Fluid Mechanics & Aeroacoustics of .
Fans and Compressors

Day 1: Axial Flow Compressors & Fans

Short Course Offered at BCAM— July 2-4, 2013
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Course Objective

* Provide basic understanding of fluid flow in
compressors and fans (axial & centrifugal)

e Understand sources of noise and methods for
acoustic analysis
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Definition

* Compressors & fans:
— Use input mechanical energy to increase fluid total pressure
— Fans (Ap ~ 0.01 atm), compressors (Ap = 1 atm)

— Configs: axial, radial/centrifugal, or mixed Flow
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Choosing the Right Fan/Compressor

* Performance variables:  Wstage, 1, Ap = f(m,p,N, D, u, a)

e Non-dimensional form: P10, 52 = f(¢,Re, M)
W m/p
— Wh = =
ere | ¥ = e ¢ =Np3
loading coefficient flow coefficient
* Specific speed * Specific diameter
¢1/2 N(m/p)l/Z lp1/4 D W51/4
Ns = l/)3/4 - WSB/4 D = ¢1/2 - (Th/p)l/z
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Cordier Line/Diagram
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Specific diameter (Dg)

Sample N;D; (Balje) Diagram

NSDSTurbine chart
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Axial-flow Compressors
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Axial-flow Compressors

* Applications: Industrial gas turbines, aircraft engines

High-pressure High-pressure
Fan compressor turbine

High-pressure

Low-pressure Low-pressure
shaft turbine

Low-pressure Combustion
compressor chamber
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http://www.youtube.com/watch?v=CXSi4GXUojo
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Axial-flow Compressors

* Best for applications with high Ng and low D
— High mass flow w/ relatively small Ap per stage
— Therefore large number of stages are needed
— Each stage: rotor followed by stator

single stage ‘
. > {

I 1 o

Direction
of blade motion

RotG/ /_;..
Statnr\ \

A\

% % e e e = —
= %
©> compressor section of a turbofan engine
COLO@MESA (50 ) Fluid Mechanics & Aeroacoustics of Fans and Compressors r BQltogQr c
uuuuuuuuuu osvus it s s Farzad Taghaddosi (July 2, 2013) - page 9 kooors st



Terminology

Cylindrical coordinate system

Velocity components
» C,: axial
» C,:radial
» Cg:tangential/circumferential

» Cm = +/CZ + ¢ : meridional

» W: relative velocity

» ¢: absolute velocity = W + U

Flow angles
» a: absolute
» [:relative
)
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Flow through Compressor Stage

* Pressure increase through both © B A\ &

rotor and stator W c
Z U é >
~ Wo1 "1‘391 -
* Moderate pressure rise Rotor blade row [~ T
. Jﬁz Xy
(flow deceleration) due to )
. Wo 2
adverse pressure gradient ® s,

1
]

=
* As aresult, blades have small \ \

curvature/camber; are very thin__,

Stator blade row

G

@ Cxy Cs

 Need multiple stages to create p
large pressure increase 1

> X
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Stage Work (Loading)

* Euler’s equation:

= Uycg, — UiCoq

WS
%A%
ws = U(cgy, — Ccg1) | at mean radius

Rotor blade row
» All work done in rotor, none in stator

* Loading coefficient
Y = ws/U? = (co2 — €91)/U = Acy /U

» 1 directly related to flow turning Acg \ \

W02

_ Acg Stator blade ro
» Higher 1) — reduced no. of stages

» Reducing inlet swirl = highery

» lpdesign ~ 0.4
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Flow Coefficient

e Definition: ¢ =c¢,/U

» Determines change in flow angles

» Typically ¢, const. thru compressor M

» Higher ¢ — reduced flow turning  Rotor blade row

» Paesign ~ 0-4-0.8
» P and ¢ are directly related:

— _ _'_'J W02
¥ = (co2 — co1)/U e
Stator blade row
3
Cy Ca

Y = ¢p(tana, —tana,) = ¢p(tanB; —tanf,)
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Stage Reaction

