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Outline
- Mixing

— Importance of dimensionless groups
— Experimental study of mixing of viscous materials

* Numerical solution to flow in a rectangular duct
— Mathematica used to show finite difference vs finite element

* Mathematica notebooks on computational fluid

flow and heat transfer problems
— Boundary-layer flow, Falkner-Skan problem
— Natural convection thermal boundary layer

- Mathematica notebooks for other fluid flow

problems
— Creeping flow past a sphere
— Introduction to multiphase flows
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Dimensionless groups

* A big theme throughout the Junior-Level
Fluid Dynamics course is the importance of
comparing competing or cooperating
effects and how dimensionless groups
inherently do this.

» To make the point we did a laboratory
exercise on mixing and combined with
dimensional analysis.
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Mixing Experiment
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Coloring
Liquid
Soap
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Toothpaste and Karo Syrup

3
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They can be mixed
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Mixing questions using

Dimensional analysis
Mixing

We would now like o do dimensional analwsiz of the mixing of two liquids. You can go t0 the learning center an
check out zome mixing instmments and some substances that can be mixed. Theze w7ill be different fluidz that requix
different lesels of effort and different mechanical actions o mix well.

1. Cmce won have gained zome feel for mixing from the experiments, choosze the warables that seem to be mo:
Inpoctant 1o mixing for sav, 1570 liguids that w7ill be mixed in & cwlindrical tank wwith a single agitator.

Z. How do dimensional analvsis, perhaps patterned after the wrork done abowve, 1o find the dimernsionless groups ths
will be mportant for this mixing problen.

3. Howr consider that wou have 10 dezign a flowsing process in a 500 gallon tank to miix the same substances. Can w0
convince me it will worky
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Mixing Answers

- Viscous mixing
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Dimensionless groups do not need
to be on technical subjects

How Smart YouAre

Cr=
How Smart You Think You Are
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Dimensionless
Confucius Proverb

- He who knows not and knows he knows not
is a child, teach him, Cr~1

- He who knows not and knows not he knows
not is a fool, shun him, Cr<«1

- He who knows and knows not he knows is
asleep, awaken him, Cr>>1

- He who knows and knows he knows is wise,
follow him Cr~1
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Dimensionless Proverb

» Child ~ Wise person
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Dimensional Analysis NoteBook

Buckingham P1 method (dimensional
analysis)

Thiz notebook has been wrritten in Mathematica by

Mark J. MeCreadw

Profezzor and Chair of Chemical Eng ineering
Tndsersity of Hotre Dasne

Hotre Darmne IH 46556

[AF=EN

mjmiznd . edn
httpodwrwrsr. nd . ed v~ rjd

It iz copwiighted fo the extent allowed bw wwhatewer lawes pertain to the World Wide "Web and the Intermet.

I wrould hope that a2 & professional conrtesy that this notce remain wisible to other nsers.
There i no charge for copving and dissemination

YVerzion: a2400
More recent swersions of thiz notebook should be asmailable at the wreh site:

httpetwrmrsr. nd . ed w'~ i drmensiongl analyris. nb
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Mathematica Note Books

Many of these (and other useful materials) are also available from MathSource, at the Wolfram Research website.
This and other courses that use Mathematica materials can be found at the Mathematica Courseware web site.

A simple Mathematica primer,
Mathematica_primer.l.nb. (Notebook)
Mathematica Primer(html)

A basic introduction to dimensional analysis including physical motivation and how to solve pipe flow.
dimensional.analysis.nb. (Notebook)
dimensional.analysis.html (html)

A simple primer on why we use log-log plots and what they mean,
Primer on log-log and semilog plots. (Notebook)
Primer on log-log and semilog plots(html)

An exhaustive solution of the lubricated flow example (“core-annular flow") from Middleman 3.2.3, pp79-82).
It demonstrates a number of Mathematica features and several important basic ideas from this course,
lubricatedflow.nb (notebook format)

lubricatedflow.html (html, this is not as good as the Mathematica version, but you don't need MathReader.)

