hg pdC= — hg p(27rL ) dr

(Teoo =T ) [, ot = —phg Irr; dr

3 5
_phy (2-1) _700kg/ m (3.34x10 J/kg)(0.002m)
o= -
0 (Teo0 =T ) 2W/m? K (20-0)° C
ty =11,690s =3.25h <

COMMENTS: Thetube radius r; exceeds the critical radius r, = k/h = 0.4 W/mIK/100 W/m?K = 0.004
m, in which case any frost formation will reduce the performance of the coil.



PROBLEM 3.46
KNOWN: Conditions associated with a composite wall and a thin electric heater.

FIND: (a) Equivalent thermal circuit, (b) Expression for heater temperature, (c) Ratio of outer and inner
heat flows and conditions for which ratio is minimized.

SCHEMATIC:

0 <« g - do

/ In(rolrq)  In(r \/r ) N 1
(h;2mrq)" 21 3720 (ho2mrg)

27'ckB 2nkA

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties, (3) Isothermal
heater, (4) Negligible contact resistance(s).

ANALYSIS: (a) On the basis of aunit axial length, the circuit, thermal resistances, and heat rates are as
shown in the schematic.

(b) Performing an energy balance for the heater, Ej,, = Eqyt , it follows that

Th~Teo | Th ~Teo
qh(ZTsz):qi+qo: h_l |r’]|(r2/r1)+ h_l |’r(])(r3/l’2) <
(hj 2rm ) T oke (ho27m3) +W
(c) From the circuit,
-1 In(r2/r1)
h; 27r- +
do_(Th=Teo) (W2 "+ o <
d  (Th-Tew) (ho2rm )-1+In(r3/r2)

To reduce q’o / g , one could increase kg, hi, and r4/r,, while reducing ka, ho and ra/r;.

COMMENTS: Contact resistances between the heater and materials A and B could be important.



PROBLEM 3.47

KNOWN: Electric current flow, resistance, diameter and environmental conditions
associated with acable.

FIND: (a) Surface temperature of bare cable, (b) Cable surface and insulation temperatures
for athin coating of insulation, (c) Insulation thickness which provides the lowest value of the
maximum insulation temperature. Corresponding value of this temperature.

SCHEMATIC:
A T Too

D;=0005m "R (B fhupl T
Steel cable , u —_mLk
T=700A R, .= Rec -0.02m2-KIW
214 R.-6x10"afm  TDL T O

= X " \ —>
e ’

Insulation °

k=05 W/mK

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductioninr, (3)
Constant properties.

ANALYSIS: (a) Therate at which heat istransferred to the surroundings is fixed by the rate
of heat generation in the cable. Performing an energy balance for a control surface about the

cable, it followsthat Eq =q or, for the bare cable, 12ReL=h (1 DjL)(Ts~Teo ). With
q=12R, = (700A)? (6x10‘4Q/ m) =294 W/m, it follows that

To=Tw +—F =30°C+ 2294 Wim
hr D; (25 wim? ) (0.005m)
To=778.7°C. <

(b) With athin coating of insulation, there exist contact and convection resistances to heat
transfer from the cable. The heat transfer rate is determined by heating within the cable,
however, and therefore remains the same.

Ric+ : Rte , 1
"~ hnDiL  mDjL hnDjL
T Dj (Ts~Teo)
Ric+1/h
and solving for the surface temperature, find
' 0 2 2O
Te=—1 EQ{C+ED+TOO = AWM 70p™ XK L00a™ Kpiaorc
nDi B "¢ hH n(0.005m)g " W =
Ts =1153C. <

Continued .....



PROBLEM 3.47 (Cont.)
The insulation temperature is then obtained from

Ts~T

g=-S_ i

Ric
or
w m? K
R 204 x0.02

T; =Ts ~QRy ¢ =1153°C -q— S =1153°C -

1= s e oL 71{0.005m)

T; =778.7°C. <

(c) The maximum insulation temperature could be reduced by reducing the resistance to heat transfer
from the outer surface of the insulation. Such areduction is possibleif D; < Dg. From Example 3.4,
_k _05W/mK _

Hence, D¢y = 0.04m > D; = 0.005m. To minimize the maximum temperature, which exists at
the inner surface of the insulation, add insulation in the amount

_Dy-Dj _ D¢ —Dj _(0.04-0.005)m

2 2 2

t

t=0.0175m. <

The cable surface temperature may then be obtained from

, Ts — Too Ts—30°C
q = R' | = 5
tc IN(Der/Di), 1 oo2m?KMW  In(0.040.005) 1
1 D 21k hme  m(0.005m) 2m(05W/MK) . W (0.04m)
m? [K
Hence,
ooaW _ Ts—30°C _ Tg-30°C
m  (127+0.66+0.32)mK/W  2.25 mK/W
Ts=692.5°C
Recognizing that q = (Ts- Tj)/Ry ¢, find
2
Rt 294Vn\1’><o.02m K
T =Te—0Ric =Tg -—> =692.5°C —
= s T e Tl AL 71{0.005m)
T, =318.2°C. <

COMMENTS: Use of the critical insulation thicknessin lieu of athin coating has the effect of
reducing the maximum insulation temperature from 778.7°C to 318.2°C. Use of the critical insulation
thickness also reduces the cable surface temperature to 692.5°C from 778.7°C with no insulation or
from 1153°C with athin coating.



PROBLEM 3.48
KNOWN: Saturated steam conditions in a pipe with prescribed surroundings.

FIND: (a) Heat loss per unit length from bare pipe and from insulated pipe, (b) Pay back
period for insulation.

SCHEMATIC:
Steam pipe (0.2m)

Steam Costs: with or _w:( 1'5h8u1'

4 for 109 ] magnesia mm)
Insulation Cost:

$100. per meter @ h=20W[m2-K, T, =25°C
Operation time:

7500 hlyr

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Constant properties, (4) Negligible pipe wall resistance, (5) Negligible steam side convection
resistance (pipe inner surface temperature is equal to steam temperature), (6) Negligible

contact resistance, (7) Tgyr = Teo-

PROPERTIES: Table A-6, Saturated water (p = 20 bar): Ty = Tg= 486K; Table A-3,
Magnesia, 85% (T = 392K): k = 0.058 W/mIK.

ANALYSIS: (a) Without the insulation, the heat |0ss may be expressed in terms of radiation
and convection rates,

q=em D a(TS4 —TS“Jr) +h( D) (Ts - Too)
W
m? K*
(rrx0.2m) (486-298)K

q'=0.877(0.2m)5.67x10° (4864 - 2984) K4

+20

m? (K
q'=(1365+2362) W/m=3727 W/m. <

With the insulation, the thermal circuit is of the form

4
T gconv

4?,.— »Egvvvv\NV\Is'a' ¢
Teur eii8dn ) In(0,/D;)2k 2

Continued .....



PROBLEM 3.48 (Cont.)
From an energy balance at the outer surface of the insulation,

dcond = dconv * drad

si ~Ts0 3 A A
In(Do /D; )/27'[ o hrr Dg (Ts,o _Too) +¢e0mDy (Tso _Tsur)
(486_TS,0) K B \YY;
In(0.3m/0.2m) 20 m2 K m (0-3m)(Ts,o 298K)
277(0.058 W/mK)
08056710 r(0.3m)(1, 208
m2 K4 ,

By trial and error, we obtain

Tso = 305K
in which case
(486-305) K
In(0.3m/0.2m)
277(0.055 W/mK)

=163 W/m. <

(b) The yearly energy savings per unit length of pipe due to use of theinsulation is

Savings _ Energy Savings 9 Cost

Yr[n Yr. Energy
SAVINGS _ (3777 -163) ) x3600> x7500- x>
Yrii sCin h Yr 109
SVNGS _ ¢305/ v'r fin.
Yrlm

The pay back period isthen

Insulation Costs _ $100/m

Pay Back Period = - =
Savingg/Yr.in  $385/Yr[in

Pay Back Period = 0.26 Yr = 3.1 mo. <

COMMENTS: Such alow pay back period is more than sufficient to justify investing in the
insulation.



PROBLEM 3.49

KNOWN: Temperature and convection coefficient associated with steam flow through a pipe
of prescribed inner and outer diameters. Outer surface emissivity and convection coefficient.
Temperature of ambient air and surroundings.

FIND: Heat |loss per unit length.
SCHEMATIC:

Tsur 20 3

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Constant properties, (4) Surroundings form alarge enclosure about pipe.

PROPERTIES: Table A-1, Steel, AISI 1010 (T =450 K): k =56.5 W/mK.

ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer
surface that

Too,i ‘Ts,o _ Ts,o ‘Too,o + Ts,o —Tsur
Rconv,i *Reond Reonv,0 Rrad
or fromEgs. 3.9, 3.28 and 1.7,
T = Tso _ Ts0 ~Teo,0 +e7D a(T4 _14 )
(U Djhj)+In(Dg /Dj )/ 27k (1 Dghg) 0T\ 'S0 s
2 \1 In (75/60) o\~
71x0.6m %500 W/m*“ K + 1x0.075m x25 W/m“ [K
21mx56.5 W/m K

+0.87% (0.075m) x5.67 x10™° Wim® K * Hglo - 203*HK
523_ TS,O _ TS,O - 293
0.0106+0.0006  0.170

+1.07x107° 5 ~203F

From atrial-and-error solution, Tg o= 502K. Hencethe heat lossis

- 2 -8 W 4 _opfy 4
q'=rr(0.075m) 25 W/m~ [K (502-293) +0.8 71(0.075m)5.67 x10 mz—wgtoz 243K

g'=1231 W/m+600 W/m=1831 W/m. <

COMMENTS: Thethermal resistance between the outer surface and the surroundingsis
much larger than that between the outer surface and the steam.



PROBLEM 3.50

KNOWN: Temperature and convection coefficient associated with steam flow through a pipe of
prescribed inner and outer radii. Emissivity of outer surface magnesiainsulation, and convection
coefficient. Temperature of ambient air and surroundings.

FIND: Heat loss per unit length ' and outer surface temperature T, as a function of insulation

thickness. Recommended insulation thickness. Corresponding annual savings and temperature
distribution.

SCHEMATIC:

Steam
($4/10°9 J, 7000 h/yr)
Tooj = 250 °C

h; =500 W/m?2-K

AISI 1010
Magnesia, (e = 0.8)

R 'rad

conv,i

T2\ R'cond,m

/

T3=Ts0

R 'conv,o
ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant

properties, (4) Surroundings form alarge enclosure about pipe.

PROPERTIES: TableA-1, Steel, AlSI 1010 (T = 450 K): ks = 56.5 W/mK. Table A-3, Magnesia,
85% (T = 365 K): kp = 0.055 W/mIK.

ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer surface that

Too,i _Ts,o _ Ts,o _Too,o + Ts,o —Taur
Reonv,i * Reond,s + Reond,m Reonv,0 Rrad

or from Egs. 3.9, 3.28 and 1.7,

Too,i _Ts,o Ts,o _Too,o Ts,o —Taur

(V2 )+ n(1p/5 ) 27k +1n(r3/ 0}/ 2 ey (U2 181G ) T——— +Twr)(T§o oT2, )%-1

This expression may be solved for Ts, as afunction of rz, and the heat 1oss may then be determined by
evaluating either the left-or right-hand side of the energy balance equation. The results are plotted as
follows.

Continued...



PROBLEM 3.50 (Cont.)

2000 2
1600 \ i s
- \ s 7 L~
g \ g
S 1200 £
T \ 5 1
£ @
g \ g A
S 800 = ]
s 2 o5 - —
8 2 S
g 400 = d
5
t N~ £ T "
— 2 0
0 F 0.035 0.045 0.055 0.065 0.075
0.035 0.045 0.055 0.065 0.075

Outer radius of insulation, r3(m)

Outer radius of insulation, r3(m) —6— Insulation conduction resistance, Rcond,m

—a— Quter convection resistance, Rconv,o
—ql —B— Radiation resistance, Rrad

Therapid decay in ' withincreasing rs is attributable to the dominant contribution which the insulation
begins to make to the total thermal resistance. The inside convection and tube wall conduction
resistances are fixed at 0.0106 mK/W and 6.29x10™* mK/W, respectively, while the resistance of the
insulation increases to approximately 2 mK/W at r3 = 0.075 m.

The heat loss may be reduced by almost 91% from avalue of approximately 1830 W/mat rz =r,
=0.0375 m (noinsulation) to 172 W/m at r; = 0.0575 m and by only an additional 3% if the insulation
thicknessisincreased to r; = 0.0775 m. Hence, an insulation thickness of (r3-r;) =0.020 mis
recommended, for which ' = 172 W/m. The corresponding annual savings (AS) in energy costsis
therefore

AS=[(1830-172) W/m|

$§ %7000 x3600° =$167/m <
1077 y h

The corresponding temperature distribution is

500

460

420

380

Local temperature, T(K)

340

300

0.038 0.042 0.046 0.05 0.054 0.058

Radial location in insulation, r(m)

Tr

The temperature in the insulation decreases from T(r) = T, =521 K atr=r,=0.0375mto T(r) = T3 =
309K atr=r3=0.0575m.

Continued...



PROBLEM 3.50 (Cont.)

COMMENTS: 1. Theannua energy and costs savings associated with insulating the steam line are
substantial, asisthe reduction in the outer surface temperature (from Ts, = 502 K for r3 =r,, to 309 K for
r; = 0.0575 m).

2. Theincreasein Rygg to amaximum value of 0.63 mK/W at rz = 0.0455 m and the subsequent decay
is due to the competing effects of g and A’3 = (1/27r3). Because the initial decay in Ts = Tso with

increasing rs, and hence, the reduction in hy,, is more pronounced than the increasein A3, Rygqg

increases with rz. However, asthe decay in Ts,, and hence h,y, becomes less pronounced, the increasein
A3 becomes more pronounced and Ry5q decreases with increasing r.



PROBLEM 3.51

KNOWN: Pipewall temperature and convection conditions associated with water flow through the pipe
and ice layer formation on the inner surface.

FIND: Icelayer thickness o.

SCHEMATIC:

r1_

ry = 50 mm

h;=2000 W/m2-K —
6,j=3°C —

Tsi=0°C Ice layer (8,k)

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Negligible pipe wall thermal
resistance, (3) negligible ice/wall contact resistance, (4) Constant k.

PROPERTIES: Table A3, Ice(T =265K): k=194 W/mIK.

ANALYSIS: Performing an energy balance for a control surface about the ice/water interface, it follows
that, for a unit length of pipe,

dconv = Ycond

Tsi —Tso
h; (Zml)(vai ~Tsi ) :W

Dividing both sides of the equation by r»,

In(2/n) _ k  Tsi-Tso_  194W/mK  15C
(r2/m)  hirz Teoj=Tsj (2000W/m2[9<)(0.05m) 3C

=0.097

The equation is satisfied by r,/r; = 1.114, in which case r; = 0.050 m/1.114 = 0.045 m, and the ice layer
thicknessis

d =rp -1 =0.005m =5mm <

COMMENTS: Withnoflow, h; - 0, inwhich caser; — 0and complete blockage could occur. The
pipe should be insulated.



PROBLEM 3.52

KNOWN: Inner surface temperature of insulation blanket comprised of two semi-cylindrical shells of different
materials. Ambient air conditions.

FIND: (a) Equivalent thermal circuit, (b) Total heat loss and material outer surface temperatures.

SCHEMATIC:
ry=50mm

— h=25Wfm2z-K

4—
<+ T»=300K
r,=100mm h

T.,=500K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction, (3) Infinite contact
resistance between materials, (4) Constant properties.

ANALYSIS: (a) Thethermal circuit s,

R A:R' B:1/7Tr2h ‘ !
conv, conv, Rcond(A) 7;,2@) RCO"V,A

, I / O
ol Rl e e S

A 52

O

M Reond (B) Rconv, B

Reond(B) = Tk
B

The conduction resistances follow from Section 3.3.1 and Eq. 3.28. Each resistanceis larger by afactor of 2 than
the result of Eq. 3.28 due to the reduced area.
(b) Evaluating the thermal resistances and the hezat rate (q’:q’A +dp )

conv = (r[xO.lm x25 W/m? [K ) =0.1273 m [K/W

In(0.1m/0.05m)
mx2 W/m[K
Ts1~ Too N Ts1-Teo
I:‘)'cond(A) +Reonv R'cond(B) +Reonv

R'cond(A) = =0.1103 m [K/W I:Qlcond(B) =8 R'cond(A) =0.8825 m K/W

!

, (500-300)K (500-300)K
q= + = (842 +198) W/m=1040 W/m. <
(0.1103+0.1273) mK/W  (0.8825+0.1273) m [K/W

Hence, the temperatures are
w m [K <

TS,Z(A) = Ts,l_QA R,COnd(A) =500K _842E ><O_:|_:|_03T =407K

oy _ w miK _
Ts,z(B) =Ts1 _qBRcond(B) =500K —198; XO'SSZST =325K. <
COMMENTS: Thetotal heat loss can also be computed from o'= (TS11 -Too )/ Requiv:
-1

, : -1 -10
where Reqiy = aRcond(A) +Rconv,A) +(R'cond(B) +Rconv,B) E =0.1923 m K/W.

Hence ¢'=(500 - 300) K/0.1923 m (K/W=1040 W/m.



PROBLEM 3.53

KNOWN: Surface temperature of acircular rod coated with bakelite and adjoining fluid
conditions.

FIND: (@) Critical insulation radius, (b) Heat transfer per unit length for bare rod and for
insulation at critical radius, (c) Insulation thickness needed for 25% heat rate reduction.