R = Ahyotor _ hy — hy _ (AP)rotor 0<R<1 g

B Ahstage h3 o hl N (Ap)stage ’ B @ @

* Impacts asymmetry of velocity triangles hence blade
shapes

U U
(a) R>50% (b) R<50%
Ba> a4 Ba<ay

* Typical range: Rgesign = 0.5-0.8

* Relationship with Y and ¢: |¢=2(1-R—-¢tana,)

» Higher reaction tends to reduce stage loading
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Stage Thermodynamics

* Work: N
02 R qf i
wg = Uycgy — Uicgy = hoy — hos h &
— hoy — Uicgr = hop — Uzcgy

I = hy — Ucy rothalpy

w?  U?
I=h+ 5~ [ =hgre—U?/2

* Enthalpy change across rotor:

» I; =1, oratmeanradius (U; = U,):

hOl,rel = hoz,rel hO,rel =h+ W2/2

* Enthalpy change across stator (U = 0):

h02:h03 h0=h+C2/2 -
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Stage Losses & Efficiency

* Efficiency of the compressor is impacted by
the losses in each stage (rotor+stator)

* Losses are typically quantified using
correlations obtained from experimental tests
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: AR Annulus loss only 018}
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* Profile/fannulus losses * Tip leakage losses
— BL drag & wake mixing » Tip vortex mixing

Suction

surface -+ %
“ Pressure

surface

* Secondary flow losses
— Corner stalls, 3D effects
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Stage Loss Metrics

 Enthalpy loss coefficients:

h, —h hy —h
§R= 22 2s §N= 32 3s

rotor W, /2 stator C3 /2

* Stagnation pressure loss coefficients:

Po1,ret — Poz,rel __ Poz2 — Pos3
YR = YN -

Po1,ret — P1 Po2 — P2

* Loss coefficients are related:
— At low Mach numbers: Y = ¢
— But at higher Mach numbers: Y > ¢

. . . 9
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Stage Efficiency

* Efficiency

y —1 [YR (1 - pl/p01,rel) + Yy(1 - Pz/Poz)]

~1—
e 14 1—-T,/To3
Or 2 2
Ner = [1 _ Crw3 (T3/T, )+CNC3]
o 2(ho3—ho1)

» For low-speed/incompressible machines:

TOBASstage —1 ApO,R + ApO,N

Mee =1 — = 1=
ho3 — o1 p(hoz — ho1)
Or ,
n. =1 (WiYg + c3Yy)
tt — o
2(ho3 — ho1)
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Measuring Losses: Cascade Flow Analysis

* Sample Cascade Tunnel

Screen Single-stage fan Settling Contrgction Cascade
Diffuser Iength/ section 7 guction \ Cascade
L slot axis

Drive e i )
motor T > A
7Screerg\ S )JJ‘/ ay

—
— /

gi.' i - Test /  Lineof |

section traverse
|

* Main objective:
— Characterize losses

— Measure exit flow angle

* Based on simplified 2D, steady flow

* Both design and off-c
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Cascade Nomenclature

4 a
; Point of
maximum camber
Y
By S
(o}
‘...._____’_

cowonomisn  (bean)

ser fo applied mathematics

Fluid Mechanics & Aeroacoustics of Fans and Compressors
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oy = blade inlet angle
oy = blade outlet angle
6 = blade camber angle
= 0y~ 0lp
¢ = setting or stagger angle
s = pitch {or space)
¢ = deflection
=4 — U2
= air inlet angle
o = air outlet angle
c, = air inlet velocity
c, = air outlet velocity
i = incidence angle
= Oy~ 00}
& = deviation angle
=Qp— O
¢ = chord
b = axial chord
c/s = solidity
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Some Design Criteria

* Diffusion factor 006
«» 0.04
or = (252 (2) () o}
w1 2W1 (5 — 0.02
deceleration turning oo
0.00 - ‘ ‘ : -
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
» Helps determine space-chord ratio (s/c) DF

» For given DF, higher turning requires reduced
blade spacing to avoid separation

» Typical values: s/c = 0.8 — 1.2

o

* Inlet swirl angle: a; = 20° — 30
» Helps reduce relative inlet Mach number
» Reduces flow turning hence stage loading

* Blade aspect ratio: H/c =1—2

* Blade spacing: s/b = 0.5
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Multi-stage Compressors