This one shows how to use the chain rule to nondimensionalize differential equations. It also makes a point that the
Resulting dimensionless terms are of order 1.
Making a differential equation dimensionless (Notebook format)

Making a differential equation dimensionless (html)
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Finite Difference and Finite Element
solution to flow in a Rectanqular Duct

The numerical code for this problem iz adapted from a Forran program and discusszion given by
i, A T Fletcher (1991 Computational Techmigques for Fluid Demanucs, Springervol.l p 112,

Homework problem

1. Plot the soluton for different salues of the the aspect ratio, ba. Explain wwhat iz happening .

2. “What do wou have 10 do to get accuate answers as ba s changed 77

3. If wou use the finite element method w#ith =6 and bax=6, there will be two cells of flowr,

Howr do wou koo that this is incorrect ¥ One of the inportant issues that wou may face when vsing numerical codes iz
that thev ma¥ not be correct !

4. Itis rather significant that the soluton dependz only on the geometric parameter, ba. There iz no qualitatwe change ix
the flowr field with flow rate. The group |, (-eta'b™ADPDZEY scales the welocity to make this possible, discuss thi:
phovsical meaning of this group.

http://www.nd.edu/~mjm/RectangularDuct.nb
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Objectives for "CFD"

» BS engineers, whether we like it or not, will
increasingly be using computational
packages and analytical instruments that
are “turn key" (they don't understand how
they work). We need to instill in them
both a healthy skepticism that they need
to verify the answers, and enough
fundamental understanding of the
different subject so that they can.

mim@nd.edu http://www.nd.edu/~mjm http://www.nd.edu/~chegdept




Homework problem

1. Plot the solution for different swalues of the the aspect ratio, ba. Explain wwhat is happening .

2. What do wou have 10 do 10 get accuate answers a2 ba iz changed 77

3. If wou uze the finite element method w#ith ne=6 and bax=6, there will be t%0 cells of flow.

Howr do wou knows that this s incorrect ¥ One of the important issues that wouw may face wwhen vsing numerical codes i

that thev mav not be cormect !
4. Ttis rather significant that the solution depends only on the geometdc parameter, ba. There i3 no qualitative change i
the flow field with flow rate. The group |, {-eta'b*2/DPDZE)Y scales the selocity 10 make thiz possible, discuss thic

phrwsical meaning of this group.

As the aspect ratio is varied from one, the
solution become increasingly inaccurate. The
finite different method works better
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Comparison of solutions
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Boundary-Layer flows

Boundary-layer flow over a tlat
plate and wedge

Thiz notebook has been wiitten in Mathemanca by

Mark I MeCreadw

Profeszor and Chair of Chemical Eng ineering
Tndsrersity of Fotre Dame

Hotee Darne IH 46556

TEa

Mark. J.MeCreadw. 1iZnd . edn
httpiwrwese. nd . ed o~ mgmd

It iz copwrighted to the extent allowred by whateser laws pertain o the "World Wide "Web and the Internet.

I wrould hope that a2 a professional courtesw, that this nofice remain visible 1o other nsers.
There iz 0o charge for copving and dissemination

http://www.nd.edu/~mjm/boundarylayer.nb
Wersion: &/19/00
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Boundary-Layer Flow (cont)

Summary

Thiz notebook examines the boundace~lazer flow over a flat plate and a wedge. The solution iz given using
mmerical achene and several hnportant phivsical aspects of boundary lasers are elucidated.

Reference

Sample Homework problem for this note book

Howr does the bonmndarcy lagrer thickness change with Revnolds oumber 7

Howr does the wrall shear atrezs change with Revnolds number #¢

What ate 0 phesical characteristics of boundary lasers @7

Eun the code to find iz the approximate location of the outer edze of the boundary laser.

Eun the code to find the walue of the stress at the wall.

. Run the code 10 showr how the boundar-laser thickness and shear stess change when the imposed pressu
gradlent changes (1.e. the wedge problen)

e

mim@nd.edu http://www.nd.edu/~mjm http://www.nd.edu/~chegdept




Boundary Layer Flow

Flow past a flat plate

B Governing equations and problem set up
B Numerical Solution

B Plots of the results
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Problem set-up

B (roverning equations and problem set up

Eoundary lazers are regions wwhere 1970 competing transport effects are about the same order of magnitmde. Itis
expected that the gradients are also "large" in this megion. This MMathematca program gives numerical code for
the boundacs swelocity field for flowr over a flat plate and belowr, the Falkner-Skan problem for flow over a wedge.