SCHEMATIC:

PN

b C T2200C

h =140 W/fm2-K

Bakelite S T,=25C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductioninr, (3)
Constant properties, (4) Negligible radiation and contact resistance.

PROPERTIES: Table A-3, Bakelite (300K): k = 1.4 W/mK.

ANALYSIS: (a) From Example 3.4, the critical radiusis
_k _ 14WImK

h 140 Wim? K

(b) For the bare rod,
q=h(m D;) (T -Tw)

q'=140—— (7> 0.0Im) (200-25)" C=770 W/m
m< [K
For the critical insulation thickness,
o= T - Teo _ (200-25)°C
1 N In (rCr I ) 1 N In (0.01m/0.005m)

. 175°C

q= =909 W/m
(0.1137+0.0788) mK/W
(c) The insulation thickness needed to reduce the heat rate to 577 W/m is obtained from
- 200-25)°C
q= Ti = Teo = ( ) = 577ﬂ
1 In(ri) 1 In(r/0.005m) m
+ +

2mrh - 21k 271(r)140 W/m2 K 2 ™1.4W/mK
From atrial-and-error solution, find
r=0.06 m.
The desired insulation thicknessis then
d =(r-r;) =(0.06 —0.005) m=55 mm.



PROBLEM 3.54

KNOWN: Geometry of an oil storage tank. Temperature of stored oil and environmental
conditions.

FIND: Heater power required to maintain a prescribed inner surface temperature.
SCHEMATIC:

|‘_L‘27ﬂ __),l 7;},‘=400K

N \
— Oil 7'9 Dj=1m
T»=300K D,=1.04m
h=10W/m?*-K
ny‘ex l

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction in radial
direction, (3) Constant properties, (4) Negligible radiation.
PROPERTIES: Table A-3, Pyrex (300K): k = 1.4 W/mIK.

ANALYSIS: Therate at which heat must be supplied is equal to the loss through the
cylindrical and hemispherical sections. Hence,

O=dcyl +2dhemi =dcyl *+Ospher
or, from Egs. 3.28 and 3.36,

In(Do/D)+ 1 1 01 10 1

+
2Lk mDoLh 2k D Dof np2n

(400-300)K

eh In1.04 . 1
2m(2m)1.4 W/m[K 1(1.04m)2m (10 W/m? EIK)
(400-300)K

1 1 1
1-0.962)mt +
2r(LawimK) ! ) 77(1.04m)%10 W/m? (K

100K N 100K

q:
2.23%10°3 K/W + 15.30x10°3 K/W  4.32x10™3 K/W + 29.43x10°3

+

g = 5705W + 2963W = 8668W.



PROBLEM 3.55

KNOWN: Diameter of aspherical container used to store liquid oxygen and properties of insulating
material. Environmental conditions.

FIND: (a) Reduction in evaporative oxygen loss associated with a prescribed insulation thickness, (b)
Effect of insulation thickness on evaporation rate.

SCHEMATIC:
Tour= 298 K
deonv ™\ e rq =250 mm, Tg 4= 90 K Tsur
l l l P \ 250£rp<2300 mm, Tg o
. fizrgs < ‘\ ;: Liquid oxygen, hyg = 214 kJ/kg -
h=10 Wim2-K "\ %™ Insulation, k = 0.00016 W/m-K, & = 0.20 oo
A
Arad

ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Negligible conduction resistance of
container wall and contact resistance between wall and insulation, (3) Container wall at boiling point of
liquid oxygen.

ANALYSIS: (a) Applying an energy balance to a control surface about the insulation, E;,, —Eqyt =0, it
followsthat qeony + drad = dcond =d - Hence,

Too _Ts,2 + Tsur ‘Ts,2 _ Ts,2 _Ts,l _

D
Rt,conv Rt,raol Rt,cond

-1 -1
2 2
where Ry cony = (477'r2 h) , Rt rad = (4m2 hr) . Rt cond = (1/471k)[(1/r1) - (/)] , and, from Eq.
1.9, the radiation coefficientis h, =g (TS,Z +Twr)(T§2 +T32ur) . Witht =10 mm (r, = 260 mm), € =

0.2and T, = Tey = 298 K, an iterative solution of the energy balance equation yields Ts, = 297.7 K,
where R cony = 0.118 K/W, Ry g = 0.982 K/W and Ry cong = 76.5 K/W. With the insulation, it follows that
theheat gainis

Ow=272W
Without the insulation, the heat gain is
_ Too ‘Ts,l + Tsur _Ts,l
Rt,conv Rt,rad

Owo

where, withry =1, Tg1 = 90 K, Ry conv = 0.127 K/W and Ry = 3.14 K/W. Hence,
Owo = 1702 W

With the oxygen mass evaporation rate given by m = g/hyg, the percent reduction in evaporated oxygen is

% Reduction = %—rm,v x100% = w0 “W 10004
Mwo Gwo
Hence,
(1702-2.7)W

02W

% Reduction = x100% =99.8% <

Continued...



PROBLEM 3.55 (Cont.)

(b) Using Equation (1) to compute T, and g as afunction of r,, the corresponding evaporation rate, m =
g/hyg, may be determined. Variations of g and m with r, are plotted as follows.

10000 0.01
1000
— 0.001
%
°
— <
£ 100 s
= \ £ 0.0001 \
,% \ % 8 \\
> \ £ N
= 10 S
(5} S
T Il
. % 1E-5
m
D R———
0.1 1E-6
0.25 0.26 0.27 0.28 0.29 0.3 0.25 0.26 0.27 0.28 0.29 0.3
Outer radius of insulation, r2(m) Outer radius of insulation, r2(m)

Because of its extremely low thermal conductivity, significant benefits are associated with using even a
thin layer of insulation. Nearly three-order magnitude reductionsin q and m are achieved with r, = 0.26
m. With increasing r,, q and m decrease from values of 1702 W and 8x10° kg/s at r, = 0.25 m to 0.627
W and 2.9x10° kg/s at r, = 0.30 m.

COMMENTS: Laminated metallic-foil/glass-mat insulations are extremely effective and corresponding
conduction resistances are typically much larger than those normally associated with surface convection
and radiation.



PROBLEM 3.56

KNOWN: Sphere of radiusrj, covered with insulation whose outer surface is exposed to a
convection process.

FIND: Critical insulation radius, r¢y.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial (spherical)
conduction, (3) Constant properties, (4) Negligible radiation at surface.

ANALYSIS: The heat rate follows from the thermal circuit shown in the schematic,
o= (Ti —Too )/ Rtot

where Riot =Rt conv +Rt,cond ad

1 1
Rtconv == (3.9)
hAs 4 hr?
1 b 10
R = - 3.36
t,cond ATT K g r% (3.36)
If g isamaximum or minimum, we need to find the condition for which
dRtot _
dr
It follows that

gﬂl Ell_gg+ 1 %'E’“ 1 1 1 i%

er4nkH{ 0 4mhr?g O 4k 2 2mh 30
giving

k

oy =2—

cr h
The second derivative, evaluated at r = rgy, is

dORytO_ 1 1 3 10

—_ = - -+ —

g dr H 2k (3 2mh r45}:

=0

fer
1 O 1 3 10 1 10 3
+ = -1+5 >0
(2k/h)3 EI— 2tk 2mh ZK/I‘E (2k/h)3 2 ITK% E

Hence, it follows no optimum Riot exists. We refer to this condition as the critical insulation
radius. See Example 3.4 which considers this situation for acylindrical system.



PROBLEM 3.57

KNOWN: Thickness of hollow aluminum sphere and insulation layer. Heat rate and inner
surface temperature. Ambient air temperature and convection coefficient.

FIND: Thermal conductivity of insulation.

SCHEMATIC:
Insuéalﬁon
: Aluminum =t iam
1/r‘2-1Zr5 r,=0.18m
4wk /‘ -
l < 'z 5oty Ti=250°C " 75=030m
AN AAAANA—GNAAANAA—@ = 4
1/’,1 _1/,.,2 1 9:80 1 £ 1 h=30W/7”2K
41 ky, h41rry2 T,=20C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Negligible contact resistance, (5) Negligible radiation exchange at
outer surface.

PROPERTIES: Table A-1, Aluminum (523K): k =230 W/mIK.
ANALYSIS: From the thermal circuit,
T-Teo _ T -Te

Rt Un-1rp 1np-lm 1
amkar ATk hamed

q:

- (250-20)"C _80W
4/015-1/018 1/018-1/030 1 gK
H 4m(230) amk 30(4m)(0.3)2 W
or
_4 0177 230

3.84x10 "+

+0.029 === =2.875.
K, 80

Solving for the unknown thermal conductivity, find
k| = 0.062 W/mIK. <

COMMENTS: The dominant contribution to the total thermal resistance is made by the
insulation. Hence uncertainties in knowledge of h or ka1 have anegligible effect on the
accuracy of the k; measurement.



PROBLEM 3.58

KNOWN: Dimensions of spherical, stainless steel liquid oxygen (LOX) storage container. Boiling
point and latent heat of fusion of LOX. Environmental temperature.

FIND: Thermal isolation system which maintains boil-off below 1 kg/day.

SCHEMATIC:
rq =0.035m
rp =0.040 m Lox, pr =90 K, hfg =213 kd/kg
I3
Steel container
Amb_ient
air Insulation

T..=240 K

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible thermal resistances
associated with internal and external convection, conduction in the container wall, and contact between
wall and insulation, (3) Negligible radiation at exterior surface, (4) Constant insulation thermal
conductivity.

PROPERTIES: Table A.1, 304 Stainless steel (T =100 K): ks=9.2 W/mIK; Table A.3, Reflective,
aluminum foil-glass paper insulation (T = 150 K): k; = 0.000017 W/mIK.

ANALYSIS: The heat gain associated with aloss of 1 kg/day is

1kg/day

. 5
=gy =—— 29 (5 13x10° J/k ):2.47w
9 86,4005/day( /ko

q

With an overall temperature difference of (Too - pr) = 150 K, the corresponding total thermal

resistanceis
AT 150K
Riot =— = =60.7K/W
q 247TW

Since the conduction resistance of the steel wall is

1 01 10 1 0 1 1 0
4nkSEE rz% 4n(9.2W/m[lK)Ep.35m 0.40mH

— -3

itisclear that exclusive reliance must be placed on the insulation and that a special insulation of very low
thermal conductivity should be selected. The best choiceis ahighly reflective foil/glass matted
insulation which was devel oped for cryogenic applications. It follows that

R | =60.7K/W =—— L -1a- : -
t,cond,i ' 4n1<iE}; 30 4n(0.000017W/m[|K)E0.40m r}%

which yields rz = 0.4021 m. The minimum insulation thicknessistherefore d = (r3- r;) = 2.1 mm.

COMMENTS: The heat loss could be reduced well below the maximum allowable by adding more
insulation. Also, in view of weight restrictions associated with launching space vehicles, consideration
should be given to fabricating the LOX container from alighter material.



PROBLEM 3.59

KNOWN: Diameter and surface temperature of a spherical cryoprobe. Temperature of surrounding
tissue and effective convection coefficient at interface between frozen and normal tissue.

FIND: Thickness of frozen tissue layer.

SCHEMATIC:

r{=0.0015m

B Probe

ry - Ts1=-30°C

Normal-tissue Ts,2 =0°C
Too =37 OC \ A
h =50 W/m2-K Frozen tissue, k = 1.5 W/m-K

A Aconv

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible contact resistance
between probe and frozen tissue, (3) Constant properties.

ANALYSIS: Performing an energy balance for a control surface about the phase front, it follows that

Hence,

Aconv ~Ycond =0

2 _ TS,Z_TS,l
P2t %) ) ]
21(1r) - (Vs :E( 527 Tsl)
5 [(Wn)- ()] (T —Tos)
Ciro OO D _k Tsz Tsl) 1.5W/m[K B0
5 BB o Th g (To ~Ts2) (50W/ m2|]<)(0.0015m) 870
Ll

0
F2 A 0 =162
OnODa0 O

(rp/n) =456

It follows that r, = 6.84 mm and the thickness of the frozen tissueis

0 =rp—f =534mm <



PROBLEM 3.60

KNOWN: Inner diameter, wall thickness and thermal conductivity of spherical vessel containing
heat generating medium. Inner surface temperature without insulation. Thickness and thermal
conductivity of insulation. Ambient air temperature and convection coefficient.

FIND: (a) Thermal energy generated within vessel, (b) Inner surface temperature of vessel with
insulation.

SCHEMATIC:
T q =
Insulation s r Q%OST
ki = 0.04 W/m-K ' ro=0.51m _1—[1 1_]
— r3 = 0.53m Ts1 4rkil 2 T3 Tco
St steel wall e ,
—> SAMWAAMASAAN
kw=17 W/m-K 1 [1-1_ WV
. ? T(D = 25°C 4rky LT rg] h47tr§
Pharmaceuticals, Egen h = 6 W/m2-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional, radial conduction, (3) Constant properties,
(4) Negligible contact resistance, (5) Negligible radiation.

ANALYSIS: (@) From an energy balance performed at an instant for a control surface about the
pharmaceuticals, Eg =g, inwhich case, without the insulation

. Te1-T. - 25)°
£y = 51~ Teo _ (50-25)°C

1 Dl_il:]_'_ 1 1 %) - %+ 1
4k, [H rZH am2h 4r(17W/miK) [0.50m 050 47(051m)2 6W/m? K

25°C

=489W <
(1.84x10‘4 +5.10 x10‘2) K /W

Eg:q:

(b) With the insulation,

[ D
U U [ H
Ts,1=Too+qD 1 1 1 1 U1 1 1

Oo-——0+ O—-——O+
E’f‘ﬂkw 1 2O 47K 2 13 4m3hH

[

0
Ts1=25°C +489W .84 x10™% 1 01 19, 1 K

47(0.04)H051 053 41(053)2 6 1W

Ts1 =25°C+489W %.84 x10~4 +0.147 +0.0475% =120 C <

COMMENTS: Thethermal resistance associated with the vessel wall is negligible, and without the
insulation the dominant resistance is due to convection. The thermal resistance of theinsulation is
approximately three times that due to convection.



PROBLEM 3.61

KNOWN: Spherical tank of 1-m diameter containing an exothermic reaction and is at 200°C when
the ambient air is at 25°C. Convection coefficient on outer surface is 20 W/mZEE(.

FIND: Determine the thickness of urethane foam required to reduce the exterior temperature to 40°C.
Determine the percentage reduction in the heat rate achieved using the insulation.

SCHEMATIC:
Tank, Tt = 200°C, r;=0.5m

+ r Ty = 25°C
h = 20 W/m2-K q—> NN AN
Insulation, k = 0.026 W/m-K Red Rev
Ny

~ tins = ro - It

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction
through the insulation, (3) Convection coefficient 1sthe same for bare and insulated exterior surface,
and (3) yegl igible radiation exchange between the insul ation outer surface and the ambient
surroundings.

PROPERTIES: Table A-3, urethane, rigid foam (300 K): k = 0.026 W/mIK.

ANALYSIS: (2% The heat transfer situation for the heat rate from the tank can be represented by the
thermal circuit shown above. The heat rate from the tank is

_ Tt ~Too
Red +Rev

where the thermal resistances associated with conduction within the insulation (Eg. 3.35) and
convection for the exterior surface, respectively, are

(U/n-1/r) - (1/05-1/15) :(1/0.5—1/ro)K/W
4k 471%0.026 W/ mK 0.3267
Ry = L= bt 1
hAs  anhi?2  4mx20 W/m? K xrg

To determine the required insulation thickness so that T = 40°C, perform an energy balance on the o-
node.

=3.979 x10 315 %K /W

0
Red Rev
(200-40)K (25-40)K _
+ =0
(1/05-1/1)/0.3267 K/W  3979x1073r2 K /W
fo =0.5135 m t =1y —1f; =(0.5135 -0.5000) m =13.5 mm <

From the rate equation, for the bare and insulated surfaces, respectively,
_ Ti-T, _ (200-25)K
° " 1/4nh?  0.01592 K /W

Ging = — L= = (200-25) =0.994 KW
Red tRey  (0.161+0.01592)K /W
Hence, the percentage reduction in heat loss achieved with the insulation is,
Gins =0 100 = - 999471099 105 0106 <
do 10.99

=10.99 kW




PROBLEM 3.62

KNOWN: Dimensions and materials used for composite spherical shell. Heat generation
associated with stored material.

FIND: Inner surface temperature, T4, of lead (proposal is flawed if this temperature exceeds
the melting point).

SCHEMATIC:
Lead =025
. e " r'2=01.’30777
Stainless ro20.31m T T T/,=500W/mz./<
steel 5= T, =10°C
T, P T, StSt T, o

R‘?dioaCfivg wastes ' 1W T
(2-5x10"Wm?) ok (34) Fklan) T

ASSUMPTIONS: (1) One-dimensiona conduction, (2) Steady-state conditions, (3) Constant
properties at 300K, (4) Negligible contact resistance.

PROPERTIES: Table A-1, Lead: k =35.3 W/mK, MP=601K; St.St.: 15.1 W/mK.
ANALYSIS: From thethermal circuit, it follows that

_T1-Tw
Ry

q :q%nrfg

Evaluate the thermal resistances,

01 1 0
Ron = A/ (477x35.3 W/m [K - =0.00150 K/W
Po =/ E B25m  0.30mF

O 1 1 0

R =HA/(4rmrx15.1 W/m [K -
stst. = B (4mx mK)g B30m 03mE

=0.000567 K/W

Reony = %/ (4n><o.312m2 x500 W/m? [K)S =0.00166 K/W

Riot =0.00372 K/W.