* Effective annulus area is reduced because of BL growth
— Axial velocity is adversely impacted

1.0

0.8

0.4

Fraction of blade height

0.2

0.6

Gurve 0 after guide vanes
Curve 1 after first stage
Curve 2 after second stage
Curve 3 after third stage

Curve 4 after fourth stage

Impact reduced after ~ 4t stage

Axial velocity/mean axial velocity

Normalised axial velocity, ¢_/c

The effect is taken into account by
introducing work-done factor (4):

wg = AU(cgz — Co1)

Mean work done factor

American design practice: apply blockage

Comﬁfn%\ MESA (BCQM)
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factor to account for reduced annulus area
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Radial Flow Variations

* 2D flow assumption only ¢ For 1y, /7¢ip = 0.4-0.8,

valid when 13,1, /7¢ip iS blade speed (U) & flow
large (= 0.8) — typically angles will significantly
last stages blades vary from hub to tip

» Blades require significant twist

L 1 1 5

|?1
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Radial Flow Variations

* Change in annulus shape means ¢, cannot be
ignored, although still smaller than ¢, and cg

* Pressure increase from hub to tip to counter
centrifugal forces acting on the fluid will cause slight
variation in the radial direction

Casing

-———-—b——-——-——-——\

e ]

it man s s et

e

Hub \
Streamlines

* Radial flow variation is taken into account by solving
“radial equilibrium equation”

Y v
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Flow Instability - Surge

* Itis caused by drop in delivery pressure due to reduction in m

* If p.yir does not drop fast enough, air will reverse direction and flow
upstream due to resulting pressure gradient. This will cause sudden
drop of compressor exit pressure, reversing air flow direction...

* The cycle can then continue at high frequency

 Surge characterized by vibration in “axial” direction, causes excessive
blade vibration, and can lead to flame-out (flame extinction)

Lines of constant efficiency

Poz W€ -

Constant Po1 L Maximum efficiency
speed curve @@9
4 &

Pressure ratio

http://www.youtube.com/watch?v=0sAT6mwkr94
c http://www.youtube.com/watch?v=9KhZwsYtNDE

m VTg
Po1

Mass flow
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Flow Instability — Rotating Stall

* Aninstability usually observed at low operating speed (N)

* Is caused by blade stall (due to increased loading, tip vortex or corner stall),
leading to flow blockage and change in angle-of-attack of neighboring
blades (increase on one side and decrease on another side)

* This causes neighboring blade stall an recover creating stall patches that
will travel around compressor annulus

* Rotating stall can exist in normal operating conditions; both part-span and
full-span stall has been observed

* It causes vibration in circumferential direction

~ N 4
ENCRTRN @

Full-span stall Part-span stall
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Low-speed Ducted Fans
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Introduction

* Ducted fans are essentially single-stage compressors
but with low pressure ratio

W, B4

Cx

Static ot
U Static

pressure pi ressure
¢ TWO COnflgUI’athnS Iniet guide vane/ pp,-=p1
%‘ u
Rotor blade

may be used: R
a) |GV — Rotor AL " Po
b) Rotor —-OGV —v—] |- | 3

Rotor blade U
Quilet

(.

Bo straightener
W, P2 vane
CX
u P3
(a} Fan with inlet guide vanes (b) Fan with outiet guide vanes
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Introduction

* Ducted fans have typically higher space-chord ratio
(low solidity) compared to compressors

* |solated airfoil theory is often used since the influence
of neighboring blades is small

—h
o

o -t —_
) o () ™ o
' ' ) \
\l
a
Q
-
ITRAES I o
S \a

80° Stagger angle

=y -y

Lift ratio, k

0.6
k approaches one for high s/c
0.4
| | 1
0.5 1.0 1.5 2.0 2.5
s/c is much greater Space—chord ratio
50 Fluid Mechanics & Aeroacoustics of Fans and Compressors "
C?]T*'O'%D"q MESA e wamgqg Farzad Taghaddosi (July 2, 2013) - page 30 koeTors e Boltogor C

Dipitacién Forsl e Bizkaia



Fluid Mechanics & Aeroacoustics of .
Fans and Compressors

Day 2: Centrifugal Compressors & Fans

Short course offered at BCAM— July 2-4, 2013
Farzad Taghaddosi, Ph.D.
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Introduction

» Efficiency of axial flow compressors sharply
drops at low flow rates

» Increased losses due to larger surface/volume ratio of
annulus

» Manufacturing of small parts, high maintenance cost, etc.