The boundary layer equations are
Ehr:': +i =|:|
dx chr

e
2y a;: +v3ra:il;:::'='?;:;+?? b

If the plate iz flat, there 13 no change in pressure because of a change in the fluid local welocity, sav for example if

the flowr were converging or diverging. ¥ou might hawe a slight pressure drop in a cloged swstem, but this can
nzually be neglected .

dF

Therefore, — =10.
dx
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Problem set-up continued

Uaing the wariable changes given in Derm, pp292-293, the boundary laser equations become simplw
' +fft2=0.

The primes (') denote degisatives with mspect t0 the similagity sardable. This nonlinesr ode does not have a
knowmn analvtical solution. Howeser, it can be easily zolved numerically.

Humerical solutions for ode's are often done bv creating & zwsten of first order odes. This is done by defining

yl=1,
32 = f
=1,

Theae hawe 1o he related

Thuz wre hawve

¥1' = %2 {bv definiton)

va' = %3 (by definition)

w3' = -12¥w1*¥3 (which iz from the original ode.)

In the first part I solve the flat plate problem separatelv vaing & ciode numerical scheme that vsvally consrerges,
although not real fast. It is a shootng method. I hase picked w =15 as the end of the integrate. The HD3olve
routine uses a Runge-Foutta method with built in step size adjustment.
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B Numerical Solution
fppinit -1
eps =1

ihile[j.hs[eps] > . 000001,
zz = NDSolve[{¥1'[1] == ¥2[x]. ¥2'[x] == ¥3[x].

1
¥3'[x] == ey ¥i[x] ¥3[x]. ¥1[0] == 0, ¥2[0] == 0.
¥3[0] == fppinit}, {¥i[x]. ¥2[x]. ¥3[x]1}. {x. O. 15}];
o fppinit
rz=({zz /. T = 15)}[1. 2., 2]} ep3 =1 -x=z; fppinit = ———
Ow over
Print["O = ", x=, * error= ".

eps. © £''[0]= ", fppinit]:]

f | -'- U =2.08541 emor= —1.08541 f"'[0]= 0.479523

a a U =12771 emor= —0.277607 [0]= 0375329
U =1.08509 emor= —0.0850888 f'[0]= 0.345897
I .l. U =1.02759 emor= —0.0275943 f'[0]= 0.336608
p a e U =1.00911 emor= —0.00911473 "'[0]= 0.333563
U =1.00303 emor= —0.00302905 f'[0)= 0.332561
U =1.00101 emor= —0.00100866 £[0]= 0332225

°
S O UT l O n U =1.00034 emor= —0.000336106 f''[0]= 0.332114

T =1.00011 emor= —0.00011202%2 f''[0]= 0.332077
U =1.00004 emor= —0.0000373392 '[0]= 0.332064
T =1.00001 emor= —0.0000124462 [''[0]= 0.33206

U=1. emor= —4.1457=10™° f'[0]= 0.332059

U=1. emor= —1.3828% %107 '[0]= 0.332058
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Flow past a wedge

“We again need to make a svetermn of first order ODE's . These are

¥1' =¥z

V' =33

¥3' = - (m+102 v1 ¥3 + k-2

Thiz thne I vse a real shooting method , with a pseudo Hewton-Haphson iteration. It wmorks fo
moztcases. If the angle iz oo negative, the strezs will go throvgh 0, this means that there &
o laver and thus it iz not swrprsing that the answer blows up. Of courze if we look at th

phresical sitvation, e might be surprised that we can get any solution for negative 5. The
trend is correct and it is interesting 1o examine the case of a diverging flow.