The heat rate is g=5x10° W/m> (47/3)(0.25m)* =32,725 W. Theinner surface
temperatureis

T1 =T *+Riot 0=283K+0.00372K/W (32,725 W)

Ty =405K < MP = 601K. <
Hence, from the thermal standpoint, the proposal is adequate.

COMMENTS: In fabrication, attention should be given to maintaining a good thermal
contact. A protective outer coating should be applied to prevent long term corrosion of the
stainless steel.



PROBLEM 3.63

KNOWN: Dimensions and materials of composite (lead and stainless steel) spherical shell used to store
radioactive wastes with constant heat generation. Range of convection coefficients h available for
cooling.

FIND: (a) Variation of maximum lead temperature with h. Minimum allowable value of h to maintain
maximum |lead temperature at or below 500 K. (b) Effect of outer radius of stainless steel shell on
maximum |ead temperature for h = 300, 500 and 1000 W/m’K.

SCHEMATIC:
Lead ry=025m
Stainless N 2 =0.30m 1002 h< 1000 W/m2-K
steel r320.30 m Tw=100°C
T, Pb T, StSt. T4 T,
Radioactive wastes \u, w 1 —’q
g'=5x10° W/m 1 l_l) 1 (l__) 1
ankpp\r1 rp/ Amkgpg\2 '3 4nra2h

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant properties
at 300 K, (4) Negligible contact resistance.

PROPERTIES: Table A-1, Lead: k=353 W/mK, St. St.: 15.1 W/mIK.

ANALYSIS: (@) From the schematic, the maximum lead temperature T, correspondsto r = ry, and from
the thermal circuit, it may be expressed as

T =T * Rt
where q = (4/3) ¢ = 5x10° w/m? (477/3)(0.25m)> =32,725W . Thetotal thermal resistanceis

Rtot = Rcond,Pb * Reond,st.st *Reonv

where expressions for the component resistances are provided in the schematic. Using the Resistance
Network model and Thermal Resistance tool pad of IHT, the following result is obtained for the variation
of T1 with h.

700

600 \
AN

400

Maximum Pb Temperature, T(r1) (K)

300
100 200 300 400 500 600 700 800 900 1000

Convection coefficient, h(W/m”2.K)

Continued...



PROBLEM 3.63 (Cont.)

To maintain T, below 500 K, the convection coefficient must be maintained at
h> 181 W/m’K <

(b) The effect of varying the outer shell radius over the range 0.3 < r3 < 0.5 mis shown below.

600

R
// //
i

=

450

Maximum Pb temperature, T(r1) (K)

400

350

0. 0.35 0.4 0.45 0.5

Outer radius of steel shell, r3(m)

—&— h =300 W/m"2.K
— h =500 W/m"2.K
—=2&— h=1000 W/m"2.k

For h = 300, 500 and 1000 W/m?[K, the maximum allowable values of the outer radius are r; = 0.365,
0.391 and 0.408 m, respectively.

COMMENTS: For amaximum allowable value of T1 =500 K, the maximum allowable value of the
total thermal resistanceis Ryt = (T1 - Tw)/q, OF Ryt = (500 - 283)K/32,725 W = 0.00663 K/W. Hence, any
increase in Reong st.s due to increasing rs must be accompanied by an equivalent reduction in Regny.



PROBLEM 3.64

KNOWN: Representation of the eye with a contact lens as a composite spherical system subjected to
convection processes at the boundaries.

FIND: (a) Thermal circuits with and without contact lensin place, (b) Heat loss from anterior
chamber for both cases, and (c) Implications of the heat loss calculations.

SCHEMATIC:
k, Cornea r1=102mm  k;=0.35 W/mK
1,
Anterior chamber—2& r3=16.5mm ,
Too,0,ho Te=37°C  hj=12 W/m’K

Te,0=21°C  hy=6 W/m“IK

ASSUMPTIONS: (1) Steady-state conditions, (2) Eye is represented as 1/3 sphere, (3) Convection
coefficient, hy, unchanged with or without lens present, (4) Negligible contact resistance.

ANALYSIS: (a) Using Egs. 3.9 and 3.36 to express the resistance terms, the thermal circuits are:

Without lens; _’7;,,- Top.0 <
Do 3bidmr2 :,%(j‘;-é) o 4112

With lens: B O PNV~ <
D 342 "377(1(%;9 Za(R) ot

(b) The heat losses for both cases can be determined as q = (Teo,j - Too 0)/Rt, Where Ry isthe
thermal resistance from the above circuits.

3 N 3 01 101
2 4mrx035WimIK H02 12781973

Without lens: Ry o =
12W/m?2 |ZIK4IT(10.2><1O'3m)

+ 3 5 =191.2 K/W+13.2 K/W+246.7 K/W=451.1 K/W
6 W/m?2 [|K4n(12.7 x10‘3m)
With lens: Riw =191.2 K/W+13.2 K/W+ 3 ot 101 m
' 4Tx0.80 W/mK H2.7 16501073
+ 3 5 =191.2 K/W+13.2 K/W+5.41 K/W+146.2 K/\W=356.0 K/W
6W/m?2 E|K4n(16.5x10‘3m)
Hence the heat | oss rates from the anterior chamber are
Without lens: gy = (37 —21)° C/451.1 K/W=35.5mW <
Withlens:  q,, =(37-21)" C/356.0 K/W=44.9mW <

(c) The heat loss from the anterior chamber increases by approximately 20% when the contact
lensisin place, implying that the outer radius, r3, isless than the critical radius.



PROBLEM 3.65

KNOWN: Thermal conductivity and inner and outer radii of a hollow sphere subjected to a
uniform heat flux at its outer surface and maintained at a uniform temperature on the inner
surface.

FIND: (a) Expression for radial temperature distribution, (b) Heat flux required to maintain
prescribed surface temperatures.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No generation, (4) Constant properties.

ANALYSIS: (a) For the assumptions, the temperature distribution may be obtained by
integrati ng Fourier'slaw, Eqg. 3.33. That s,

rdr

Irlr—_ kITal dT  or j_ = (T -Tg1)

1ir
rin
Hence,
- r 10
T(r) TS’1+4rrkH: rﬁ

or, with g5 =q, /4m r22,

QZrz (1 1D <

T(r)=Ts1+ Gy

(b) Applying the above result at ro,
_k(Ts2-Ts1) _ 10 WimiK (50-20)°C
oM 1D 201 10 1

rzg r1D (Olm)%01 00

COMMENTS: (1) The desired temperature distribution could also be obtained by solving
the appropriate form of the heat equation,

d O2dTO

dr H dr B_

= -3000 W/m?Z. <

a2

and applying the boundary conditions T(r) =T 1 and kd—Té = .

(2) The negative sign on g% implies heat transfer in the negative r direction.



PROBLEM 3.66

KNOWN: Volumetric heat generation occurring within the cavity of a spherical shell of
prescribed dimensions. Convection conditions at outer surface.

FIND: Expression for steady-state temperature distribution in shell.
SCHEMATIC:

Heat generating
material, 4

Spherical shell, k

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Steady-state conditions, (3)
Constant properties, (4) Uniform generation within the shell cavity, (5) Negligible radiation.

ANALYSIS: For the prescribed conditions, the appropriate form of the heat equation is

i @2 dTD_
dr dr
Integrate twice to obtain,
r2 ar _ G and -G +Co. (1,2)
dr r

The boundary conditions may be obtained from energy balances at the inner and outer
surfaces. At theinner surface (r;),

£ =a(4/3m3) =agong; = (47e?)aTian);  dTien); = -an 13k €

At the outer surface (rg),

dT/dr), ==(hk) B (o) -TwB (4)
From Egs. (1) and (3), C; = —qr-3/ 3k. From Egs. (1), (2) and (4)
O
qr _ [ho Di +Crp —T.0
3Kkr2 - HE H3ro ? OOB

:q_iq_i

3hrg 3ok
Hence, the temperature distributionis
=3
3 I
T= % m—i5+q' +Too. <
3k %— fo[] 3hrg

COMMENTS: Notethat E =dcondj = Ycondo =Yconv-



PROBLEM 3.67
KNOWN: Spherical tank of 3-m diameter containing LP gas at -60°C with 250 mm thickness of
insulation having thermal conductivity of 0.06 W/mIK. Ambient air temperature and convection
coefficient on the outer surface are 20°C and 6 W/mZEB(, respectively.
FIND: (a) Determinethe radial position in the insulation at which the temperature is 0°C and (b) If

the insulation is pervious to moisture, what conclusions can be reached about ice formation? What
effect will ice formation have on the heat gain? How can this situation be avoided?

SCHEMATIC:
Tank, Ty =-60°C, r;=1.5m

I
+ s r T, = 20°C Ty To Too
lo h = 6 W/m2-K <« 0—/\/\/\—0—/\/\/\—0
i a R R
Insulation, k = 0.06 W/m-K ins cv
Ny

K- tjns = 250 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction
through the insulation, and (3) Negligible radiation exchange between the insulation outer surface and
the ambient surroundings.

ANALYSIS: (a) The heat transfer situation can be represented by the thermal circuit shown above.
The heat gainto thetank is
- 0-(-60)HK
- o=t _ 0~ (=60 =6124 W
Rins + Rey (0.1263+ 4.33x10‘3) K /W

where the thermal resistances for the insulation (see Table 3.3) and the convection process on the
outer surface are, respectively,

1/ -1r, _(1/150-1/1.75)m™1

Rins = =0.1263 K /W
4tk 471x0.06 W/ mK
Roy = = = ! 5 =4.33x1073K /W
hAs  hamg 6 W/m? K x4m(1.75 m)

To determine the location within the insulation where Tqg (rgo) = 0°C, use the conduction rate
equation, Eq. 3.35,

-1

A1k (Too = Tt ) M 47K(Teo —T¢)O
q= [An = -

1/ ~1/ o) o0 =4 q 5

and substituting numerical values, find
-1

0 4rrx0.06 W/mK (0-(-60))K0

foo = 1 T m ( ( )) 0 =1.687m <

E
é..S m 612.4 W &

(b) With rog = 1.687 m, we' d expect the region of the insulation rj < r < rog to be filled with ice
formationsif the insulation is pervious to water vapor. The effect of theice formation isto

substantially increase the heat gain since kjce is nearly twice that of kijns, and theice regionis of
thickness (1.687 — 1.50)m = 187 mm. To avoid ice formation, a vapor barrier should be installed at a

radius larger than rqp.



PROBLEM 3.68

KNOWN: Radius and heat dissipation of a hemispherical source embedded in a substrate of
prescribed thermal conductivity. Source and substrate boundary conditions.

FIND: Substrate temperature distribution and surface temperature of heat source.
SCHEMATIC:

Gl T I TR R R

tﬁ 7; Silicon substrate,
To=27°C _ k=125Wfm-K

ry=0.1mm

ASSUMPTIONS: (1) Top surfaceisadiabatic. Hence, hemispherical source in semi-infinite
medium is equivalent to spherical sourcein infinite medium (with g = 8 W) and heat transfer
isone-dimensiona in theradial direction, (2) Steady-state conditions, (3) Constant properties,
(4) No generation.
ANALYSIS: Heat equation reduces to
1 dQ2dTO 2
——°—0= r<dT/dr=C
r2 dr H dr B 1
T(r)=-Cy/r+Co.

Boundary conditions:
T(o)=Tw  T(rp)=Ts
Hence, Co =T, and
Ts=-C /1o +Te and Cp =1y (Te —Ts)-
The temperature distribution has the form
T(r)=Too +(Ts ~Too ) To / 1 <
and the heat rateis

g=-kAdT/dr = —k2mr r2 -

-(Ts ~Too ) o/ P =k2 1110 (T ~Too)

g
It follows that
Tg-Te =—3 = 4w =50.9°C
k21 125 WimK 2n(10'4 m)
Tg=77.9°C. <

COMMENTS: For the semi-infinite (or infinite) medium approximation to be valid, the
substrate dimensions must be much larger than those of the transistor.



PROBLEM 3.69

KNOWN: Critical and normal tissue temperatures. Radius of spherical heat source and radius of tissue
to be maintained above the critical temperature. Tissue thermal conductivity.

FIND: Genera expression for radial temperature distribution in tissue. Heat rate required to maintain
prescribed thermal conditions.

SCHEMATIC:

Tissue
k=0.5W/m-K
Tb =37 OC

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant k.
ANALYSIS: The appropriate form of the heat equation is

1d0drg_

—— 0
r2 dr H dr H
Integrating twice,

e

dr r2

SinceT - Tpasr - 0, C,= Ty, Atr=ro q= —k(4n‘rg)dT/dr|r = —4rki2 Gy /r@ = -4mkCy.
[0}

Hence, C; = -g/41k and the temperature distribution is

T(r) ) 47jkr *To <

It follows that
q=4nkr (T (r)-TpH
Applying thisresult at r =r,
q=4m(0.5W/m(K)(0.005m)(42-37)"C =0.157W <

COMMENTS: Atr,=0.0005m, T(ro) = Hi/(471kry )5+ Tpy = 92°C. Proximity of this temperature to
the boiling point of water suggests the need to operate at alower power dissipation level.



PROBLEM 3.70
KNOWN: Cylindrical and spherical shellswith uniform heat generation and surface temperatures.
FIND: Radia distributions of temperature, heat flux and heat rate.

SCHEMATIC:
Cylindrical shell Spherical shell

T. r
s,2 2
ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Uniform heat generation, (3)
Constant k.

ANALYSIS: (@) For the cylindrical shell, the appropriate form of the heat equation is

rderrH k

The general solutionis
q 2
T(r)=—-——r“+CyInr +C
(r) 2 TG 2
Applying the boundary conditions, it follows that

T(I’l) = TS,l = —% I’12 +C1In i +C2

T(r2)=Ts2 = ‘4—1f22 +Cylnry +Cp
which may be solved for

G = gq/4k)(f22 —f12) +(Ts,2 _Ts,l)g/ln(rZ/rl)

C2 :TS,Z +(C]/4k)l’22 —Olln ro
Hence,

| ‘ In(r/r
()= Tz +(@a(F %) {8 ) (12 Tl )

With " = -k dT/dr, the heat flux distribution is
(r)=4

()=0r- k g<’1/4|<)(f22 ‘f12)+(Ts,2 _Ts,l)g
2 rin(ro/n)

<

Continued...



PROBLEM 3.70 (Cont.)

Similarly, withq= q" A(r) = q' (21rL), the heat rate distribution is

. 2_2
2Lk gq/4k)(r2 ¥ )+(TS'2 —Ts,1)5
In(rp/ry)
(b) For the spherical shell, the heat equation and general solution are

1dQedig q_,
r2 drH drd k

a(r) = nLQr2 -

T(r) = —(/6k)r% —Cyfr +Cy
Applying the boundary conditions, it follows that

T () =Tsy = —(a/6k) ¥ ~Cyfr +C

T(r2)=Ts2 = —(4/6k) 5 —Cyiry +Cy

Hence,
Ci = EQ/ Gk)(fz2 ‘flz) +(Ts.2 ‘Ts,l)g/[(]/ n) -(Urp)]

Cr=Ts2 +(a/6k)r5 +Cylr

and

T(r)=Ts2 +(Q/6k)(f22 —fz) —gcﬁ/ﬁk)(rz2 —rlz) +(Ts 2 —E,l)%m

(¥n)-(¥r2)

With ' (r) = - k dT/dr, the heat flux distribution is

g gq/6)(r22—r12)+k(T512 —TS11)5 L
q (r)=§r— 2

(Vn)-(¥r2)

4m2) . the heat rate distribution is

——

and, withgq=q

g s T gq/es)(rz2 _ r12) k(T2 -Ter )

3 Wn)-(Wr)

a(r)



PROBLEM 3.71
KNOWN: Temperature distribution in a composite wall.

FIND: (a) Relative magnitudes of interfacial heat fluxes, (b) Relative magnitudes of thermal
conductivities, and (c) Heat flux as afunction of distance x.

SCHEMATIC:

> X

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties.

ANALYSIS: (a) For the prescribed conditions (one-dimensional, steady-state, constant k),
the parabolic temperature distribution in C implies the existence of heat generation. Hence,
since dT/dx increases with decreasing X, the heat flux in C increases with decreasing X.
Hence,

q3>ds
However, the linear temperature distributionsin A and B indicate no generation, in which case
a2 =d3
(b) Since conservation of energy requiresthat g3 g =ds c and dT/dx)g <dT/dx)c, it follows
from Fourier’s law that

kg >kc.

Similarly, since g3 o =dp g and dT/dx)p >dT/dx)g, it follows that
ka <kp.

(c) It follows that the flux distribution appears as shown below.

"

x 4 X X X
2 3 4
0] ] : > X
j
l /
9" | I
2

COMMENTS: Notethat, with dT/dx)4 c = O, the interface at 4 is adiabatic.



PROBLEM 3.72

KNOWN: Planewall with internal heat generation which isinsulated at the inner surface and
subjected to a convection process at the outer surface.

FIND: Maximum temperaturein the wall.

SCHEMATIC:
k=25W[m-K
T 9-0.3x10*W/m3
Ts 0
Insulation——¢ TTT To=92°C
, h =500 W[m*-K
Ly L=0.1m

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with uniform
volumetric heat generation, (3) Inner surface is adiabatic.

ANALYSIS: From Eq. 3.42, the temperature at the inner surfaceis given by Eq. 3.43 and is
the maximum temperature within the wall,

To = GL2/ 2k+Ts,

The outer surface temperature follows from Eq. 3.46,

Ts=Te +4L/N
Tg= 92°C+0.3x10° ﬂS x0.1m/500W/m? [K=92°C+60°C=152°C.
m
It follows that

Ty = 0.3x10%W/m® x(0.1m)?/ 2 x25W/m [K+152°C
Ty =60°C+152°C=212°C. <

COMMENTS: The heat flux leaving the wall can be determined from knowledge of h, Tg
and T, using Newton's law of cooling.