1.0

1 I T
— . MIXED FLOW PUMPS
/\
PUMPS

0.8f= -
b
D
= PARTIAL AXIAL FLOW
u EMISSION PUMPS
a ) - r\
E
w
§ 04 ooy -
= PUMP
g 0.2} ,

Compressor chart will be similar
0 | | 1
0.01 0.1 1 10 40
DESIGN SPECIFIC SPEED, Np
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Cordier Diagram
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Centrifugal compressors best choice for N 25 D5 016
high pressure rise for small flow rate N
0.1
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Introduction

* Centrifugal compressors

» Smaller number of components
» More compact design
» Pressure ratio’s as high as 8:1

* Centrifugal fans/blowers: Ap small, about
a few inches of water (p,/p; < 1.05)

» Usually treated as incompressible

COLO@MESA (Lcam) Fluid Mechanics & Aeroacoustics of Fans and Compressors
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First Jet Engine (Frank Whittle) - 1930

* Used a centrifugal compressor

* Soon became apparent that they are not suitable
for higher mass flows

— Larger frontal area, lower efficiency, etc.)

<N\ . . . [ 8¢ BFA »
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Some Applications

* Automobile turbochargers * Auxiliary Power Units
(APU’s)

COMPRESSOR
SECTION

* Gas pipeline, refrigeration,
process plants

COLOR;¢<D:8MESA (Lcam) Fluid Mechanics & Aeroacoustics of Fans and Compressors
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Components & Operation

* Impeller: pressure rise due to
centrifugal action & diffusion

» Diffuser (vaned /[ vaneless):
pressure rise by diffusion
(velocity almost reduced to
inlet value)

* Design practice: 50-50
pressure rise across impeller
& diffuser

* Scroll or Volute: collects and
delivers the air

-

a3
»

Direction of rotation

—

Volute Vaned diffuser J
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' C Velocity relative
Cutlet flow %;N to impeller

Coz <y

wrad/s

Section through eye
— at radius ry

* Air enters through impeller eye in axial direction

* Unless inlet guide-vanes (IGV's) are used, vanes must
be curved to allow smooth inflow

* Air leaves impeller tip with absolute velocity ¢,
* Some impellers have shroud to reduce leakage & losses

<2\

. . . |_p88 BFA ol
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Stage Work

* Impeller: I; = I, (constant rothalpy)

_ w?  U?
[=h+t——= U, > Uy
1 1
—>h2—h1:§(U22_U12)+§(W12_W22) ¢ 1
\ ]\ J r T2
| | 13 |
centrifugal action flow deceleration w -
~75% ~ 25%
» Ah directly related to Ap
* Diffuser: hy, = hy3 (constant stagnation enthalpy)
c? 1
ho = h+ 5 7 hs —h, = 5 (cz — c3) Ap due to flow deceleration
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Stage Thermodynamics

* Impeller & &

02/ 03 /

cs

Q‘b

— Rothalpy: hy

L
2

. -

W2 U2 03s g3 &
I=h+—-— %2 2
- - 03ss 38 /

/ 021 ] g
.Ug/ v

| —

%

N

w

)

=

* Diffuser ety ]2

1
" 1.2 EU12
— Stagnation enthalpy: 2 b =1~ 1= Constan
1
c2 l E*Cﬁ?
hO = h ~+ 7 1
s
<N . . . | o8 BFA v
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Stage Thermodynamics

¢ WO I’k ' C Velocity relative
! W to impeller

w = Uzcgy, — UiCyy

Cop < U

wrad/s

cg1 = 0 for axial inflow

\ ~— Eye tip e
- w = Uycgy = hoy — hyq : waﬂ:a
1

Section through eye
''''''''' — at radius ry

* Slip factor

» Ideally: cg, = U,, but in reality: cg, < U, due to less than perfect
guidance received because of finite no. of vanes