B Numerical solution

B Plots of the results at different angles
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Flow
past a
wedge

mim@nd.edu

Flow past a wedge

{roverning equations and problem set up

From Denn the flow past a wedge (figure 15-13 is given by
i = A x™M | m=hetal{2 pi-heta)

Recall that the pressure gradient, .;i Wil change as -V V'(x). This gives

X

ey
ol S Ty

My =V (x) V' (x) +n

& vy
Ed

#bttt Thus, the flow past a wedge is a model problem for telling how the houndar
layer will change as the pressure gradient changes, *t#+*

Denn tells vs that the equation can be reduced 0 a nonlinear ode again taking adsantage o
similarity of solution profiles. This gives

£+ (mHWZ E 12 +m 1D =0,

If m=0, the equation iz the same as for the flat plate.
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B Numerical solution

Hote that wou will want o mn this several thines changing the salue of 5 ower the
possible range. If f=0, the mwesult is the same a2 a flat plate.

fppinit =1;
eps =1;

SO'UTion heta:l]*%;

beta )
2 -hbeta

code router - 10
beta 180

angleindegrees - N[—— |
b ¥
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mim@nd.edu

need 1o o one dme 10 geta value for the outer 1 [infinity)

EZ = HDSul?e[{yi’[:] ==¥2[x]. ¥2[x] == ¥3[x].
1
¥3'[x] == -5 R+ 1) 71[x1¥3[x] - = (1-v2r21%).

¥1i[0] == 0. ¥2[0] == 0, ¥3[0] == fppinit},
{¥i[x]. ¥2[x]. ¥3[x]}. {x. 0. youter}]:
1z =({zz /. T - vouter)[[1. 2. 21:
eps =1-x=;
Print["O = ", xz. " error= ".
eps. " f''[0]= ", fppimit];

T =2.08541 emor= —1.08541 '[0]=1

fppinitold - fppinit;
fppinit = fppinit + _01;
rzold - x=z;

ihile[&hs[eps] » . 000001,
EZ = HDSDI?E[{?i’[:] ==v¥2[x]. ¥2[x] == ¥3[x].

r 1 2
¥3 [x] == Y (m+1) ¥1[x] ¥3[x] - m (1 - ¥2[x]7]).

¥1[0] == 0, ¥2[0] == 0, ¥3[0] == fppinit},
{¥i[x]. ¥2[x]. ¥3[x]}. {x. O. ?uuter}];
rz=(zz /. x —-vouter)[[1. 2. 2]l ep3 =1 - 1=
{1 -x=) {(fppinit - fppinitold)
rcorrect = :
Iz -xzold
fppinitold = fppinit; xzold = x=;
fppinit = fppinitold + xcorrect:;
Print["0 = ", x=z, " xz0ld= ", x=zo0ld.
- ", eps. " £'"[D]=- *~.
fppinit, " xc= ", xcorrect]: rzold = zz;]

EIIDI=

T =2.09929 xz0ld = 2.09929  empor=
—=1.09929 {'[0]= 0.217988 xc=—-0.792012

11 = 0.75534d xzold=0.755344  ermor= .nd.edu/~chegdept
0.244656 £'[0]= 0.362168 xc=0.144181

TT — 1 AEQET wenld — 1 AEQET S —



Plots at different angles

zota — zeta
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Solution of natural convection boundary - layer
flow near a heated flat plate

Thiz notebook has been wiitten in Mathematca by

Mark I MMeCready

Frofessor and Chair of Chermical Engineering
University of Motre Darne

Motre Dame [N 46556

T84

mjruEnd . edu,
httpiwrwese. nd . ed o~ gl
It iz copwrighted 10 the extent allowed b whatewer laws pertain 1o the World Wide Web and the Internet.

I wrould hope that as a professional conrtessy, that if won vse if, that this notice fremain wisible to other vsers.
There iz no charge for copving and dissemination

Wersion: S25/00
IMore recent wersions of this notebook may be available at the weh site:
httpiwrwrwr. nd . edw~mjmdthermal boundarvlaser. nb
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Problem overview
Derivation of the ODI's from the original PDE's.
Correlation of the experimental data

Numerical solution of the coupled QDE's that
result after a similarity variable is introduced to
the natural convection boundary - layer equations
for flow near a flat plate.