Jeony =h(Ts = Teo ) =500W/m? [K (152 —92)° C=30kW/m?.

This same result can be determined from an energy balance on the entire wall, which has the
form

Eg - Eout =0
where

EQ =0AL and Eout =conv .
Hence,

ooy = GL=0.3x10%W/m?3 x0.1m=30kW/m?.



PROBLEM 3.73
KNOWN: Composite wall with outer surfaces exposed to convection process.

FIND: (a) Volumetric heat generation and thermal conductivity for material B required for special
conditions, (b) Plot of temperature distribution, (c) T, and T,, aswell as temperature distributions
corresponding to loss of coolant condition where h = 0 on surface A.

SCHEMATIC: . .
T1=2610C 2=2117°C Lr=30mm
Lg =30 mm
Toh 111 Tt =250 Lc=20mm
h=1000 W/m2:K  ka = 25 W/mIK
ke =50 W/mK

—Lp —}«—2Lg —|—L |
I B~ c—
ASSUMPTIONS: (1) Steady-state, one-dimensional heat transfer, (2) Negligible contact resistance at

interfaces, (3) Uniform generation in B; zeroin A and C.
ANALYSIS: (a) From an energy balance on wall B,

Ein ~Eout *Eg =Eg«

—qi —q'2 +20Lg =0

dg = (o1 +d2)/2Lg .
To determine the heat fluxes, q; and g3, construct thermal circuits for A and C:

T..=25°C T4 =261°C To=211°C T,=25°C
— — o~/ VW WWANO
omo % 72 Re=Lo/ks R'cony=1h

a1 = (T2~ Teo )/(V +L A /KA ) a2 = (T2 - T )/(Le/kc +1/h)

= (261- 25) C/D 1 , 0osom L 0, = (211-25) C/ 0.020m 1O
Elooow/mztk 25W/mﬂ<ﬁ %OW/mEK 1000w/ m? [KE

4] = 236°C/(0.001+0.0012) m? (K /W 4} =186° C/(0.0004 +0.001) m? (K /W

o =107, 273W/ m? o = 132,857 W,/ m?

Using the valuesfor gj and g5 in Eq. (1), find
dg = (106, 818+132,143W/ m2) / 2x0.030m =400 x10° W/m? <
To determine kg, use the general form of the temperature and heat flux distributionsin wall B,

4 2 . 0 q O
T(x)=-——x" +C;x +C oy (X) =k X +Cy 1,2
2 X B kg E

2kg

there are 3 unknowns, C;, C, and kg, which can be evaluated using three conditions,
Continued...



PROBLEM 3.73 (Cont.)

T(-Lg)=T = _;TBHB)Z —CiLg +Cy where T, = 261°C 3
B
T(+Lg)=Tz2 = _:TB(JfLB)Z +Cilg +C) where T, = 211°C (4
B
ay (-Lg) = = kg - (1g) +c:1D where ¢y = 107,273 W/m? (5)
H kg d

Using IHT to solve Egs. (3), (4) and (5) simultaneously with gg = 4.00 x 10° W/m®, find
kg =15.3W/m K <

(b) Following the method of analysisin the IHT Example 3.6, User-Defined Functions, the temperature
distribution is shown in the plot below. The important features are (1) Distribution is quadratic in B, but
non-symmetrical; linear in A and C; (2) Because thermal conductivities of the materials are different,
discontinuities exist at each interface; (3) By comparison of gradientsat X = -Lg and +Lg, find g5 > q; .

(c) Using the same method of analysis asfor Part (c), the temperature distribution is shown in the plot
below when h = 0 on the surface of A. Since the left boundary is adiabatic, material A will be isothermal
aT,. Find

T, =835°C T, = 360°C <

Loss of coolant on surface A
400

800

300

600

Temperature, T (C)
[
o
o
/
v
Temperature, T (C)

400

100

200
-60 -40 -20 0 20 40 -60 -40 -20 0

20 40

Wall position, x-coordinate (mm) Wall position, x-coordinate (mm)
—>%— T_xA, kA =25 W/m.K

—+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
—6— T_x, kC = 50 W/m.K

T_xA, kA = 25 W/m.K; adiabatic surface
T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
T_x, kC = 50 W/m.K

1t



PROBLEM 3.74

KNOWN: Composite wall exposed to convection process; inside wall experiences a uniform heat
generation.

FIND: (a) Neglecting interfacial thermal resistances, determine T, and T,, aswell as the heat fluxes
through walls A and C, and (b) Determine the same parameters, but consider the interfacial contact
resistances. Plot temperature distributions.

SCHEMATIC:

k, =25W/mK L, =30mm

i ks =15W/mK Ly =30mm

T=250C ke =50W/m K Lc =20mm
h'=1000 W/m2+ K

0 = 4x10°W/m°

ASSUMPTIONS: (1) One-dimensional, steady-state heat flow, (2) Negligible contact resistance
between walls, part (a), (3) Uniform heat generationin B, zeroin A and C, (4) Uniform properties, (5)
Negligible radiation at outer surfaces.

ANALYSIS: (a) The temperature distribution in wall B follows from Eq. 3.41,

20 x20 1,- - Y7 T.
T(X)_QBLB EI_X_E+T2 o x ni-To (1) / 2
2kp 1 2 Lg 2
i
-Lp X +lp
The heat fluxes to the neighboring walls are found using Fourier’s law,
:—kd—T
dx
. U g LT2-
Atx=-Lg: -Lg) -k —(L =
B: Ox(-Lg) BH+k( on Hd’()
Atx=+Lg: dy(Lg)-k T2 —q' )
=7Lp- B BH_ B

The heat fluxes, ¢ and g5, can be evaluated by thermal circuits.

Too T Ty Too
EAMMAAN AN —>  —

1h Lka % % Lo/ke 1h
Substituting numerical values, find
0 =(To - Tp) C/ (Un+La /ka) =(25-T1) c/(J/looow/m [K +0.03m/25W/m [K)

a1 =(25-Ty) c/ (0.001+0.0012)K/W =454.6(25 -Ty) 4)
a =(To ~To )’ C/(J/h +Lc/ke) =(T -25) c:/(J/looow/m2 K +0.02m/50W/m uz()
qp = (T, -25) c/(o.001+0.0004) K/W =714.3(T, -25). 5)

Continued...



PROBLEM 3.74 (Cont.)

Substituting the expressions for the heat fluxes, Egs. (4) and (5), into Egs. (2) and (3), a system of two
equations with two unknowns is obtained.
Eq (2:  -4x10°W/m3x0.03m +15W/m K T2=T =q]

2x0.03m

~1.2x10°W/m? -25x102 (T, ~T;)W/m? =454.6(25 -T;)

704.6T; - 250T, =131,365 (6)
Eq(3):  +4x108W/m®x008m -15W/m K —2_ 1L ¢
2x0.03m
+1.2x10° W/ m? -2.5x10% (T, -T;)W/m? =714.3(T, -25)
250T; -964T, = -137,857 )
Solving Egs. (6) and (7) simultaneously, find
T,=260.9°C T,=210.0°C <
From Egs. (4) and (5), the heat fluxes at the interfaces and through walls A and C are, respectively,
o = 454.6(25 - 260.9) = -107,240W, m? <
0 =714.3(210-25) = 132, 146W/m? . <

Note directions of the heat fluxes.

(b) Considering interfacial contact resistances, we will use a different approach. The general solution for
the temperature and heat flux distributions in each of the materialsis

Ta (x)=Cx +Cy dx = kaC —(La+Lp)sxs<-Lp 12

Tg (x)= -—B-x? +Cox +C4 gy =-2Bx+C3 -Lgs<x<lg (3.4)
2kg kg

Tc (x) =Csx +Cq dx =—kcCs +Lg <x<(Lg +Lc¢) (5,6)

To determine C; ... Cs and the distributions, we need to identify boundary conditions using surface
energy balances.

At x = '(LA + LB):

—dy (-La ~Lg) +dey =0 (7)
—(-kaC1) +h[Te, ~Ta (LA -Lg)] (8

X = -(LA+LB)

At x = -Lg. The heat flux must be continuous, but the temperature will be discontinuous across the
contact resistance.

dx,a (-Lg)=dx e (-Lg) ©)
da(-Lg)= [Ta (-Lg) -Tis ("—B)]/R'tc,AB (10)

X=-LB X=-LB
Continued...

PROBLEM 3.74 (Cont.)



At x =+ Lg: The same conditions apply asfor x = -Lg,

dx.g (+Lg) =dyx.c(+Lp) (11)
dy g (+Lg) =[Tog (+Lg) ~Toc (+LB)]/R'tc,BC (12)

At x = +(LB + Lc):

~ax,c(Lg +Lc) -y =0 (13)
-(-kcCs) ~h[Tc (Lg +Lc) -Te] =0 (14)

X= (LB + Lc)
Following the method of analysisin IHT Example 3.6, User-Defined Functions, we solve the system of
equations above for the constants C; ... Cg for conditions with negligible and prescribed values for the

interfacial constant resistances. The results are tabulated and plotted below; ¢ and g5 represent heat

fluxes leaving surfaces A and C, respectively.

Conditions Ty (°C) Tis (°C) Tas (°C) T (°C) g (KWim?) g (KW/m?)
Ric =0 260 260 210 210 106.8 132.0
Ric 20 233 470 371 227 94.6 144.2

LT T~
500 500

o S v

s s N

g T T g

:é:)_ 300 / ‘é.{ 300

2 /" L [ P P~

P ™~
100 100 /
-60 -40 -20 0 20 40 -60 -40 -20 0 20 40
Wall position, x-coordinate (mm) Wall position, x-coordinate (mm)
—%— T_xA, kA =25 W/m.K —>— T_xA, kA =25 W/m.K
—+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3 —+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
—&— T_x, kC =50 W/m.K —6— T_x, kC =50 W/m.K

COMMENTS: (1) Theresultsfor part (a) can be checked using an energy balance on wall B,

Ein —Eout = E

g o= — - TN\

g -d2 = U x2Lp : :
Where n : : n
. 2 a1 1 97

01 —do = -107,240 -132,146 :239,386W/m I I

| |

~ggLp = ~4x10° W/ m? x2(0.03m) = 240, 000w/ m?.
Hence, we have confirmed proper solution of Egs. (6) and (7).

(2) Note that the effect of the interfacial contact resistance isto increase the temperature at all locations.
Thetotal heat flux leaving the composite wall (g, + ¢) will of course be the same for both cases.



PROBLEM 3.75

KNOWN: Composite wall of materials A and B. Wall of material A has uniform generation, while
wall B has no generation. Theinner wall of material A isinsulated, while the outer surface of
material B experiences convection cooling. Thermal contact resistance between the materialsis

Ric= 10 #m? K /W . See Ex. 3.6 that considers the case without contact resistance.

FIND: Compute and plot the temperature distribution in the composite wall.

SCHEMATIC:
R} = 104 m2-K/W
To T2 ka kg
Insulation —e/ ﬁ T = 30°C
Z h = 1000 W/m2-K T1ia TiB
da = 1.5x108 W/m3 dg=0 T1ia Tig T2 Too
ka = 75 W/m-K 7 kg = 150 W/m-K — > e AAMA AN SAANAS
La =50 mm TH_ Lg =20 mm ax(La) = AI—A R'{,C R‘é:ond,B Ronv

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant
properties, and (3) Inner surface of material A is adiabatic.

ANALYSIS: Fromthe analysis of Ex. 3.6, we know the temperature distribution in material A is
parabolic with zero slope at the inner boundary, and that the distribution in material B islinear. At
the interface between the two materials, x = L 5, the temperature distribution will show a
discontinuity.

qL x
+T O0=<x <L
(x)= ZkAﬁ ﬁ 1A A

X—LA

Tg (X)=Tig ~(Tig - T2) Lp <x<La +Lp

Considering the thermal circuit above (see also Ex. 3.6) including the thermal contact resistance,
TIA ~Too TB ~Teo _To - Te

Riot R'cond,B +Reonv Reonv
find Ta(0) = 147.5°C, T1a = 122.5°C, T1g = 115°C, and T, = 105°C. Using the foregoing equations

in IHT, the temperature distributions for each of the materials can be calculated and are plotted on the
graph bel Oow. Effect of thermal contact resistance on temperature distribution

q =qLa =

150

—

140

130

T(C)

120

110

100
0 10 20 30 40 50 60 70

COMMENTS: (1) The effect of the thermal contact resistance between the materialsis to increase
the maximum temperature of the system.

(2) Can you explain why the temperature distribution in the material B is not affected by the presence
of the thermal contact resistance at the materials' interface?



PROBLEM 3.76

KNOWN: Planewall of thickness 2L, thermal conductivity k with uniform energy generation .

For case 1, boundary at x = -L is perfectly insulated, while boundary at x = +L ismaintained at T =
50°C. For case 2, the boundary conditions are the same, but a thin dielectric strip with thermal

resistance R} =0.0005 m? K /W isinserted at the mid-plane.

FIND: (a) Sketch the temperature distribution for case 1 on T-x coordinates and describe key
features; identify and cal culate the maximum temperature in the wall, (b) Sketch the temperature
distribution for case 2 on the same T-x coordinates and describe the key features; (c) What isthe
temperature difference between the two walls at x = 0 for case 2? And (d) What is the location of the
maximum temperature of the composite wall in case 2; calculate this temperature.

SCHEMATIC:
: R} = 0.0005 m2-K/W

To d = 5x108 W/m3
k =50 W/m-K
L=20 mm £

-L lbx +L Case1 -L lsx +L Case2

T, = 50°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the plane and
composite walls, and (3) Constant properties.

ANALYSIS: (@) For case 1, the temperature distribution, T1(X) vs. X, is parabolic as shown in the
schematic below and the gradient is zero at the insulated boundary, x = -L. From Eq. 3.43,

: 2 6 3 2
q(2L 5x10°W/m>(2x0.020 m
n(-0)-m() =48 - o )
2k 2x50 W/ mK
and since T1(+L) = T = 50°C, the maximum temperature occurs at x = -L,
Ty(-L) =Ty (+L) +80°C =130C
(b) For case 2, the temperature distribution, T2(x) vs. X, is piece-wise parabolic, with zero gradient at

X = -L and adrop across the dielectric strip, ATag. The temperature gradients at either side of the
dielectric strip are equal.

=80C

Parts (a,b
Températ&re distributions A ;; BATAB
_»II
%) !
k 1 k
x=0
> x Part (d) Surface energy balance

(c) For case 2, the temperature drop across the thin dielectric strip follows from the surface energy
balance shown above.

dx (0) =ATag /Ry dx (0) =L
ATag =R} gL =0.0005 m? (K / W x5 x108W /m2 x0.020 m =50 .

(d) For case 2, the maximum temperature in the composite wall occurs at x = -L, with the value,
Tp(-L)=Ty(-L) +ATag =130°C +50 T =180 T <



PROBLEM 3.77
KNOWN: Geometry and boundary conditions of a nuclear fuel element.

FIND: (a) Expression for the temperature distribution in the fuel, (b) Form of temperature
distribution for the entire system.

SCHEMATIC:

Sfeel—ae | ‘

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)
Uniform generation, (4) Constant properties, (5) Negligible contact resistance between fuel
and cladding.

ANALYSIS: (a) The general solution to the heat equation, Eq. 3.39,
d°T . g

-+ = (-L <x <+L)
dx2 kg
is T= —ix2 +Cix+Co.
2Ky

Theinsulated wall at x = - (L+b) dictates that the heat flux at x = - L is zero (for an energy
balance applied to a control volume about thewall, Ej,, = Eqyt =0). Hence

q _
S =—_——" (- = C =—
., K (-L)+C, =0 or

T=-1 2 . x+Co.
2K Kt

The value of Ts 1 may be determined from the energy conservation requirement that

Eg = dcond =dcony- OF ON aunit areabasis.

ks

g(aL)= F(Ts,l _Ts,z) =h (Ts,2 ~To )

Hence,

(2 Lb)
S

(2 Lb) +q(2L) o

0

sl-

LT ke h

Continued .....



PROBLEM 3.77 (Cont.)
Hence from Eq. (1),

| 2
T(L):Tslzq(2 Lb) +q(2L) +To, =3 +Co
’ ks h 2 k¢
which yields
(Pb 2 3 LO
Co =Ty, +qL —+= —
2 o +t(Q H§+h+2 kf%

Hence, the temperature distribution for (-L <x <+L) is
2

T:—ixz—qu C E2b+

2Ks Ky % '

|
ki O

(b) For the temperature distribution shown below,

(-L-b)sx <-L: dT/dx=0, T=Tynax
-L<x<+L: |dT/dx | + with 1 X
+L < x < L+Db: (dT/dx) isconst.




PROBLEM 3.78

KNOWN: Thermal conductivity, heat generation and thickness of fuel element. Thickness and

thermal conductivity of cladding. Surface convection conditions.

FIND: (a) Temperature distribution in fuel element with one surface insulated and the other cooled
by convection. Largest and smallest temperatures and corresponding locations. (b) Same as part (a)
but with equivalent convection conditions at both surfaces, (c) Plot of temperature distributions.

SCHEMATIC:
L=0.15m
Insulated ~
surface \g .
(part a) Z
7
Z
7

|<— b= 0003m

ks = 15 W/m-K

Too = 200°C
h = 10,000 W/m2-K

| it

Fuel, § = 2x10” W/m3, k; = 60 W/m-K

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state, (3) Uniform generation, (4)

Constant properties, (5) Negligible contact resistance.