» Define g, = cg, /U, as slip factor:

0.637 2 ,
o, =~ 1— ~1-— Stanitz formula
Nvane Nvane
LN d, Fluid Mechanics & A ics of d 22 EFA "
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Stage Thermodynamic

* Power input factor (1)
» Correction factor to account for losses in the impeller only
» A = 1.035-1.04

* Overall stagnation pressure ratio:

y/(y—1)
Pos 1+ 77c/1(UsUz2 — U;icgq)
P01 CpTo1

1. : isentropic efficiency Tyq: inlet stagnation temperature
Cp : specific heat
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Impeller Design Considerations

Backward Swept Vanes

» Radial impeller designs lead to high exit
velocity c¢,, which may lead to flow
separation in diffuser

» Backward swept vanes will reduce
(increase w,) hence reduce diffusion in
both impeller & diffuser

» Because of more controlled diffusion in
impeller & diffuser both overall efficiency
and operating margin improve

» To maintain pressure ratio, however, rpm
has to be increased. Therefore, centrifugal
stresses will be higher

» Swept vanes will also experience bending
stresses

» Typical bend angles: f = 30°-40°

<3N\ . . . [ o4€ BFA -
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Impeller Design Considerations

* Inlet pre-whirl

» Without pre-swirling inflow (using inlet guide
vanes), and hence relative Mach no. will be
very high

» The flow can become supersonic, creating
shock waves, which in interaction with the BL
may cause flow separation

» Adding pre-whirl will help reduce inlet Mach
number

» But, as aresult, cg; will no longer be zero,
which mean more work is needed to create
the same pressure ratio:

@ _ nc/l(o-sUZ U1C91)

1+

5 shock wave
0..

\%

Po1 T01

» Since wy will be highest at the tip of the eye
(highest U;), one can minimize the impact by
adding pre-whirl near tip of the eye only

COLOﬁMESA (Lcam) Fluid Mechanics & Aeroacoustics of Fans and Compressors
UNIVERSI conr b o vt Farzad Taghaddosi (July 3, 2013) -

v/(v—

VY

Breakaway
commencing
at rear of

Co1

Angle of
prewhirl
Fixed inlet —

guide vane
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Diffuser Design Considerations

* Can furtherincrease pressure in
diffuser by reducing ¢, (or cg)

— Since past impeller exit, angular
momentum stays constant:

rcg = const.

increasing radius will achieve this

 Vaneless diffuser: reduce cgy by
increasing radius

* Vaned diffuser: use vanes to reduce
cg faster

Impeller
2 Vaned diffuser J

QN . . . |_p88 BFA ol
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Diffuser Design Considerations

* VVolute or Scroll

» Collects and delivers the flow
» Spiral-shaped channel of increasing cross-sectional area

Symmetric volute Overhung volute
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Performance Characteristics

5 —
100
41
) - 80—
Surge line \/ / N\
- 60 —
sl / 06 07 08 0.9 1.0

Lecus of points of /
maximum e?ficiencyw'\/ N Ty, relative to design value

’ 40

/
S 08 N Toy relative to
, design value 20—
2 7 /

’ 0.7
/-/ g \ 0 1 I 1 | | )

~ 0.6 0 0.2 04 0.6 08 1.0 12

m Torlpgy (relative to design value)

Pressure ratio pop/poq
Isentropic efficiency 1,/[%]

1 | | ] ! | J
0 0-2 04 0-6 0-8 10 1.2

m\fTFO_11p01 (relative to design value)

* Centrifugal compressors can also suffer from
instabilities such as rotating stall & surge

2N . . . |_p88 BFA ol
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Fluid Mechanics & Aeroacoustics of .
Fans and Compressors

Day 3: Introduction to Aeroacoustics

Short course offered at BCAM— July 2-4, 2013
Farzad Taghaddosi, Ph.D.
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Introduction

* What is aero-acoustics?