Cornclisions
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Problem overview

Physical sitnation of interest
High Crrashof number heat transfer

Boundary-layer physics

The basic mass, momentum and energy equations for a free convection boundary -
layer
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Numerical solution uses a shooting method and a Runge - Eutta Integration.
Reference: Numerical Recipes in Fortran, See also the notes from ChEg 258,(D. T. Leighton).
httpeissrsos. nd. edwi-dtl'ches 258 chep 258- 1999 /notes/137 foverheads. himl

Retumn 1o conclnsions

The kew equations for the shooting method are:

& dV=-F
Yioew = Vold + oV

where o 13 the Jacobian Matix obtained by wacving the initial guesses for the mnknowmn inital conditions, F i

the ermor in the solution produced from the coment inital goesses, Vold, and &% iz the comection to the initia
guesses for the next step.

Thiz turns out 10 be a touchy calculation. Here are a set of initial conditons that give a solution with somw
trouhle. You will find that higher Pr iz harder and that if souter is 1o large, the calculation does not work.

finit= {{.8} ,{-.25}};

pr=10; (*Prand1l numbert)

wouter=5.5; (* outer walue of 1 *)

deltr = .0006¢* ncrement on the ndtal guesses used o generate the Jacobian®)
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Here is the numerical solution

Initdalize some variables.

We need to run through the integration once to get a first values for the exror.

Here is the main iteration loop.

Here are some plots of the results
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Concliusions

1. Fornatoral consection flows wwhere the Grashof nomber is larger, a boundacy laver can be expected close
1o a solid surface.

2. For zitmatons wwhere a natoral convection boundare-laser 13 occuning , heat tansfer will be governed b
coupled enery v and momentmi equations.

3. For ttansport processes that ocour on a senud-infinite domain, wwhere there iz 0o geometidc length scale, it is
often pozsible o define a (dimensionless) similarty sardable that contains the natral length scale.

4. It iz often poszsible to reduce PDE's to ODE's through simplifications made possible by use of the
aimilarity wariable.

. From the scaling idenfified by the similarity srariable, it i3 often possible to predict the acroscopi
hehasior without zolving the differential equations. In this case Hu ~ ot

6. Thizs prediction agrees with the recomumnended cofrelation for high &1 heat transfer.

7. The coupled , nonlinear ODE's can be readilv solved with a shooting method .

g. MNote the shape of the temperatire profile and the location of the nisschinum welocity.
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Show[Upri0, Upr01, Upri00, Upril]:

1 _a
T

0.z

0.z

0.1

return to c:unc:lusiunsl

Show[Tprio, TproOi., Tprid0. Tpri]:

0.2
0.&
0.4

0.2




B The basic mass, momentum and ehergy equations for a free convection boundary -

layer
Contnuity
dulx, ¥ N avix, ¥
ax ay -
Mormenhuomn
dutn N dulry g 4 #* uix, ¥
2ix, ¥ Py Hix, ¥ ay gTix, ¥ VA F—a}ﬂ
Energy
ITw N 8Txy Tk ¥
#ix, ¥ Bx LE ay “—a}a

return to conclusions

These equations are coupled | meandng o cannot aolwe anw of them withont simultaneonsly solving the othe
0. Further, the momentun equation 13 nondinesar,
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Demonstration of the effect of flow regime on
pressure drop in multifluid flows

Summary

This note book is intended to give a first introduction o rooltifluid flows throngh the use of "model” flow regimes caloulated fTor
exact solufions for laminar flow in different configurations. By comparing, pressure drop over a mange of flow rates for thea
different configurations, that show differences of factorsof upto 30, the imporance of kmowing, the flow regime is demonstratec
Inzight into the physical reazons for the rardation in pressure drop with flow mtes and physical properties is gire .

http://www.nd.edu/~mjm/Effect.of.Flow.Regime.pdf
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flow rate pressure drop relations for the three regimes.