ANALYSIS: (a) FromEg. C.1,

qLZD x?0 Tsz Tslx st Ts2

20 20

With an insulated surface at x = -L, Eq. C.10 yields

212
2L
Ts1-Ts2 = —kf

and with convectionat x =L + b, Eq. C.13 yields

U(TS,Z_T) qL_kL(Tsz Tsl)

o1 2
2LU 2qL
Te1-Tgo=——(Tg2 —Teo | ————
s171s2 kf (s,2 oo) kf
Substracting Eq. (2) from Eg. (3),
vy 2
2LU 4qL
Teo =T | ————
( s27 ) ks
29L
T52 = Teo +%

(1)

)

©)

(4)

Continued .....



PROBLEM 3.78 (Cont.)

and substituting into Eqg. (2)

0 0
To1= T +26L G +--) ©
ki UQ
Substituting Egs. (4) and (5) into Eq. (1),
C 0 0
T(x)=- B VI ngE +§L[]+Too
2K [ YV 2Ks [
or,with U™ = b + bks,
. . B
T(x)=--3 52 -Gy g2 +2.3 L fur, ©® <
2K [ Ks h 2ks
The maximum temperature occursat x =- L and is
0 0
T(-L) =20l 2+ + b g+,
ks h kig
[ 0.003m 1 0015m U <
- - +200 C =530 T

T(-L) =2x2x10" W/m> x0.015m : !
5W/mK 10 000W/m2K 60W/miK

The lowest temperatureisat x =+ L and is

a2
T(+L):—§£+ L%!Lb E+§LS+T =380 C <
2 kg Ks h 2kf[

(b) If aconvection conditionismaintained at x = - L, Eq. C.12 reducesto
Kt
U(Too _Ts,l) L - (TSZ T, 1)

20L2

2LU
( > )

Ts17Ts2 == —(Ts1 _Too) -

Subtracting Eq. (7) from Eq. (3),
2 LU
(Ts 2T ~Ts1 +Too) or Ts1 =Ts2

Hence, from Eq. (7)

Continued .....



PROBLEM 3.78 (Cont.)

oL 1 b0
Ts1=Ts2 :qU +Te =0L Eﬁ +k_E +Too €S)
S

Substituting into Eq. (1), the temperature distribution is
. b U
T(X):— - +qLDﬁ+k_D+T°° 9 <

The maximum temperatureisat x =0and is

2x10" W/ m? (0.015m)? 0 1 0.003m U
T(0)= +2x10' W/m® ><0015mﬁl + ﬁ +200C
2x60W /mK OOOOW/m Kk 15W/mIK
T(0) =37.5°C+90°C +200°C =327.5°C <

The minimum temperatureat x =+ L is

0
Te1=Ts2 =2x107 W/m?(0.015m) @1 1 4 0008m = S0 —ag0C <
0,000

W/m2K 15W/mK
(c) The temperature distributions are as shown.

550

9-0-9-0-0-¢
500 "“L«i‘“‘
450 L.‘%
400 N“-

350

Temperature, T(C)

250

200
-0.015 -0.009 -0.003 0.003 0.009 0.015

Fuel elementlocation, x(m)

—8— |nsulated surface
—>— Symm etrical convection conditions

The amount of heat generation is the same for both cases, but the ability to transfer heat from both
surfaces for case (b) resultsin lower temperatures throughout the fuel element.

COMMENTS: Notethat for case (a), the temperature in the insulated cladding is constant and
equivalent to Ts 1 = 530°C.



PROBLEM 3.79
KNOWN: Wall of thermal conductivity k and thickness L with uniform generation q; strip heater
with uniform heat flux gg; prescribed inside and outside air conditions (hj, Teo i, ho, Teo,0)-

FIND: (a) Sketch temperature distribution in wall if none of the heat generated within the wall is lost
to the outside air, (b) Temperatures at the wall boundaries T(0) and T(L) for the prescribed condition,
(c) Valueof qg required to maintain this condition, (d) Temperature of the outer surface, T(L), if

¢=0 but g, corresponds to the value calculated in (c).

SCHEMATIC:
@ 2 Wall, 9=1000W/m?,
Strip heater, 9: a k=4W[m-K
Outside chamber s Inside chamber
5 Toi=50°C

herd |

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Uniform
volumetric generation, (4) Constant properties.

ANALYSIS: (@) If none of the heat generated within the wall is
lost to the outside of the chamber, the gradient at x = 0 must be zero.
Since ( isuniform, the temperature distribution is parabolic, with

Lx £:200mm T T Th,-zow/mZK

T(L) > Tooi-

(b) To find temperatures at the boundaries of wall, begin with the
general solution to the appropriate form of the heat equation (Eq.3.40).

T(X) -4 +Cx+Cop 1)
2k
From the first boundary condition,
dT _
d_x|x=0 = - ¢ =0 )

Two approaches are possible using different forms for the second boundary condition.

Approach No. 1: With boundary condition — T(0)=T

T(x)——%x +Ty (3

To find T1, perform an overall energy balance on the wall
Ein ~Eout tEg =0

(L) ~TeojB+6L=0  T(L)=Tp =T, +% @)

Continued .....



PROBLEM 3.79 (Cont.)
and fromEq. (3) withx =L and T(L) =Ty,

. . . 2
q,2 q,2 aL .qL
T(L)=——L+Ty o Ty =To +—L° =Ty j +— +— 5,6
(L)=-5 L+ 1=T2 +o wi T o (5.6)
Substituting numerical valuesinto Egs. (4) and (6), find
T, =50°C+1000 W/ mS x0.200 m/20 W/m? [K=50°C+10°C=60°C <
Ty = 60° C+1000 W/m® x(0.200 m)? / 2 x4 W/m [K=65°C. <

Approach No. 2: Using the boundary condition
K dT

ot TNF (L) -To i

yields the following temperature distribution which can be evaluated at x = O,L for the required
temperatures,

. "
T(x)= —%(x2 —L2) +qT T

7a.—:, o 770) =7;
(e aVAVaVaVa e/

(c) Thevaueof gy when T(0) =Tq =65°C =
0 1/, 9%,

follows from the circuit
, Ihi—T
do = =0
1/hg
g =5 W/m? [K (65-25)° C=200 W/m?. <

(d) With g=0, the situation is represented
by the thermal circuit shown. Hence,

q'o = da +qb o

7;.0 9°¢ 7;0,1'
o = T1-Teo +T1—Too,i 93 I, % Lk 1hi 9,
o=

1/hg L/k+1/h;
which yields

Ty =55"C. <



PROBLEM 3.80

KNOWN: Wall of thermal conductivity k and thickness L with uniform generation and strip heater
with uniform heat flux qg, ; prescribed inside and outside air conditions (Teo j , My Teo o5 No). Strip heater

actsto guard against heat losses from the wall to the outside.
FIND: Compute and plot g, and T(0) asafunction of ¢ for 200< ¢ < 2000 W/m® and Twj =30, 50
and 70°C.

SCHEMATIC:
Strip heater, g ’ Wall, g
P % I k= 4Wim-K
]
. | i
ousis e
chamber L .
X L=200mm o

Too = 25 °C Tooj= 50 OC
ho =5 W/m2+K hi= 20 W/im2-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Uniform volumetric
generation, (4) Constant properties.

ANALYSIS: If no heat generated within the T(0) L Gradient is
wall will be lost to the outside of the chamber, N‘:
the gradient at the position x = 0 must be zero. :
Since ¢ is uniform, the temperature distribution LL(0 2 T T
must be parabolic as shown in the sketch. Two | 1 .

0 L x

To determine the required heater flux gy asafunction of the operation conditions ¢ and Tw i, the

analysis begins by considering the temperature distribution in the wall and then surface energy balances
at the two wall surfaces. The analysisis organized for easy treatment with equation-solving software.

Temperature distribution in the wall, T(x): The general solution for the temperature distribution in the
wall is, Eq. 3.40,
T(x) = -4 x2 +Cix +Cop
2k
and the guard condition at the outer wall, x = 0, requires that the conduction heat flux be zero. Using
Fourier's law,

. dT
0)=-k— =—kC,; =0 C =0 1
G (0) =~k =@ (C1=0) @

At the outer wall, x =0,
T(0)=C, )

Surface energy balance, x = 0:

I.Ein - I.Eout =0
U —dov.0 —dx (0) =0 3)
Aov0 =N (T(0) ~Teo ).y (0) =0 (4ab)

Continued...



PROBLEM 3.80 (Cont.)

Surface energy balance, x = L:

Ein _EOUt :O q;(l—)
Ay (L) —dey i =0 ®)
. dar .
G (L) = —k—ﬁx =+l (6)
dx =L
dev,i =h B (L) ~Te iH
D q 2 0
r— L2+ T(0)- Ty, ; 7
Mt O T @

Solving Egs. (1) through (7) simultaneously with appropriate numerical values and performing the
parametric analysis, the results are plotted below.

S e

£ 400 S 120

s =

S 300 = 5 100 o

° — 5 80

= 200 | — 2 a— —

3 100 | g 00 I e— —

= — g 40 —

£ 0 2 20

T 0 500 1000 1500 2000 § 0 500 1000 1500 2000

Volumetric generation rate, qdot (W/m”3) Volumetric generation rate, gdot (W/m”3)

—— Tinfi=30C — Tinfi=30C
—>— Tinfi=50 C —>— Tinfi=50C
—6— Tinfi=70C —6— Tinfi=70C

From thefirst plot, the heater flux gg isalinear function of the volumetric generation rate ¢. As
expected, the higher g and T, j, the higher the heat flux required to maintain the guard condition
(dy (0) = 0). Noticethat for any ¢ condition, equal changesin Teo j resultin equal changesin the

required gg . The outer wall temperature T(0) is also linearly dependent upon ¢. From our knowledge
of the temperature distribution, it follows that for any ¢ condition, the outer wall temperature T(0) will
track changesin Ty j -



PROBLEM 3.81

KNOWN: Plane wall with prescribed nonuniform volumetric generation having one
boundary insulated and the other isothermal.

FIND: Temperature distribution, T(x), intermsof x, L, k, g and Tj,.
SCHEMATIC:

q.(x)=éo(l'f & Lnsulation

o
L> x L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-
direction, (3) Constant properties.

ANALYSIS: The appropriate form the heat diffusion equation is
d @©TO, q
_ +==0.
dx HixH k
Noting that 4=¢(x)=¢o (1-x/L), substitutefor ¢(x) into the above equation, separate
variables and then integrate,

WO Gl X0
gETO. G0l X0, ar _ % 5 X"q.c,,
H kEEY K B 2L§+1

Separate variables and integrate again to obtain the general form of the temperature
distribution in the wall,

dT = =9 [x - ={Jdx+Cydx T(x) = —20~ - +Cx+Cp.
k B ZLQ k 5 2 6L§

Identify the boundary conditionsat x = 0 and x = L to evaluate C1 and Co. Atx =0,
T(0)=Ty = —qro(o ~0)+C, D+C,  hence C, =T,
Atx =L,
ao 0=-Yop —L—D +C hence, Cq =Gob
dx B kg 2Lg 2k
The temperature distribution is
, 2 30 .
T(x):—q—O&—X—D+EX+TO. <
k & 2 6"@ 2k
COMMENTS: Itisgood practice to test the final result for satisfying BCs. The heat flux at
x = 0 can be found using Fourier’ s law or from an overall energy balance

. . L .



PROBLEM 3.82

KNOWN: Distribution of volumetric heating and surface conditions associated with a quartz
window.

FIND: Temperature distribution in the quartz.

SCHEMATIC:
Quar'fz window (k)

—
9; :—: 9(X) TTT

Lex L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3)
Negligible radiation emission and convection at inner surface (x = 0) and negligible emission
from outer surface, (4) Constant properties.

ANALYSIS: The appropriate form of the heat equation for the quartz is obtained by
substituting the prescribed form of ¢ into Eg. 3.39.

dT La (1-B8)d o0X

9(x) (1-B)Q joxe™™

=0
dx2 k
Integrating,
1- A 1-
d_T:+( B)qoe'ax +C1 T:_( ’B)q‘b - X +C X+C2
dx Kk ka
g —K dT/dX)y—q = B
Boundary Conditions: K dT/dxgizﬁ _ h%?’(L) T
(1B) , . ~O_
Hence, at x = O: _kE’k—qOJ'ClE_Bq’O
C1=-0o/k
Atx=L:
1-B8) , . D 1-8 W
K E(B—k )qoe W rop= hD-—(k )d'oem‘ +GL+C2 T
0 H a 0
Substituting for C1 and solving for Co,
_% oL Cfo (1/3)
C 1- + +—= +Tg.
2- h % ( B) ka
_(1=8)% eal _ axg, % _y) o (1 _pyeal <
Hence, T(X)_T% e D+T(L X) +T51 (1-B)e 5 *Too.

COMMENTS: The temperature distribution depends strongly on the radiative coefficients, a
and 3. Fora — o or 3 = 1, the heating occurs entirely at x = 0 (no volumetric heating).



PROBLEM 3.83

KNOWN: Radial distribution of heat dissipation in acylindrical container of radioactive
wastes. Surface convection conditions.

FIND: Radial temperature distribution.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across container wall.

ANALYSIS: The appropriate form of the heat equation is

1d0dro__q__geH _r?H
rarHard kK El rg@
L 2 .4 .2 .4
rd—T = ~o" +—qr > +Cy T= _Gof +q0—r2 +C1 Inr+Co.
dr 2K Akrs 4k 16krs
From the boundary conditions,
dT dT
ar =0=0-C, =0 ‘k— Ir=r, —hﬁr(ro) _Too)ﬁ

. . S 2 a2
+ 900 _Y0'o :hD Yoo ,Yofo . —TOOE

2 4 H 4k 16k

. . 2
_ Yo , 3doo .
4h 16k

Hence

COMMENTS: Applying the above result at rq yields
Ts=T(rp) =Too +(dolo )/ 4h

The same result may be obtained by applying an energy balance to a control surface about the
container, where Eg =Qcony- Themaximum temperature existsat r = 0.



PROBLEM 3.84

KNOWN: Cylindrical shell with uniform volumetric generation isinsulated at inner surface
and exposed to convection on the outer surface.

FIND: (a) Temperature distribution in the shell intermsof r;, ry, ¢, h, T, andk, (b)
Expression for the heat rate per unit length at the outer radius, g (r ).

SCHEMATIC:

- #_ /ri=0,insu/afed boundary

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radia (cylindrical)
conduction in shell, (3) Uniform generation, (4) Constant properties.

ANALYSIS: (a) The general form of the temperature distribution and boundary conditions
are

T(r)= —% 2 +Cq Inr+Cy

dT O q 1 q 2
ar=r —n =0=—1, +C —+O C =—r.
! ar k't 17
] dT O
ar=rq: —kd— =hJ () -Twg  surfaceenergy balance
r

Jq, 0 210 0 qg 2 09 20
KF—ry + I =h——r5 + r“Ainr, +C
32k ° Bk T H a4k © THk i H e 2T H

o .20 2 O
Cp=- qr0 E,iD2D+ roml D el 4T,

2h D To0 ] 2kD2

[
Hence,
2
T(r)'%(rg rz) qz;<| Erz,g gh Ei%r% §+T°°' <
(b) From an overall energy balance on the shell,D -
ar (ro) = E’g :('m(rg —riz). <
Alternatively, the heat rate may be found using Fourier’s law and the temperature distribution,

0

: 0
' dr O q 1 .
qr (r)=—k(2m ro)aa = -27kr, D—z_qkro +_2|'( = +0 +00 = r(rg _riz)



PROBLEM 3.85

KNOWN: The solid tube of Example 3.7 with inner and outer radii, 50 and 100 mm, and a thermal
conductivity of 5 W/mIK. Theinner surfaceis cooled by afluid at 30°C with a convection coefficient
of 1000 W/m’K.

FIND: Calculate and plot the temperature distributions for volumetric generation rates of 1 x 105, 5
X 105, and 1 x 106 W/m3. Use Eq. (7) with Eqg. (10) of the Example 3.7 in the IHT Workspace.

SCHEMATIC:

T, = 30°C
h = 1000 W/m2-K
ri =50 mm

ro =100 mm

§ = 1x105, 5x10%, 1x10% W/m3
Tsﬂ\é k = 5 W/m-K

Ts,2
Insulation
r

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant
properties and (4) Uniform volumetric generation.

ANALYSIS: From Example 3.7, the temperature distribution in the tube is given by Eq. (7),
T(r):TS,2+i(22—r2)— 9 r2/nH2E n<r<r 1)

—
4k 2k 2" HrH
The temperature at the inner boundary, Ts 1, follows from the surface energy balance, Eq. (10),
nq(zz—rf) =h2m; (Ts1 ~ T ) )

For the conditions prescribed in the schematic with ¢ = 1x10°W /m? , Egs. (1) and (2), withr =14

and T(r) = T 1, are solved simultaneoudly to find Ts 2 = 69.3°C. Eq. (1), with Ts2 now aknown
parameter, can be used to determine the temperature distribution, T(r). The resultsfor different
values of the generation rate are shown in the graph.

Effect of generation rate on temperature distributions
500

400 —

300

200 L |

Temperature, T(C)

100

—

0

50 60 70 80 90 100

Radial location, r (mm)

— qdot = 1e5 W/m”3
—&— gdot = 5e5 W/m”3
—&— qgdot = 1e6 W/m"3

COMMENTS: (1) Thetemperature distributions are parabolic with a zero gradient at the insulated
outer boundary, r =rp. The effect of increasing ¢ isto increase the maximum temperature in the
tube, which always occurs at the outer boundary.

