
I L— *o—A 06a 171 PENNSYLVANIA STAT! UNIV UNIVERSITY PARK APPLIED RESt—ETC F/S 20/4
ACOUSTIC EFFICIENCY OF BOUNDARY—LAYER TRANSITION. (U)
NOV 7S S C LAW CILE N0OO17—73—C—fl1~UNC LASSI FI ED TN—TB—lU NI.

B
END

DA T!
_______________________________ FI L M E A

3— 79
DOD

I
I

I

I



I~~~~2~ M~2.5
L

~: ~
O2.2

I.’ : 

L.~ 010
2.0

11111 18

toll’ 25 
~~~~~~~~~~~~

MICF~ )C()I Y I~I 1 U I ION It ST CIIA I?I

fl ~It4I . f f l f  fl,



ACOUSTIC EFFICIENCY OF BOUNDARY—LAYER TRANSITION0 )
C. C. Lauchic

~~~~~~ Te ca1/emq
j

~~~~~~~

November 7, 1978
Con trac ~~ N00p17—73—C—1418?

Copy No.

The Pennsy lvania State Universi ty
APPLIED RESEARCH LABORATORY
Post Office Box 30
State College , PA 16801

I

NAVY DEPARTMENT

NAVAL SEA SYSTEMS COMMAN D

Approved for Public Release
Distribution Unlimited

V -

2 
~2’ i /



V - - V~V •V~~~ - V

I IN CLASST FT FL)
SECURITY C L A S S I F I C A T I O N  OF THIS PAG E (When Date Fnr.~red)

REPORT DOCUMENTATION PAGE BFFORF COMF’I F T!NG FORM
REP ORT NUMBER 2. GOVT ACCESSION NO. 3 R E C I P I E N T S  C A T A L O G  NUMBER
TM 78—285

4. T I T L E  (end Sub Iitfr) 5 T Y P E  OF REPORT & PERIOD COVERED

ACOUSTIC EFFICIENCY OF BOUNDARY-LAYER Technical Memorandum
T RANSITION & PERFORMING ORG. REPORT NUMBER

7 AUTHOR ( , j  8. C O N T R A C T  OR G R A N T  NUMBER(S)

C. C. Lauctile N00017—73—C—1418’

9. PERFORMING O R G A N I Z A T I O N  NAME A ND A D D R E S S  10. PROGRAM E L E M E N T . P R O J EC T . T A S K
A R E A  6 WORK UNIT NUMBERS

App lied Research Laboratory
P.  0. Box 30
State College, PA 16801

II CONTROLL ING OFF ICE NAME AND ADDRE SS 12. REPORT DATE

Nov ember 7 , 1978
Naval Sea Systems Command ______________________________

13. NUMBER OF P A G E SWashington , DC 20362 
9

4 MONITORING A G E N C Y  NAME 6 A DDRESS(If  dillerenl from Controlling Off ice)  15. S ECURITY CLASS.  (of thir. reporl)

UNCLASSIFIED

r~~. DEC L A S S I F IC A T I O N DOW NGRADING
SCHEDULE

16. DISTRI Bu TION S T A T E M E N T  (of Ihia Report)

Approved for Public Release. Distribution Unlimited
Per NAVSEA — r~(,J. 27 , t978.

17. DISTRIBUTION S T A T E M E N T  (of the ebafract enlered in Block 20. if different from Report)

I~~. SUPPL E M E N T A R Y  NOTES

19. KEY W OR DS (Continue on rever e, aide If n.c.aaary and identify by block number)

bouridiry Ia~ or
t r~iri it ion
rad tod noi~~
f l o w  no i se

20 AB .SS~RACT (Conllnue on r.verae aide If n.ceaaary and identify by block number)

~ Tlie radiated noise due to incompressible boundary—layer transition on an

infinite , rigid planar surface has been recently analyzed (ARL TM 78—204,

28 Ju ly  1978). The results of tha t analysis are the power spectrum and

directivity of the farfield sound pressure due to a unit span of transition

zone flow. In this note , we further analyze transition zone flow noise by

deriving an expression for the acoustic effic iency. We compare this effi-

ciency with the acoustic efficiency of a fully—dev eloped turbulent boundary —
~~~