» Study of sound generated by aerodynamic

sources

;,xamles:

Courtesy NASA
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Introduction

* There is obviously a need to reduce man-made noise

ROTOR SOURCE NOISE

Thickness and
High-speed impulsive noise

Blade-vortex
interaction

Blade-vortex
Interaction
noise

QN . . . |_p88 BFA ol
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Physical Nature of Sound

* Sound: pressure disturbances/fluctuations of very
small amplitude (p' == p — pP)

» Sound waves require a medium to travel

* Forany p’, there is an associated fluctuations of
velocity particles (v')

* Speed of sound: speed of sound propagation in a
medium; in undisturbed medium ¢y = (p'/0dp’)
— Note that v’ and ¢, are not the same
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Noise Signal Analysis

* Noise signals are measured in the “time domain” but
are analyzed in the “frequency domain” using Fourier
transform

* Any complex signal can be decomposed this way

A A
signal : s1gnal
amplitude » atnplitude |
—» >
time frequency
Time domain Frequency domain

BC luid Mechanics & A ics of F dc BFA .
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Noise Signal Analysis

* Human ear can hear a sound, if the frequency
content of the signal is in the range: 20 Hz — 20 kHz,
provided the signal amplitude is higher than
threshold of hearing. The amplitude is measured
using sound pressure level (SPL)

* Amplitude is usually weighted 5 4

within above freq. range to o ordtoca

. e s -40
replicate human ear sensitivity .,.
» A-weighting (dBA) is most commonly used 10 00 1000 10k 100K

A-weighting (blue), B (yellow), C {red), and D-weighting (blk)

QN . . . |_p88 BFA ol
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Metrics

* Strength of acoustic signal is measured using rms
(root-mean-square) value, defined as: pl,,,s = V (p')?

» Threshold of hearing: Drms = 1075 Pa

» Threshold of pain: Drms =~ 10% Pa
» Because of large range of values, logarithmic scale is used
» Acoustic signal strength is measured using sound pressure level (SPL)

* Sound pressure level (SPL or L)):

SPL =10 Log(prms/pref) =20 Log(prms/pref) (dB)

where pp.r = 2 X 107> Pa forairand 107° Pa in other media.

» Doubling pyms Will increase the noise by only ~ 6dB (= 20 Log 2)
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Typical Noise Levels

Loud noise of short duration is less annoying to human ear than a persistent noise of lower amplitude

130
120
110
100

Noise Level (dBA)

COLORA%\ MEsA d)CQm)

UNIVERSI

Bednoom at Might
30 dBA

®

spir
20 dBA

&Im:mnﬂt,ﬁmﬁ.

{ D)
Chaindaw
120 dBA

&

Rock Music
110 dBA

<

100 dBA

Traffic Maise 50t
70 dBA
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Metrics

* Sound intensity Level (IL)

— Sound intensity (energy flux): I (x) = p’;;; or time-averaged: [ = p’v’
— The direction of the intensity is the average direction in which the
acoustic energy is flowing

IL = 10 Log(I/Lef) (dB) where I, = 1071% W/m?

* Sound power level (Ly,)
— Is the power of sound sources enclosed within an area, A
— Sound power is thus obtained by integrating intensity over the area
— Itisindependent of integration area as long as A encloses all sources

Ly =10 Log(P/Prer) (dB) where P = 10712 W
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Directivity

* In general, noise is a directional phenomena, i.e., it
radiates more intensely in certain direction(s)

* Examples:

ROTOR SOURCE NOISE

Thickness and
High-speed impulsive noise

interacti ' : : ]
ntgr':c! on _ 3 120-: P g
100 P iy, 5 R
Blade-vort 1 - g
lr?te?a:?iog! 80—
noise 1
60 -
1 160/ /
40 - /
0.: 1oL L 1 4 Ef F EMRmra: -y W N M G O | 0 Angle 6
Typical directivity plot
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Wave Equation

* General form of governing equations:

dp a
continuity E v (pv) =0

ov .

momentum

* Assumptions:

» Neglect body (f) and viscous forces (fl-j)
» Small perturbations: p = py + p’, p = py + p’, etc.
» Stagnant fluid (v, = 0) with uniform properties (p, = const) at observer

* Combine continuity & momentum equations :