(2) The equations used to generate the graphical result in the IHT Workspace are shown below.

/I The temperature distribution, from Eq. 7, Example 3.7

T_r =Ts2 + qdot/(4*k) * (r22 — r"2) — qgot / (2*k) * r2~2*In (r2/r)

/I The temperature at the inner surface, from Eq. 7

Tsl =Ts2 + qdot / (4*k) * (r2”2 — r172) — qdot / (2*k) * r2"2 * In (r2/r1)
/l The energy balance on the surface, from Eq. 10

pi * qdot * (r2"2 —r1”2) =h * 2 * pi * r1 * (Ts1 — Tinf)



PROBLEM 3.86

KNOWN: Diameter, resistivity, thermal conductivity, emissivity, voltage, and maximum temperature
of heater wire. Convection coefficient and air exit temperature. Temperature of surroundings.

FIND: Maximum operating current, heater length and power rating.
SCHEMATIC:

<t+—— Ty = 50°C
. . <t+— w h = 250 W/m2-K
Nichrome wire
D=1mm,L

Pe = 106 O-m V=110V () - Ts=1200°C
k=%52\gV/m-K T — To = Trmax
€=0.

Tmax = 1200°C

ASSUMPTIONS: (1) Steady-state, (2) Uniform wire temperature, (3) Constant properties, (4)
Radiation exchange with large surroundings.

ANALYSIS: Assuming auniform wire temperature, Tmax = T(r =0) = Tg = T, the maximum
volumetric heat generation may be obtained from Eq. (3.55), but with the total heat transfer
coefficient, hy = h + hy, used in lieu of the convection coefficient h. With

_ 2 2\ _ -8 2 4 2 2 2 2
hy = g0 (Tg + Ty )| Te + Ty ] =020 x5.67 x10 "W /m” K" (1473 +323) K (1473° +323] K“ =463W/m° K

hy = (250+46.3)W/m? (K =296.3W /m? K

. _2h¢
Umax =——

2(296.3W/ m? [IK)
o (Ts =Teo) == o008m
_12Rg _1%(pel/Ac) _12pe _ 1%pg
0 LAc A2 (er2/4)2

(1150°C) =1.36 x10° W /m>

Hence, with q

=29.0A <

12
O 2702 _C136x10%W ym30 7(0.001m)?
| max —E H I
e

0 10780 mn

Also, with AE =1 Re=1 (peL/Ag),

110V Hr(0.001m)° /42

= BE[Ac _ E:2.98m <

L

Imax Pe 29.0A (10‘69 Dm)

and the power rating is

Poec = AE Dyax =110V (29A) =3190W =3.19kW <

COMMENTS: To assess the validity of assuming a uniform wire temperature, Eq. (3.53) may be
used to compute the centerline temperature corresponding to ¢, and a surface temperature of

_1.36x10° W/ m> (0.0005m)?
4(25W/miK)

. 2
1200°C. It followsthat T, = % T,
4

+1200°C =1203C. Withonly a



3°C temperature difference between the centerline and surface of the wire, the assumption is
excellent.



PROBLEM 3.87

KNOWN: Energy generation in an aluminum-clad, thorium fuel rod under specified operating
conditions.

FIND: (a) Whether prescribed operating conditions are acceptable, (b) Effect of ¢ and h on acceptable
operating conditions.

SCHEMATIC:

Aluminum
cladding

D=0.025m

Thorium
fuel rod, g

e
Coolant

h,T = 95°C

ASSUMPTIONS: (1) One-dimensiona conduction in r-direction, (2) Steady-state conditions, (3)
Constant properties, (4) Negligible temperature gradients in aluminum and contact resistance between
aluminum and thorium.

PROPERTIES: Table A-1, Aluminum, pure: M.P. =933 K; Table A-1, Thorium: M.P.=2023 K, k =
60 W/mK.

ANALYSIS: (a) System failure would occur if the melting point of either the thorium or the aluminum
were exceeded. From Eq. 3.53, the maximum thorium temperature, which existsat r = 0, is
2

_ g _
TO)=——+Ts =T
) a8 = TTh max

where, from the energy balance equation, Eq. 3.55, the surface temperature, which is also the aluminum
temperature, is

ar,
o=, + 28 =1y

Hence,
8.y// 3
o 7x10° W x0.0125 o
Tp| =T =95°C+ /m - M ~720°C =993K
14,000W,/ m? K
7x10° W/ m° (0.0125m)? <
TTh,max = +993K =1449K
' 4x60W/m [K

Although Trhmex < M.P.1, and the thorium would not melt, T4 > M.P., and the cladding would melt
under the proposed operating conditions. The problem could be eliminated by decreasing ¢, increasing

h or using a cladding material with a higher melting point.

(b) Using the one-dimensional, steady-state conduction model (solid cylinder) of the IHT software, the
following radial temperature distributions were obtained for parametric variationsin ¢ and h.

Continued...



PROBLEM 3.87 (Cont.)

1600

1200
1500 —
A o P— 4
< 1400 4| %3
< 1] Ny = 1000
[ -
g 13007 RN g —
= ——| =
3 1200 2 800 e—
o 5 A
8 1100 g
£ 5 600 ——+—— —
€ 1000 o e —
e N
900
400
800 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
. Radius, r(m)
Radius, r(m)
—o— qgdot = 2E8, h = 2000 W/mA2.K
—o— h = 10000 W/mA2.K, gdot = 7E8 W/mA3 —— qdot = 2E8. h = 3000 W/m"2.K
—— h=10000 W/mA2.K. gdot = 8E8 W/m~3 —+— qdot = 2E8, h = 5000 W/m*2.K
—a— h = 10000 W/mA2.K. gdot = 9E9 W/m~3 —+— gdot = 2E8, h = 10000 W/m~2.K

For h = 10,000 W/m?K, which represents a reasonable upper limit with water cooling, the temperature of
the aluminum would be well below its melting point for ¢ = 7 x 10° W/m®, but would be close to the

melting point for ¢ =8 x 10® W/m?® and would exceed it for ¢ = 9 x 10° W/m®. Hence, under the best of
conditions, ¢ =7 x 10® W/m?® corresponds to the maximum allowable energy generation. However, if

coolant flow conditions are constrained to provide values of h < 10,000 W/m?IK , volumetric heati ng
would have to be reduced. Evenfor ¢ aslow as2 x 10° W/m?®, operation could not be sustained for h =

2000 W/m?IK.

The effects of ¢ and h on the centerline and surface temperatures are shown below.

2000
o 2000 3
< w1600
S 1600 '
. / | 4 g
; 1200
S 1200 g |
= o —
g g 800 1 | L s
=3 Q A
g 800 2 ]
2 S 400
Q g
£ 400 S
5 @ 0
=
8 0 1E8 2.8E8 46E8 6.4E8 8.2E8 1E9
1E8 2.8E8 4.6E8 6.4E8 8.2E8 1E9 Energy generation, gdot (W/m~3)
Energy generation, gdot (W/m”3) h = 2000 WimA2.K
—©—h= m”2.
—6— h =2000 W/m"2.K — h =5000 W/m"2.K
— h =5000 W/m"2.K —— h =10000 W/m"2.K

—— h =10000 W/m"2.K

For h = 2000 and 5000 W/m’K, the melting point of thorium would be approached for ¢ = 4.4 x 10® and
8.5 x 10° W/m?®, respectively. For h = 2000, 5000 and 10,000 W/m’[K, the melting point of aluminum
would be approached for (| = 1.6 x 10°, 4.3 x 10° and 8.7 x 108 W/m®. Hence, the envelope of
acceptable operating conditions must call for areduction in ¢ with decreasing h, from a maximum of
=7 x 10° W/m® for h = 10,000 W/m’K.

COMMENTS: Note the praoblem which would arise in the event of aloss of coolant, for which case h
would decrease drastically.



PROBLEM 3.88

KNOWN: Radii and thermal conductivities of reactor fuel element and cladding. Fuel heat generation
rate. Temperature and convection coefficient of coolant.

FIND: (a) Expressionsfor temperature distributions in fuel and cladding, (b) Maximum fuel element
temperature for prescribed conditions, (c) Effect of h on temperature distribution.

SCHEMATIC:

Co%

Q=9mm

r1=6mm

Cladding

Fuel (kg = 25 W/m-K)

element -
(ke= 2 Wim-K, § = 2x108 W/m3)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible contact
resistance, (4) Constant properties.

ANALYSIS: (a) From Egs. 3.49 and 3.23, the heat equations for the fuel (f) and cladding (c) are
1ddisO_ ¢

1 a 1dQdich
rdr B?B Kt

0<r< -
( ' rl) rdrH dr

=0 (n<srsn)

Hence, integrating both equations twice,

. . 2
dl = _i +& Tf = _L +ﬂ|nr +C2 (1,2)
dr 2kf kf r 4kf kf
di:& TC:&“"H"{'C4 (3’4)
dr ker Ke
The corresponding boundary conditions are:
dTs /olr)r:0 =0 Tt (n) =Tc () (5,6)
dTy O dT. O dT.[
—kf—LH  =—ke—C K¢ _CH =h[T¢ (r2) ~Teo] (7,8)
dr =n dr =n dr =1,

Note that Egs. (7) and (8) are obtained from surface energy balances at r, and r», respectively. Applying
Eqg. (5) to Eq. (2), it followsthat C, = 0. Hence,

. 2
qr
T =———+C 9
f 2k 2 C)
From Eq. (6), it follows that
qr12 Czlnp
— +C2 =2 = +C4 (10)

Continued...



Also, from Eq. (7),

PROBLEM 3.88 (Cont.)

. . 2
a__Cs or C3 = i (11)
2 n 2
0
Finally, from Eg. (8), _& =h Cs Inry +Cy4 —Teo[7 OF, substituting for Cz and solving for C4
2 ?c O
2
Cp=_, ai Inry +T,, (12)
Substituting Egs. (11) and (12) into (10), it follows that
L2 .2 L2 2
c, =i % Inp a1 o Nty +T,
4kf 2kC rl 2r2h
Substituting Eqg. (13) into (9),
T =i(r12 —r ) i In2 Lo +T,, 1<
e 2ke n 2r2h
Substituting Eqs (11) and (12) into (4),
T = LI (15)<
2K T 2r2h

(b) Applying Eq. (14) at r = 0, the maximum fuel temperature for h = 2000 W/m’K is

2x10°W/m? x(0.008m)* 2x10°w/m® x(0.006m)” _0.009m

T (0) =
1 (0) 4% 2W/m K 2x25W/m K 0.006m
2x10% W/m? (0.006m)?
+300K
2x(009m)2ooow/m K
T (0) = (900 +58.4 +200 +300) K =1458K . <

(c) Temperature distributions for the prescribed values of h are as follows:

Temperature, Tf(K)

1500

1300

1100

900

700

500

300

600

——-N
[ | — —
\\A <
NS g 500 e
'_
RSN -
\A\ < 5
< —
2 40 ——
RN £ A— | I —
3 e I ——
300
0 0.001 0.002 0.004 0.005 0.006 0.006 0.007 0.008 0.009
Radius in fuel element, r(m) Radius in cladding, r(m)

—6— h =2000 W/m"2.K
— h =5000 W/m"2.K
—&— h = 10000 W/m"2.K

—6— h =2000 W/m"2.K
— h=5000 W/m"2.K
—&— h =10000 W/m"2.K

Continued...



PROBLEM 3.88 (Cont.)

Clearly, the ability to control the maximum fuel temperature by increasing his limited, and even for h -
oo, T¢(0) exceeds 1000 K. The overall temperature drop, T#(0) - T, isinfluenced principally by the low
thermal conductivity of the fuel material.

COMMENTS: For the prescribed conditions, Eq. (14) yields, T¢(0) - Ti(ry) = quz / 4ks = (2x10°

W/m?®)(0.006 m)*/8 W/mIK = 900 K, in which case, with no cladding and h — , T;(0) = 1200 K. To
reduce T+(0) below 1000 K for the prescribed material, it is necessary to reduce (.



PROBLEM 3.89

KNOWN: Dimensions and properties of tubular heater and external insulation. Internal and external
convection conditions. Maximum allowable tube temperature.

FIND: (a) Maximum allowable heater current for adiabatic outer surface, (3) Effect of internal
convection coefficient on heater temperature distribution, (¢) Extent of heat loss at outer surface.

SCHEMATIC:

Stainless steel Refractory

k=15 W/m-K ki=1.0 W/mK
Pe=07x108.m 5 = 25, 50 mm
Trnax = 1400 K TH T, 5=300K
//,« h2 25 W/m? K
CAir r3=ry+3, Tg3
[ 1‘400K / rp =35 mm, TsZ

100 < hq 21000 W/m? r1 =25mm, Tg 4

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform
heat generation, (4) Negligible radiation at outer surface, (5) Negligible contact resistance.

ANALYSIS: (a) From Egs. 7 and 10, respectively, of Example 3.7, we know that

L N Q(z 2)
Tso—Tg1=—r5 In5——|r5 —r 1
27 Ts1=7, 12 s 2 —n 1

and

(2 2

Q(fz‘fl) @
Te1 =Ty 1+
st .l 2hlrl

Hence, eliminating Ts1, we obtain

2
Ts,2‘Too,1=ﬂa rri 1(1 fl/f2)+—(1 fl/fz)H

2k

Substituting the prescribed conditions (h; = 100 W/m’K),
Ts2 ~Teo1 =1.237x107% (m3 [B(/W)q (W/ m3)

Hence, with T corresponding to Ts,, the maximum alowable value of ¢ is

= w =8.084x10° W/m3
1.237x10”
with
_12Re _1%poL/Ac . pel?

T e

/2
32 6 3rt
084x10% W
| max —n(r22 —rf )Dim 71(0.0352 —0.0252)m2 084 06 /m =6406A <
(P[] 0.7x107°Q fin

Continued .....



PROBLEM 3.89 (Cont.)

(b) Using the one-dimensional, steady-state conduction model of IHT (hollow cylinder; convection at
inner surface and adiabatic outer surface), the following temperature distributions were obtained.

1500

1300

1100

900

Temperature, T(K)

700

500 2 S

300

0.025 0.027 0.029 0.031 0.033 0.035
Radius, r(m)
—6— h =100 W/m"2.K

— h =500 W/m"2.K
—2— h=1000 W/m"2.K

The results are consistent with key implications of Egs. (1) and (2), namely that the value of h; has no
effect on the temperature drop across the tube (Ts» - Ts1 = 30 K, irrespective of h;), while T, decreases
with increasing h;. For h; = 100, 500 and 1000 W/MK, respectively, the ratio of the temperature drop
between the inner surface and the air to the temperature drop across the tube, (Ts1 - Tew 1)/(Ts2 - Ts1),
decreases from 970/30 = 32.3 to 194/30 = 6.5 and 97/30 = 3.2. Because the outer surface isinsulated, the
heat rate to the airflow is fixed by the value of ¢ and, irrespective of hy,

q(n)= n(r22 —rlz)q = -15,240 W <

(c) Heat loss from the outer surface of the tube to the surroundings depends on the total thermal
resistance

_In(g/r)) 1
U7 omk;  2maLhy
or, for aunit area on surface 2,

! raIn(rg/r r
Riot,2 = (2rmoL ) Rygt = 2 f(3/ 2) + ﬁ
i 32

Again using the capabilities of IHT (hollow cylinder; convection at inner surface and heat transfer from
outer surface through Riot,z)’ the following temperature distributions were determined for the tube and

insulation.

1200 - 1200
= N
g 1160 ':; 1100 N
= 5 1000 N
5 A—1 =
2 1120 == g 900 e
) >—F t‘E) Ic —
Q
800 <
§ 1080 = ~3
° 2
k- 8 700 "G
>
= 1040 é’ 600 ¢ y
1000 500
0.025 0.027 0.029 0.031 0.033 0.035 0 0.2 0.4 0.6 0.8 1
Radius, r(m) Dimensionless radius, (r-r2)/(r3-r2)
—6— delta =0.025 m —— r3=0.060 m
—&— delta =0.050 m —© 13=0.085m

Continued...



PROBLEM 3.89 (Cont.)

Heat losses through the insulation, g’ (r, ), are 4250 and 3890 W/m for & = 25 and 50 mm, respectively,

with corresponding values of q'(r,) equal to -10,990 and -11,350 W/m. Comparing the tube temperature
distributions with those predicted for an adiabatic outer surface, it is evident that the losses reduce tube
wall temperatures predicted for the adiabatic surface and also shift the maximum temperature fromr =

0.035 mtor =0.033 m. Although the tube outer and insulation inner surface temperatures, Ts, = T(r2),
increase with increasing insulation thickness, Fig. (¢), the insulation outer surface temperature decreases.

COMMENTS: If theintent isto maximize heat transfer to the airflow, heat losses to the ambient should
be reduced by selecting an insulation material with a significantly smaller thermal conductivity.



PROBLEM 3.90

KNOWN: Electric current | is passed through a pipe of resistance Rg to melt ice under
steady-state conditions.

FIND: (a) Temperature distribution in the pipe wall, (b) Time to completely melt theice.
SCHEMATIC:

////////lll/”b"—_Insu/aﬁon
————— > Pipe wall
Rk
- =/ T-100A
ry=50mm, Rle =0.30Q)/m

(7;,,=O°C) s

th gcond, ry

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Uniform heat generation in the pipe wall, (5) Outer surface of the pipe

isadiabatic, (6) Inner surfaceis at a constant temperature, Ty,

PROPERTIES: Table A-3, Ice (273K): p =920 kg/ms; Handbook Chem. & Physics, Ice:
Latent heat of fusion, hg = 3.34x10° JKg.