Pressure drop comparisons
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Recap of Major poirnts
rsaine as the preview above)

[EACE to Preview]

Wk have shown, using, simple rmodels fior flow egimes, saiified, sduz and dispersed, that

L. The gualitative as well as the guanttanve beharior of multiphase flows will change as the ratios of flow rates and physice
properties change.

2. The pressure drop predictons differ substantially with flow configumtion. The pressure drop for dispersed flow wa
predicted to be a factor of 35 hizher than for slug flow in one cas and a factor of 20 greater than stratified flow for another case
This ey result is frue for process flows and makes cormect prediction of the flow regime crucial o successful desigh of rmulfiflui
gystems. Most engineering designs cannot #fand ah unce rainty of a factorof 2 in the main desigh rarable, let alone 30.

3. gimatified flow is the most efficient configuration, of the three tested here {corapare stratified/slng, dispersed/stratified), fic
fluid transport when the more riscous fnid has a higher flow mte. This is due o the Inbricating effect of the less riscous fInid the
Teduces shear in the more wiscous fInid. Thisis the basis of lubrcated pipeling Tansport of heary oil (See D. D, Josgephand ¥, ¥
Fenamdy, Fundemertals of Two-Fluid Dynamics, Springer-Werlag, 1973, Wol. 2.3 If the mome riscons fluid is present in lessc
arnounts the advantage is lost because it is subjected to high shear and acts to reduce the available flow area fior the less riscou
fluid.

4. The loss of mbricating effect of a less viscons fluid in statified flow can canse a region where decreasing the flowrate C
the less viscous fluid, inereases the pressure drop (click for specifics about retrograde pressure dropy -- contrary to phorsic:
intuation gained from most other flow situations.

3. The specific concInsions for dispe Eedislus, dispersed/siatifed and simafifiedsslnz can be accessed directly.

G The reason for the differences in the pressure drop with configuration for the examples in this notebook is that th
dizsipation is altered. Differences in dissipation arise pritnarily when fluids of different riscosities are located in regions
different stress. Wi alao find that changing the effective flow area id.e., by having a statified region of mone riscous fluid) for th
fast roving fluid changes the dissipation significantly. These general obserrations should hold fior either larminar flow (a5 show
here) or turbulent flow. However, if the pritnary contributions to pressure drop are from fluid acceleration, or gravity, then th

Mpressure drop differences cansed by the flow regitne could be less than shown here. Examples are unsteady or transient flow:
dewe loping, flows or vertical flowrs.



Slhag (Alternating)

Fluid 1 + Fluid 2
—_—

Wriewr the sz flow rovie, 81z Flow

Stratified flow

Fluid 1

Two-laver, horizontal two-Tluid flow

[BACE to Preview]
[BACEK to Recap]|
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Surprising result

®  Pressure drop comparison for dispersed vs. shug flow

Plot[Eva lnate [dispslngryatio /. {Rey - 100, pp -5 .01, pg -= .00018,
prL -=1, pg->17899, H-=11}].
{Rez,. 1. 10000}, AxesLabel - {"Rez", "dispersed/slng rmtio"}];

dispersed sslug ratio
35
20
25
20
15
10
)

ey
2000 4000  s000  S000 10000
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Creeping flow past a stationary sphere

Thizs notebook has been wwiitten In Jathematica by

Mark J. MeCreadw

Profeszor and Chair of Chermical Engineering
University of Motre Dame

Hotre Darme IH 46556

TeA

mjnEnd .edn,

http:itwewrer. nd . ed gl

It iz copwiighted to the extent allowed by whatevwer lawrs pertain 1o the World "Wide "Web and the Internet.