02,0, ) 02,0, 0 o azpl ) 02pl

otz 0 5x2 ~ gtz S0z =0

» This is the homogenous wave equation
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More on Wave Equation

azp’_ ,0°%p’
3tz 0 gx2

=0 or

azpl , azpl

gez " Cogyz =0

* It is both linear and homogeneous

* Solutions can be sought using Green'’s function

* Only governs sound propagation without any
references to sound sources
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Lighthill’s Equation

* General form of governing equations:

:
Lo =0

ov S
continuity | Jt

at

momentum

* Assumptions:

» DO NOT neglect body (f) and viscous forces (fl-j)
» Small perturbations: p = py + p’, p = py + p’, etc.
» Stagnant fluid (v, = 0) with uniform properties (p, = const) at observer

* Combine continuity & momentum equations:

°p"

—_ CO =
ot?2 axl? axixj axi Lighthill stress tensor

0%p'  0°Ty; 0f; Tij = pwiw; — 75+ (' — ¢5p")8y;

» This is called Lighthill’s equation (1952)
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Lighthill’s Acoustic Analogy

a%p' . d%p’ B 0°T;; 0f; Tij = puiw; — 75 + (p' — c5p") 8y

dt?2 axl? axixj axi Lighthill stress tensor

* Lighthill’s equation is exact (based on Navier-Stokes eqs)

* The word “analogy” refers to the fact that we can
determine the sound field of a complex noise generating
phenomena by treating it as source terms of the wave eq.

* Itis a non-homogeneous equation where the right-hand
side represents aeroacoustic sources

* Solution can be sought using Green’s function, if the source
terms can be suitably modeled
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Sources of Aerodynamic Sound

a%p' . d%p’ B 0°T;; 0f; Tij = puiw; — 75 + (p' — c5p") 8y

dt?2 0x? axixj axi Lighthill stress tensor

l

The right-hand side represents the sources:

— Monopole:
2

» Any changes in the entropy (where s’ = p’ — ¢5p’ will be non-
zero) or deviation from uniform speed of sound (cy)

— Dipole:
» Acoustic field due to external forces exerted on the flow (af;/0x;)

— Quadrupole:

» Induced by non-linear convective forces represented by the
Reynolds stress tensor (pu;u;), such as turbulence

» Due to viscous forces (7;;)

i i i BFA o
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Modeling Acoustic Sources

* Monopole
— Thickness noise

* Dipole

— Loading noise

tesy 1SVRIN

* Quadrupole
— BL/viscous effects

http://www.acs.psu.edu/drussell/demos/rad2/mdqg.html
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FW-H Equation

* Ffowcs Williams—Hawkings equation is a generalization of the
Lighthill analogy to add sound field associated with sources in
arbitrary motion

* Like Lighthill’s equation, FW-H equation is derived using full
Navier-Stokes equations w/o simplifying assumptions

* FW-H vs. Lighthill:

<\ . . . [ o4€ BFA .
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FW-H Equation

sraZ Hyl (@,1) — Vf'“"/ Ti— g V-

_ V.. / pv(v —vy) —T+j}1]ng Ivﬁf‘d}fdb( ) +

r|1 — M,| 'V, fl
Vi
9 [ lplv —vE) + pocvm]-ne [Vef]
T AT AR A )
oV

* The first term on the RHS (volume integral) is the Lighthill tensor.

* Surface integrals are associated with moving source assumption.
So, in absence of moving sources, FW-H reduces to Lighthill egn

* If the source term represented by T;; is moved inside the control
surface dVy, volume integral will vanish b/c of Heaviside function.
This has very important practical implications

i i i BFA o
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FW-H Equation

* Practical applications:

FW-H surface
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Kirchhoff Integral

* Based on solution of the homogeneous wave equation
using the free-space Green’s function

* Is equivalent to the FW-H integral, if integration
surface is placed in the linear region of the flow

* FW-H is superior because is valid in both linear and
nonlinear flow regions

* It can yield wrong answers if homogenous wave
equation not satisfied on the control surface

* Linear assumption usually valid in a region far enough
from the sources
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Noise Prediction Using CAA

* Computational Aero-Acoustics (CAA) refers to the numerical
simulation of sound propagation/radiation, with noise sources
either modeled or resolved as part of the simulation

* Although CAA relies on existing CFD methodology, it requires
special treatment in certain aspects of simulation