ANALYSIS: (a) The appropriate form of the heat equation is Eq. 3.49, and the genera
solution, Eq. 3.51is

T(r)= —% r2 +Cylnr+Cy

6 1°Ry,
- [2 2\

Applying the boundary condition (dT/dr) - 0, it follows that

qui*_&
2k )
2
r
Hence Clzq—z
2k
. qr2
and T(r)= ~9,2 +—2 |nr+C,.
4k 2k

Continued .....



PROBLEM 3.90 (Cont.)
Applying the second boundary condition, T (1) =Ty, it follows that

q 2, 05
Tm=———1 +=%Inn +Co.
M= 1 " 1T

Solving for Co and substituting into the expression for T(r), find

T0=T+ B -8 )
r)= —4In——-—(r°-r°).
M 2k ' 4k 1

(b) Conservation of energy dictates that the energy required to completely melt theice, Ep,
must equal the energy which reaches the inner surface of the pipe by conduction through the
wall during the melt period. Hence from Eqg. 1.11b

AEg = Ejn ~Eout +Egen
AEg =Em =tm EiIcond,rl

or, for aunit length of pipe,

[ [
p(n rlz)hsf =tm E—k(Z ) T

Sk

2
% g
HZkl’l ZKE
p(nrlz)hsf =-tmd n(r22 —rlz).

Dropping the minus sign, which ssimply results from the fact that conduction isin the negative
r direction, it follows that

p(rr rlz)hsf = -2kt

phg rl2 _ Phgt rrr12

m= q(rzz—rlz) ) I2R'e
Withry =0.05m, | =100 A and Rg =0.30 Q/m, it follows that
_ 920kg/m° x3,34x10°Jkg x77 x(0.05m)?
i (100A)?x0.30Q/m

m

or tm =804s. <

COMMENTS: Theforegoing expression for ty,, could also be obtained by recognizing that
all of the energy which is generated by electrical heating in the pipe wall must be transferred
to theice. Hence,

IZR’etm =phg i2.



PROBLEM 3.91
KNOWN: Materials, dimensions, properties and operating conditions of a gas-cooled nuclear reactor.

FIND: (a) Inner and outer surface temperatures of fuel element, (b) Temperature distributions for
different heat generation rates and maximum allowable generation rate.

SCHEMATIC: Cool
= oolant
r4=8mm h = 2000 W/m2-K
=600 K
rp =11 mm
Graphite
r3_14 mm kg=3W/m-K
T1 )
Thorium (q)
k¢ =57 W/m-K
T2

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible contact resistance, (5) Negligible radiation.

PROPERTIES: Table A.1, Thoriun: Ty, = 2000 K; Table A.2, Graphite: T, = 2300 K.

ANALYSIS: (@) The outer surface temperature of the fuel, T,, may be determined from the rate
equation

ql - T2 TTOO
Rtot
where
. In(r3/rp) N In (14/11) 1
tot —

= + =0.0185m K /W
2amkg  2mzh  2n(3W/mIK) 2n(0.014m)(2000W/m2EIK)

and the heat rate per unit length may be determined by applying an energy balance to a control surface
about the fuel element. Since the interior surface of the element is essentially adiabatic, it follows that

q = qrr(r22 —r12) =108 w/m3 77(0.0112 —0.0082)m2 =17,907W/m
Hence,
To =q'Riot + Teo =17,907W/m(0.0185m K/W) +600K =931K <

With zero heat flux at the inner surface of the fuel element, Eq. C.14 yields

qr22 O rfD_ﬁInDrZD

Tp=Ty+—=1 - 00
4kt El sH 2k On0

10® w/m?3(0.011m)? 0 _poosfd 10° w/m?3(0.008m)? ooy
4x57W/m K 5 B0.0llB E 2x57W/m K 0.00
Continued...

Ty = 931K +




PROBLEM 3.91 (Cont.)

Tp = 931K +25K -18K =938K <

(b) The temperature distributions may be obtained by using the IHT model for one-dimensional, steady-
state conduction in ahollow tube. For the fuel element (§ > 0), an adiabatic surface condition is
prescribed at r,, while heat transfer from the outer surface at r to the coolant is governed by the thermal
resistance Rigt 2 = 2R = 2m(0.011 m)0.0185 mK/W = 0.00128 m’[K/W. For the graphite (¢ =
0), the value of T, obtained from the foregoing solution is prescribed as an inner boundary condition at r»,
while a convection condition is prescribed at the outer surface (r5). For 1 x 10°< ¢ <5 x 10° W/m®, the
following distributions are obtained.

2500 2500
g 2100 < 2100
= [
- - %
< 1700 o 1700 P~
p=} 3 =
g g —
o 1300 Q 1300
= 900 -f £ £ = 900 —f——
I i m—
500 500 1
0.008 0.009 0.01 0.011 0.011 0.012 0.013 0.014
Radial location in fuel, r(m) Radial location in graphite, r(m)
—6— qdot = 5E8 —6— qdot = 5E8
—&— qdot = 3E8 —A— qdot = 3E8
—8&— qgdot = 1E8 —H&— qdot = 1E8

The comparatively large value of k; yields small temperature variations across the fuel element,
while the small value of k4 results in large temperature variations across the graphite. Operation
at g =5 x 10° W/m® is clearly unacceptable, since the melting points of thorium and graphite are

exceeded and approached, respectively. To prevent softening of the materials, which would occur below
their melting points, the reactor should not be operated much above ¢ = 3 x 10° W/m".

COMMENTS: A contact resistance at the thorium/graphite interface would increase temperatures in the
fuel element, thereby reducing the maximum allowable value of (.



PROBLEM 3.92

KNOWN: Long rod experiencing uniform volumetric generation encapsulated by a circular
sleeve exposed to convection.

FIND: (a) Temperature at the interface between rod and sleeve and on the outer surface, (b)
Temperature at center of rod.

SCHEMATIC:
Sleeve, kg=4W/m-K
Rod, T
k=05 WfmK, T T T7;,=27"C
§=24000W/m* f h=25W[m2-K
f‘zﬁ/

ASSUMPTIONS: (1) One-dimensional radial conduction in rod and sleeve, (2) Steady-state
conditions, (3) Uniform volumetric generation in rod, (4) Negligible contact resistance
between rod and sleeve.

ANALYSIS: (a) Construct athermal circuit for the Sleeve,

where

0/=Egen =77 D2/ 4=24,000 W/m?® x 17x(0.20 m)* / 4 =754.0 W/m

In(ro/r In(400/200 —
RE = (r2/n) _ In ) = 2758 x10"2m CK/W
2mkg  2mx4 WimK
Roony = —— 1 =3.183x107%m [K/W

hmt Dy 25 W/m? (K x 77x0.400 m
The rate equation can be written as
T-Tew _To-Tw

- I \
Rs+Reonv  Reonv

!

T1 = Teo +0 (R +Roony ) = 27° C+754 W/m (2.758 x102 +3.183 ><10_2) K/W =71.8"C <

Ty =Te +q'Rony =27°C+754 W/m x3.183 x102m [K/W=51.0°C. <
(b) The temperature at the center of therod is

12 3 2
_O 4 24,000 Wm (0.100 m)

1 +71.8°C=192°C. <
4k, 4x0.5W/m[K

T(0)=To

COMMENTS: Thethermal resistances due to conduction in the sleeve and convection are

comparable. Will increasing the sleeve outer diameter cause the surface temperature To to
increase or decrease?



PROBLEM 3.93

KNOWN: Radius, thermal conductivity, heat generation and convection conditions
associated with a solid sphere.

FIND: Temperature distribution.
SCHEMATIC:

“h

(20)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Uniform heat generation.

ANALYSIS: Integrating the appropriate form of the heat diffusion equation,

r2
1 dQg »dTO . do szD _qr
— —kr*—r+¢=0 or e
2 dra< a4 af 9Bk
2dT__qr3+ ar _ _or
a3k ! a3k (2
(r)= a’ G C
6k r
" _ dr o
The boundary conditions are: g H = hence C, =0, and
s

—kz—:D =h [T (o) ~Twfd

Substituting into the second boundary condition (r = rg), find

. O . .2
oo _, 5% +Cy-To0  Cp=Jo Yo 7
3 E 6k E 3h 6k
The temperature distribution has the form
T(r):i(rg—r2)+% +T,. <
6k 3h
COMMENTS: To verify the above result, obtain T(rg) = Ty,
_ 0%
Te =20 +T,
T3 %

Applying energy balance to the control volume about the sphere,

q%nrOE_Mnro (Ts-T)  find  Tg :ZL;]) +To.



PROBLEM 3.94

KNOWN: Radial distribution of heat dissipation of a spherical container of radioactive
wastes. Surface convection conditions.

FIND: Radial temperature distribution.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across container wall.

ANALYSIS: The appropriate form of the heat equation is

Hence r<-—-=-— ——E+C1

From the boundary conditions,

it follows that Cq = 0 and

0 2 2 0
6o Jofo0_ppdo 76 16 ,c, 7,1
3 50 g kpe 207 0
_ 2090 +7QOro AT
15h 60k
: 204 B3 40
0 0 rQ
Hence T(r):To<,+2qu0 a0l _ 1DLD iD—D E <
[

15h k EBO 6000 2001q]
COMMENTS: Applying the above result at rq yields
Ts=T(rp) =Too +(2r500 /15h).

The same result may be obtained by applying an energy balance to a control surface about the
container, where Eg =Qcony- Themaximum temperature existsat r = 0.



PROBLEM 3.95

KNOWN: Dimensions and thermal conductivity of a spherical container. Thermal conductivity and
volumetric energy generation within the container. Outer convection conditions.

FIND: (a) Outer surface temperature, (b) Container inner surface temperature, (c) Temperature
distribution within and center temperature of the wastes, (d) Feasibility of operating at twice the energy
generation rate.

SCHEMATIC:

Stainless steel
kss = 15 W/im-K

S,0
Ts,i
\
T.=250C 1
el 2. Rad|oact|ve wastes
h'=1000 Wim=-K = =20 WimK, ¢ = 10% Wim3

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant propertles (3) One-dimensional radial
conduction.

ANALYSIS: (&) For acontrol volume which includes the container, conservation of energy yields
. 2
q(4/3)(mi3) =h4718 (Tso ~Too )
and with ¢ = 10° W/n’,
5 2 3
o 100 W/ m~(0.5m
Too = To +q'2_25c:+ /2( ) .
32 3000W/m? K (0.6m)

(b) Performing a surface energy balance at the outer surface, Ej; —Equt =0 0r deond — Geonv =0-
Hence

=36.6°C. <

Ak s (Ts,i - Ts,o)

Vnr)-(¥r)
1000w/ m? (K

=T, +— T, ) =366°C +——————(0.2)0.6 (11.6°c) —1204°Cc . <
Tsi =Tso H_ ]Hro s0 ~ lSW/mDK ( ) m

(c) The heat equation in spherical coordinatesis

= h4mg (Tso ~Teo )

dQg 2d_TD+ i
Krw drH B
Solving,
SdT o o’
rc—-=- +Cp and T(r)=- —= +C,
dr 3Kpw 6Ky T
Applying the boundary conditions,
ar =0 and T(r)=Tsj
drlr=o
_ - 2

Continued...



PROBLEM 3.95 (Cont.)

Hence
. .4 (_2_2) -

T(r)=T.

(r) s,|+6krwr| r
Atr=0,

.2 5 3 )
T(0)=Tgj +- 1 =1294°C +2° w/mi(0sm)® oo <
T Bk 6(20W/m|:|K)

(d) The feasibility assessment may be performed by using the IHT model for one-dimensional, steady-
state conduction in a solid sphere, with the surface boundary condition prescribed in terms of the total
thermal resistance

2
: (@) - @ 10 OF
Rtot,i :(4mi2)Rtot =Rend,i +Ronv,i == I Ik) Wo) +FE1FI_E
SS 0

where, for r, = 0.6 mand h = 1000 W/m?[K,, Rgngj = 5.56 x 10° mPK/W, R = 6.94 x 10 mK/W,

and Rigt =6.25x 10° m’[K/W. Resuilts for the center temperature are shown below.

c 675
g
e 4
9_35 625 = —— 2
©
3
g 575
5
— e
[
§ 525 I —— S

475

0 2000 4000 6000 8000 10000

Convection coefficient, h(W/m"2.K)

—©— r0=054m
—A— r0=0.60m

Clearly, even with r, = 0.54 m = r, in and h = 10,000 W/m?IK (apractical upper limit), T(0) > 475°C and
the desired condition can not be met. The corresponding resistances are Repgj = 2.47 X 10° mPK/W,

Rgnyi =857 x 10° mK/W, and Riq j = 2.56 x 10°° m’IK/W. The conduction resistance remains

dominant, and the effect of reducing R'Cm,,i by increasing his small. The proposed extension is not
feasible.

COMMENTS: A valueof ¢ = 1.79 x 10° W/m® would allow for operation at T(0) = 475°C with r, =
0.54 m and h = 10,000 W/m’K.



PROBLEM 3.96

KNOWN: Carton of apples, modeled as 80-mm diameter spheres, ventilated with air at 5°C and
experiencing internal volumetric heat generation at a rate of 4000 Jkglday.

FIND: (a) The apple center and surface temperatures when the convection coefficient is 7.5 W/m?[K,
and (b) Compute and plot the apple temperatures as a function of air velocity, V, for therange0.1<V <
1 m/s, when the convection coefficient has the form h = C,V®*®, where C; = 10.1 W/m?[K [{(m/s)***.

SCHEMATIC:

Apple, D =80 mm

g = 4000 J/kg-day

p = 840 kg/m3, k = 0.5 W/m+K

l l l l To=5°C V=0.5m/s
h=7.5 W/m2.K
ASSUMPTIONS: (1) Applescan be modeled as spheres, (2) Each apple experiences flow of

ventilation air at T_ =5°C, (3) One-dimensional radial conduction, (4) Constant properties and (5)
Uniform heat generation.

ANALYSIS: (a) From Eg. C.24, the temperature distribution in a solid sphere (apple) with uniform
generation is

w20 20
- Yo r
T(r)= ——H+T; 1

To determine T, perform an energy balance on the apple as shown in the sketch above, with volume V =
4/371:r§,
Ein —Eout +Eg =0 ~Ocv *qL= 0
—h(4m02)(TS—Too)+q(4/3 ng’f) =0 @
~75W/m? K (4n><0.0402m2) (TS -5 c) +389W/m3 (4/3 7T><0.0403m3) =0

where the volumetric generation rateis
d = 4000 J/kg [diay

= 4000J/ kg [@ay x840kg/ mS x(1day/24hr) x(Lhr/36005)

q=389W/m3
and solving for Tg, find
T, =5.14°C <
From Eq. (1), atr =0, with T, find
389W/m3x0.040%m2 . . .
T(0) = +5.14°C =0.12°C +5.14°C =5.26°C <
6x0.5W/m K

Continued...



PROBLEM 3.96 (Cont.)
(b) With the convection coefficient depending upon velocity,
h= C1V0'425

with C; = 10.1 W/m?IK [{im/s)>*?, and using the energy balance of Eq. (2), calculate and plot Tsasa
function of ventilation air velocity V. With very low velocities, the center temperature is nearly 0.5°C

higher than the air. From our earlier calculation we know that T(0) - Ts= 0.12°C and is independent of
V.

5.4

53

Center temperature, T(0) (C)

5.2

0 0.2 0.4 0.6 0.8 1

Ventilation air velocity, V (m/s)

COMMENTS: (1) While the temperature within the apple is nearly isothermal, the center temperature
will track the ventilation air temperature which will increase as it passes through stacks of cartons.

(2) The IHT Workspace used to determine T for the base condition and generate the above plot is shown
below.

/I The temperature distribution, Eq (1),
T_r=qdot*ro"2/(4*k)*(1-rm2/ro"2) + Ts

/I Energy balance on the apple, Eq (2)
- qcv + gqdot * Vol =0

Vol=4/3*pi* ro”"3

/I Convection rate equation:

gcv =h*As * (Ts - Tinf)

As =4 * pi * ro"2

/I Generation rate:

gdot = gdotm * (1/24) * (1/3600) * rho /I Generation rate, W/m”3; Conversions: days/h and h/sec
/I Assigned variables:

ro = 0.080 /I Radius of apple, m

k=0.5 /I Thermal conductivity, W/m.K

gdotm = 4000 /I Generation rate, J/kg.K

rho = 840 /I Specific heat, J/kg.K

r=0 /I Center, m; location for T(0)

h=75 /I Convection coefficient, W/m"2.K; base case, V = 0.5 m/s
/Ih = C1*V"0.425 /I Correlation

/IC1=10.1

/IV =0.5 /I Air velocity, m/s; range 0.1 to 1 m/s

Tinf=5 /I Air temperature, C



PROBLEM 3.97

KNOWN: Planewall, long cylinder and sphere, each with characteristic length a, thermal
conductivity k and uniform volumetric energy generation rate g.

FIND: () On the same graph, plot the dimensionless temperature, [ T(x or r)—T(a)]/[qaZ/Zk], Vs.

the dimensionless characteristic length, x/a or r/a, for each shape; (b) Which shape has the smallest
temperature difference between the center and the surface? Explain this behavior by comparing the
ratio of the volume-to-surface area; and (c) Which shape would be preferred for use as a nuclear fuel
element? Explain why?

SCHEMATIC:
Plane wall Long cylinder Sphere
!
I
a.k (@)=Ts =Ts T(@a)=Ts

I

. r= a
e

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant
properties and (4) Uniform volumetric generation.

ANALYSIS: (@) For each of the shapes, with T(a) = T, the dimensionless temperature distributions
can be written by inspection from results in Appendix C.3.