I w70uld hope that az a profeszional courtesy that this nofice remain wisible 1o other vsers.
There is no charge for copving and dizsenmination

Yersion: S/E00
Maore recent swersions of this notebook zhonld be asrailable at the weh zite:
htpoiwweewr nd  edu'~mjm'cieeping sphere. ob
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This notebook shows how to solve creeping (intertialess) flow pasta
stationary sphere ( Stokes's Problem)

Reference: 5. Middleman [1999]) Aq fafndvcion o Fuid Doasiice Principles of Analysis and Design,
Wiley pp 166-171_
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Flow past a sphere problem

Problem of interest

Learning Objectives

Mathematical Formulation

Solution of the equations with the boundary conditions
Examination of the solution

(orclisions
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Learning Objectives
m  Physical Issues

1. "We are resticting the problem w0 the case where inertia forces are much weaker than vwiscous forces
Thuz we expect that the interia terms of the Havier-Stokes equaton shouwld be much simaller than the swiscous and
presaure terms and that thos thev can be neglected. For this case the Revnolds number iz werv small. If we make the
equations dimensionless all terms are no larger in magnitide than about unity. Thus the parameters that appear in thes:
equations, and which can hawe walues mich different from on, detennine wwhich terms ave needed for the soluton. Ix
the nondimensionsl equations, the Bewvnolds number moltiplies the intertia terms and these will consequently e
neglected in the solutbon.

2. Bince the Revnolds nomber iz smell, the fluid goes ondv where specifically pushed and it will stop if the forcing i
atopped. Thus the geometry of the flow field is determined b the boundaries.

3. Becanze viscous forces dominate the flow field, the fluid can neswer accelerate aboswe the free strearm walue even if ax
obatacle canzes the fluid o0 be aqueezed. Thus the welocity in the region of the aphere just alows down and then retim:
10 the free strearm value.

4, Both normal steszes and tangential streszes confribute 10 the drag on the sphere. These can be termed foom drag
and skin drag.

5. Consistent with the fluid not accelerafing , the pressure never increases above the free stream walue, The fluid he:
oo inertia that would cavse a pressure increaze as the fluid slows dowi.

6. The welocity decayws slowly (az %} and thus the disturbance is felt wery far away foom the sphere. This makes i

difficult o do a real experiment, in a reasonable size container, that allows that sphere 1o fall at a speed specified by the
drag that iz predicted from the analwsis here. The werv high Revnolds number case decaws much faster.
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Conclusions

1. Creeping flow iz a term vsed for a flow that hawe effectively no inertia. In thizs case the ertia tenns are neglects
and the soluton iz obtained frogm the resulting linear equatons. The Revnoldz onber iz wery much amaller than wnitss.

2. The soluton techndgque insolves using a soluton fonmn that is deduced from bouvndaes of the flow field, farawma
from the sphere.

3. Becanze viscous forces dominate the flowr field , the fluid can neswer accelerate above the free strean walue even if &
obatacle canzes the fluid 1o be squeezed. Thus the welocity in the region of the sphere just z2lows dowmn and then retm
10 the free sitrearm walue.

4. Both nommal stesses and tangental stresses contribute to the drag on the sphere. These can be termed foom drag aiw

skin drag. Hote that both of theze are linear in the welocity (consistent with the linear goveming equations) and flui
viscozity., The density, and thus the BEevnolds number, does not appear.

o, Consistent with the fluid not accelerating , the pressure never increazes above the free stream salue. The fluid has dw
Inerta that wwould canse a pressure increaze as the fluid zlows dowm.

6. The welocity decawys zlowlw (as %} and thuz the disturbance iz felt wery far away from the sphere. Thiz makes .

difficult 1o do a real experiment, in a reasonable size container, that allows that sphere to fall at a speed specified by th
drag that i3 predicted from the analwsis here. The werv hizh Eevnolds nomber case decasss much faster.
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Show[ploth. sphere. DisplavyFunction — $DisplayFunction]:
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Velocity field magnitude

ko conclusions

Show[plotl, sphere];

-4 =7 0 4
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Conclusions

+ Some elements of mixing are incorporated
into the fluid dynamics course
— Laboratory experiment
— Dimensional analysis

* The main idea we attempt to convey about
computational fluid dynamics is that it is
wonderful if it works, but make sure your

solution is correct.

— Strategy is like using different excess Gibbs Free
Energy models to design distillation columns with
a process simulator
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Conclusions (cont.)

- Mathematica notebooks can be used to

show students

— Computations

— To do algebra that is too tedious for them to do
— To allow them to explore the solution

— To Incorporate other media

* Questions remain as to if our approach
gives a significant or incremental benefit
to the students.
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