Courtesy: stanford.edu
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Computational Aero-Acoustics

* Two main issues arise in acoustic simulation:

1. Acoustic perturbations (p’, p’, ?) are usually several orders of magnitude
(~107°) smaller than background flow variables (p, p, i)

Therefore, discretization method used should be able to resolve such
disparity, while maintaining amplitude & phase characteristics of the waves

This requires the use of high-order methods, which are computationally
expensive (compact FD schemes, DRP schemes, spectral methods)

2. Boundary conditions should be non-reflective to avoid contamination of
interior solution

Courtesy: NASA (Lockard & Khorrami)

@ . . . | o8 BFA
COLORADO MESA Lcam Fluid Mechanics & Aeroacoustics of Fans and Compressors c
UNIVERSITY gm:mwwmmmgl Farzad Taghaddosi (July 4, 2013) - page 69 :_.,_._.. Boltogor

Aldundiia
Diputacian Foral de Bizkaia



Noise Prediction — Hybrid Methods

* Typically, it is desired to calculate the noise at the far-field

* Using CAA, itis generally impractical or impossible to extend
the computational domain to the far-field

* A hybrid approach is therefore the best (often only) choice:
— Use CAA in the near-field

— Use FW-H equation for far-field noise propagation. Note that accuracy

of far-filed predictions will heavily depend on accuracy of predicted
sources on the FW-H surface

FW-H surface

)Y
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Far-field observer
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Turbofan Engine Noise

* Different sources:
— Fan/OGYV interaction (tone & broadband)
— Core noise (broadband)
— Jet noise (broadband)

. Fan/OGV broadband
Fan/OGV Tone )

___________ ——— Core & Jet

Courtesy: Sjoerd W. Rienstra
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Fan Noise Mechanism

Caused by interaction of rotor with downstream stator/OGV. It

consists of:

— Tone noise associated with periodic aerodynamic interactions

» Tonal noise is radiated at multiples of blade-passage frequency (BPF)

— Broadband noise associated with turbulence

60

(%] ]
o
T

L [
Siatlﬁ test on the ground
|

sound level (arb. dB unit)

BPF tones (fan)

1 BPF tones (LP

frequency (kHz)
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Fan Noise Mechanism

* It creates a pressure field, locked to the rotor, which is made of
m-lobe patterns each rotating at the speed nBQ)/m:
— n: harmonics of the blade-passing frequency
— B andV are the number of rotor and stator blades, respectively
— (isthe rotor’s angular speed
— m = nB * kV, where k is a positive integer

* According to Tyler-Sofrin theory, the pressure field at the fan
face for a circular duct is then given by:

P'ms(x,1,0,t) = z Aps Jon (k1) 1M +kxx—wt)

— [ : Bessel function of the first kind and order m

— ks :eigenvalues defined by J'. (k;sR) = 0;

— s :radial mode number

— k, : axial wave number

— w = QR /¢y : non-dimensional frequency with R being the duct radius

i i i BFA o
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Fan Noise Mechanism

* mis also called engine order

Internal Kulite Time History
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Fan Noise Mechanism

* Acoustic field is made up of
m-lobe patterns

* Forrotors with spinner, radial
variation is given by:

Ams [Im(ker) + Ym(ker)]

Y., : Bessel function of second kind
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Fan Noise Propagation

* The acoustic waves given by

p'ms(x’ r,0, t) — ZAmS ]m(kmsr) ei(m9+kxx—wt)

will propagate down the duct only if k, is real-
valued, which happens if w/k,,s > 1 (assuming
no mean flow). Otherwise, k, will be complex and
the corresponding mode will be damped and not
propagate (cut-off mode)

* The pressure field given by the above equation
could alternately be obtained by direct simulation
of rotor/stator flow interaction
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Fan Noise Propagation

* Typically, a hybrid approach is used to determine
far-field noise of the fan. CAA is used (LEE,
potential flow) to simulate flow propagation
inside the duct and in a small region surrounding
duct exit, where FW-H is located.

* More complex CAA analysis should include the
effect of duct boundary layer and sound
refraction

* The effect of liners on duct wall can be simulated
by defining impedance boundary conditions
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