Planewall, Eq. C.22 T(X)_TS

T(x)-Ts _, xCf
a2 / 2k HaH
T() TS_1D DrDZD
ga2 / 2k 25 %HE
T() Ts ED wguid
qa / 2k N gBE

The dimensionless temperature distributions usi ng the foregoing expressions are shown in the graph
below.

Long cylinder, Eqg. C.23

Sohere, Eq. C.24

Dimensionless temperature distribution

3 T
N
N 0.8
<
£
S 0.6
A=A
~ \\
i 0.4
|‘/_I> T
= I
ol 0.2 A
) B
0
0 0.2 0.4 0.6 0.8 1

Dimensionless length, x/a or r/a
— Plane wall, 2a
—&— Long cylinder, a
—4&— Sphere, a

Continued .....



PROBLEM 3.97 (Cont.)

(b) The sphere shape has the smallest temperature difference between the center and surface, T(0) —
T(a). Theratio of volume-to-surface-area, [/Ag, for each of the shapesis

Plane wall

Long cylinder

Sphere

O

a(1x1)
_ g
(1)
_ma%1_a
2max1l 2
_4ma’/3_a
4ma® 3

The smaller the O/Agratio, the smaller the temperature difference, T(0) — T(a).

(c) The sphere would be the preferred element shape since, for a given O/Ag ratio, which controls the
generation and transfer rates, the sphere will operate at the lowest temperature.



PROBLEM 3.98
KNOWN: Radius, thickness, and incident flux for aradiation heat gauge.

FIND: Expression relating incident flux to temperature difference between center and edge of
gauge.

SCHEMATIC: ,
u VI
T et _»Ii b——-—’:
T(R) < { — 9,. :_.b__ w— | Irrdr

<—R _——l——r;jdr' al

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin r (negligible
temperature drop across foil thickness), (3) Constant properties, (4) Uniformincident flux, (5)
Negligible heat loss from foil due to radiation exchange with enclosure wall, (6) Negligible contact
resistance between foil and heat sink.

$ o

~Copper heat sink

ANALYSIS: Applying energy conservation to acircular ring extending fromr tor + dr,
' dT d
dr +0f (277 rdr) = Gr+qr qr =k (2 "rt)a’ Or+dr =dr "'% dr.

Rearranging, find that

d aTg

(2T rdr) =— —k2nrt —dr
qf (2rrror) = S k2t T
d @dTD_ q_,

drH kt

Integrating,
12

dT qir q’,

- +C and T(r +CInr+C
"o okt (r)= 2

With dT/drl= =0, C1 = 0 and with T(r = R) = T(R),

2
T(R)= _GR" e, o Cp=T(R)+

Hence, the temperature distribution is

T(r)= fll (R2-r2)+7(R).

Applying thisresult at r = 0, it follows that
, _ 4kt 4kt
Qizgﬁr(o) T(R )E-—AT <
COMMENTS: Thistechnique allows for determination of aradiation flux from

measurement of atemperature difference. It becomesinaccurate if emission from the foil
becomes significant.



PROBLEM 3.98
KNOWN: Radius, thickness, and incident flux for aradiation heat gauge.

FIND: Expression relating incident flux to temperature difference between center and edge of
gauge.

SCHEMATIC: ,
u VI
T et _»Ii b——-—’:
T(R) < { — 9,. :_.b__ w— | Irrdr

<—R _——l——r;jdr' al

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin r (negligible
temperature drop across foil thickness), (3) Constant properties, (4) Uniformincident flux, (5)
Negligible heat loss from foil due to radiation exchange with enclosure wall, (6) Negligible contact
resistance between foil and heat sink.

$ o

~Copper heat sink

ANALYSIS: Applying energy conservation to acircular ring extending fromr tor + dr,
' dT d
dr +0f (277 rdr) = Gr+qr qr =k (2 "rt)a’ Or+dr =dr "'% dr.

Rearranging, find that

d aTg

(2T rdr) =— —k2nrt —dr
qf (2rrror) = S k2t T
d @dTD_ q_,

drH kt

Integrating,
12

dT qir q’,

- +C and T(r +CInr+C
"o okt (r)= 2

With dT/drl= =0, C1 = 0 and with T(r = R) = T(R),

2
T(R)= _GR" e, o Cp=T(R)+

Hence, the temperature distribution is

T(r)= fll (R2-r2)+7(R).

Applying thisresult at r = 0, it follows that
, _ 4kt 4kt
Qizgﬁr(o) T(R )E-—AT <
COMMENTS: Thistechnique allows for determination of aradiation flux from

measurement of atemperature difference. It becomesinaccurate if emission from the foil
becomes significant.



PROBLEM 3.99
KNOWN: Net radiative flux to absorber plate.
FIND: (a) Maximum absorber plate temperature, (b) Rate of energy collected per tube.
SCHEMATIC:
+-0006m —>x [ Prad- 8OOW/m
Al alloy—35 4 ’_>E = T :.(-Line of symmetry

ANE 3N N AN (dT/dx=0)
TW=60°CLE ] x=Lf2=0.1m

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (x) conduction along
absorber plate, (3) Uniform radiation absorption at plate surface, (4) Negligible losses by
conduction through insulation, (5) Negligible losses by convection at absorber plate surface,
(6) Temperature of absorber plate at x = 0 is approximately that of the water.

PROPERTIES: Table A-1, Aluminum alloy (2024-T6): k =180 W/mIK.

ANALYSIS: The absorber plate acts as an extended surface (a conduction-radiation system),
and adifferential equation which governs its temperature distribution may be obtained by
applying Eg.1.11ato adifferential control volume. For a unit length of tube

dx +drad (dX) —Gx+dx =0.

. dg
With ! =d, +—Xdx
Ox+dx = dx X
dT
and v = —kt—
Ox dx
it follows that,
dOd,,dTd
o] —— rkt——=0
Arad dxg de
ﬁ+ q;‘ad =0
dX2 kt

Integrating twice it follows that, the general solution for the temperature distribution has the
form,

T(x)= —qzlr—;j x2 +Cyx+Cp.

Continued .....



PROBLEM 3.99 (Cont.)
The boundary conditions are:

T(0)=Ty Co =Ty

dT g _ _ Qragl

el =0 C =

dx B(zL/Z 1 2kt
Hence,

T(x) =78 x(L-x) +Ty.

The maximum absorber plate temperature, whichisat x = L/2, istherefore

QradLZ
Tmax =T(L/2) = ” +Tyy -

The rate of energy collection per tube may be obtained by applying Fourier’slaw at x = 0.
That is, energy is transferred to the tubes via conduction through the absorber plate. Hence,

U
qg= 2[-;—ktd—-|_D
x Beeor

where the factor of two arises due to heat transfer from both sides of the tube. Hence,

=~ Lorag-
sooﬂ (0.2m)?
Hence Trmax = +60°C
8 asoE (0.006m)
or Tmax =63.7°C <
and g = —0.2m x800 W/m?
or q =-160 W/m. <

COMMENTS: Convection lossesin the typical flat plate collector, which is not evacuated,
would reduce the value of q'.



PROBLEM 3.100

KNOWN: Surface conditions and thickness of a solar collector absorber plate. Temperature of
working fluid.

FIND: (a) Differential equation which governs plate temperature distribution, (b) Form of the
temperature distribution.

SCHEMATIC:
r-ad & qu”v A:r4— hTo N

dgf'ad ¥ fdgconv <:T'>
— 77 ///777'?7'77777777707;11

+

9x -(_j;(_- 9x+dx -f; X

L—>

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Adiabatic
bottom surface, (4) Uniform radiation flux and convection coefficient at top, (5) Temperature of
absorber plate at x = 0 corresponds to that of working fluid.

ANALYSIS: (&) Performing an energy balance on the differential control volume,
Oy +ddrad = dx+dx +ddcony

Oyrx = O +(ddy / dx)dx
where dayag = Oyag [OIx

ddcony = h(T - To ) [x

Hence, Oragdx=(ddy /dx ) dx+h (T - T, ) dx.
From Fourier’s law, the conduction heat rate per unit width is
2
g =—ktarax 9T N (q_g ) Ted o <

(b) Defining 8 =T —Too ,d°T/dx? =d26/dx? and the differential equation becomes,

2
dx 2kt kt

It is a second-order, differential equation with constant coefficients and a source term, and its general
solution is of the form

0 = Cie™ X +Ce?X +gA2
where A=(Wk)Y2, S=gpag/kt

Appropriate boundary conditions are;
6(0)=Ty - Te =60, d6/dx)y= =O0.

Hence, 6o =C1+Co %
d6/dx)y= =Cq AeAL -y AL = C, =Cy el
Hence, Clz(eo -S/A )/(1+e2}“-) Co :(60 —S//\Z)/(l +e'2’\'-)
D e/\x e/\x ]

e:(e S/}\Z) + 0+S/IA2. <
0 A+l 142l




PROBLEM 3.101

KNOWN: Dimensions of a plate insulated on its bottom and thermally joined to heat sinks at its
ends. Net heat flux at top surface.

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature
distribution and heat loss to heat sinks.

SCHEMATIC:
=X/ o  W--width 199
9 — T =
Tl X% |7 o> ia.?

AT ———)

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conductionin x (W,L>>t), (3) Constant
properties, (4) Uniform surface heat flux, (5) Adiabatic bottom, (6) Negligible contact resistance.

ANALYSIS: (a) Applying conservation of energy to the differential control volume, gy + dqg
= Ox +dx, Where Oxdx = O + (dox/dx) dx and dg=qg, (W [dx). Hence, (day /dx)-qp W=0.
From Fourier'slaw, gy =-k(t W) dT/dx. Hence, the differential equation for the
temperature distribution is

2 P
dx axH a2  kt

(b) Integrating twice, the general solutioniis,

T(x)=- ;gt x2 +Cp X +Cp

and appropriate boundary conditions are T(0) = T, and T(L) = To. Hence, Tq = Cop, and

To = % 2 +C1L+Cy and C =Gl

2kt 2kt
Hence, the temperature distribution is
oL

T(x)= _qZOT(XZ —Lx) +To. <
Applying Fourier'slaw at x =0,and at x = L,

q(0) = -k (Wt) dT/ck)y—g = KWt - - E % 55 %WL

_ _ 0 Q'oD g _ . GoWL
L) =-k(Wt)dT/dx)y= ——kWt = +

(L) = K (WOAT/ e Sakg =%

Hence the heat loss from the platesis g=2(gpWL/2) = g WL. <

COMMENTS: (1) Note signs associated with gq(0) and g(L). (2) Note symmetry about X =
L/2. Alternative boundary conditions are T(0) = T and dT/dX)y= j2=0.



PROBLEM 3.102

KNOWN: Dimensions and surface conditions of a plate thermally joined at its ends to heat sinks at
different temperatures.

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature
distribution and an expression for the heat rate from the plate to the sinks, and (c) Compute and plot
temperature distribution and heat rates corresponding to changesin different parameters.

SCHEMATIC:
L dq,
X | N °
lqg m——n
7-O ! —— TL Ay ,__dx __! Ax + dx

! = / d;conv

-
<«— T, h
-

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x (W,L >>1), (3)
Constant properties, (4) Uniform surface heat flux and convection coefficient, (5) Negligible contact
resistance.

ANALYSIS: (a) Applying conservation of energy to the differential control volume

Oy *ddg =0dx+dx *9dcony

where
Ox+dx = dx +(day /dx)dx ddgony = h(T —Te ) (W [dix )
Hence,
a + 6y (W 18) =05 +(d /) +(T =T, ) (W 1) st (7 -T,) =W
X
Using Fourier'slaw, g, = —k (t W)dT/dx,
2 2 '
—kth—T+hW(T -To ) =0o d—T—ﬂ(T—Too)+q° =0. <
dx? dx? Kkt kt
(b) Introducing 6 =T - T, , the differential equation becomes
2 '
4% _hg, % _
dx?® Kkt kt

This differential equation is of second order with constant coefficients and a source term. With
A2 =h/kt and S=q /kt , it follows that the general solution is of the form

6 =Ce* +CeX +5/)2. @
Appropriate boundary conditionsare:  6(0) =T, - T, =6, o(L) =T -T, =6_ (2,3
Substituting the boundary conditions, Egs. (2,3) into the genera solution, Eqg. (1),

0, = C1e® +Cre? +5/A2 6, =CetML +Cret +5/42 (45)
To solve for C,, multiply Eq. (4) by -€™" and add the result to Eq. (5),

0,6+, =C, (_e+)\L te L) +5/22 ( ML +1)

C2=59L _90e+AL)_S//\2(_e+A|_ +1)5/(£+A|_ e L) ©)

Continued...



PROBLEM 3.102 (Cont.)
Substituting for C, from Eg. (6) into Eq. (4), find

=6, _{HQL _60e+AL)_$//\2(_e+AL +1)5/(_e+)u_ +e—AL} —3//\2 @

Using C; and C, from Egs. (6,7) and Eq. (1), the temperature distribution can be expressed as
O ax _sjnh(Ax)e+,\LD90 +S|nh()\x) 6 ( B +A|_)sinh()\x) +(1 _emﬁi(&
sinh(AL) H sinh(AL) E sinh(AL) 22

8(x) =

<

The heat rate from the plateis q, = —qy (0) +0x (L) and using Fourier's law, the conduction heat rates,
with A. = W0 are

0) = -k K %\ 0o__&" A0 A
= —-kA.— = kA _— —
% (0) “Geo gy smh(AL) EBO Tsnh(AL)

] 1_4tAL O
N el A—mia <

& sinh(AL) E/\ g

AL 0
qx(L)z_kAc%ﬁ =‘kAc%eM' __e—,\cosh()u_)é@o M

dx =1 &S sinh(AL) nh(AL) -
[ 1_.+AL
+E+1_e—Acosh(AL)—/\e+"L S% <
@smh(/\L) @,\ g

(c) For the prescribed base-case conditions listed below, the temperature distribution (solid line) is shown
in the accompanying plot. As expected, the maximum temperature does not occur at the midpoint, but
dlightly toward the x-origin. The sink heat rates are

1
dy (0) = -17.22w dy (L) =23.62W <
300
c
= e
[ 200
©
)
g
5 100 —o—
- — i
e
0
0 20 40 60 80 100
Distance, x (mm)
g0 = 20,000 W/m~2; h = 50 Wim"2.K
—>— "0 = 30,000 W/m"2' h =50 W/mA2.K
—6— q'0=20000 W/m"2; h =200 Wim2.K
—B— q'o= 4927 W/m*2 with q"x(0) = 0; h = 200 Wim"2.K

The additional temperature distributions on the plot correspond to changesin the following parameters,
with all the remaining parameters unchanged: (i) g, = 30,000 W/, (i) h = 200 W/m’IK, (iii) the value

of gg for which g (0) = 0 with h = 200 W/m’T. The condition for the last curveis qg, = 4927 W/m’
for which the temperature gradient at x = 0 is zero.

Base case conditions are: ¢ = 20,000 W/m?, T, = 100°C, T, = 35°C, T., = 25°C, k = 25 W/m[K, h = 50
W/m?K, L = 100 mm, t =5 mm, W = 30 mm.



PROBLEM 3.103

KNOWN: Thin plastic film being bonded to ametal strip by laser heating method; strip dimensions and
thermophysical properties are prescribed as are laser heating flux and convection conditions.

FIND: (a) Expression for temperature distribution for the region with the plastic strip, -w1/2 < X < wy/2,
(b) Temperature at the center (x = 0) and the edge of the plastic strip (x = £ w,/2) when the laser flux is
10,000 W/m?; (c) Plot the temperature distribution for the strip and point out special features.
SCHEMATIC:
| qu=10000 Wim2 —> T,,=25°C
7 h=10W/m2-K

auny -

— Metal strip, k = 60W/m-K

"0 1 @] freme
L,

I
| I
w4/2 = 20mm d=1.25mm Wo/2 —> o0

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction only, (3)
Plastic film has negligible thermal resistance, (4) Upper and lower surfaces have uniform convection
coefficients, (5) Edges of metal strip are at air temperature (T.,), that is, strip behaves as infinite fin so
that w, — oo, (6) All theincident laser heating flux qg isabsorbed by the film.

PROPERTIES: Metal strip (given): p = 7850 kg/m®, ¢, = 435 Jkgih®, k = 60 W/mIK.

ANALYSIS: (@) The strip-plastic film arrangement can be modeled as an infinite fin of uniform cross
section a portion of which is exposed to the laser heat flux on the upper surface. The general solutions

for the two regions of the strip, intermsof 8 =T (x) -T,, , are

0<x<wq/2 6 (x)=Cce™™ +Cre™™ +M/m2 (1)
M = gP/2kA . =d, /kd m = (2h/kd )2 2,3)
Wy /2<x <00 6, (x)=Cge™™ +Chre™. (4)
Four boundary conditions can be identified to evaluate the constants:
de -
Atx=0: d—l(o) =0=cme® -C,me®+0 - ¢ =G, (5)
X
At X = wy/2: 6 (wq/2)=65(wy/2)
Cle+mW1/2 + Cze—mwl/Z + M/m2 — C3e+mW1/2 +C4e—mW1/2 (6)
At X = wWy/2: dg; (wyq/2)/dx = d6y (wq/2)/ dx
mC1e+mW1/ 2 mCZe_mwl/ 240= mC3e+mW1/ 2 —mC4e_mW1/ 2 (7)
AtX - oo 8, (0)=0=Cqe” +Cpe "~ -~ Cg3=0 (8)
With C; = 0 and C; = C,, combine Egs. (6 and 7) to eliminate C, to find
2
M/ m
C1=Cy= _m/—w/Z' ©)
2 1
and 