DD JAN 73 1473 EDITION OF 1 NOV 65 II OBSQ~~~TE 
UNCLASSI!’IED

SECUR ITY CLASSIFICATION OF THIS P A G E  (I47,en f leg e I(n(,,e,’

V-V -- .~~~~~..—., 
— V. - ,  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _



UNCLASSIFIED
%EC 1JRITY ~CLA5SIF I CAT IO N OF THIS PAGE(IThen Date Entered)
- 

2O .
’
~~1ayer and f ind tha t  the radiation from the transition zone is consider-

abl y more eff icient. In particular , for typ ical values of the Reynold s
numbers upon which this comparison d.~pend s, transition zone rad iation
is approximately a thousand times more efficient.

UNCLAS SIFIED
V SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

________



IL±i
Subject: Acoustic Efficiency of Bound.~~y—Layer Transition

References: See page 9

Abstract: The radiated noise due to incompressible boundary—layer tran-
sition on an infinite , rigid planar surface has been recently
analyzed (ARL TM 78—204 , 28 Jul y 1978). The results of tha t
analysis are the power spectrum and direclivity of th e far—
f i eld sound pressure du e to a un it span of transi tion zon e
flow. In this note , we furthe r analyze tran sit ion Zone f low
noise by deriving an expr ession for the acoustic efficiency.
We compare this efficienc y with the acoustic effic iency of
a fully—developed turbulent boundary layer and f ind that the
radiation from the transition Zone Is considerabl y more efficient .
In p a r t i c u l a r , fo r  t y p i c a l  values  of the  Reyno lds
numbers  upon which th i s  comparison depends , t r a n s i t i o n  Zone
r a d i a t i o n  is  app rox ima te l y a t h o u s a n d  t i m e s  more e f f i c i e n t .
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I .  INTRODUCTION

Recent ly , the au tho r  [1] ana lyzed the noise radiated b y boundary—
layer transition . An expression for the power spect rum and d i r e c t iv i t y
of th e rad iated pr essure was developed in this anal ysis . In his examples ,
it was shown tha t the pred icted spec tra agree qu ite well wi th ava ilable
experimental spectral data. It was further discussed that the radiated
energy due to fully—developed turbulent motion over the test bodies also
contribute signif icantly to the observed spectra , particularly at higher
frequencies. Because of this observat ion we are motivated to compare
the relative efficiencies of the two types of hydrod ynamic sources. This
comparison is developed in this note .

I L .  ANALYSIS

In general , the acoustic efficiency is defined by:

= N / N
1 , (1)

where Na is the acoustic power radiated to the farfield by the source
under consideration , and Nh is the work expend ed per unit time by the
hydrodyisamic motions within the acoustic source region. We will first
examine the acoustic efficiency for the transit ion zone.

A. Transition Zone Acoustic Efficie~~~

We beg in with the power spectrum of the acoustic pressure rad iated
per unit spanwise width of boundary—layer transition [11

cos2o 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (KAX) 2F(KAX , u / u ) [l+(w t .)2]~~ , (2 )

where 0 is the  angle be tween the f l ow direc t ion and observa tion poin t ,
which  is a distance r away from the initial line of laminar flow break-
dow n, x0. The small distance , Ax , is the streamwise extent of inter-
mittent transitional flow , Uc is the velocity of burst convection , c
is the velo city o f sound , w is the rad ian f r equency ,  with

(3)
0

where u is the free—stream velocity. The stress

o(x
1
) = 1

T 
(x
1
) — T

L ~~~~~ 

(4)

repr esents the difference between the turbulent mean value of wall
shear st ress at position x1 and a correspond ing laminar value at the
same point. The time , t~~, is representative of the time required 

for
the wall shear stress to change from a locally laminar (or turbulent)
to a locally turbulent (or laminar) value as turbul ent bursts are created
or conve ctcd b y a given location on our rigid p lanar surface. The
frequency function , (KAX )2F(Ktlx , Uo/uc) is presented graphicall y in
Figure 7 of Reference (1]. ‘

~yp ical 1y , it is only weakl y dependen t on

_ _ _ _ _ _  -ó
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u0/u~~, rises at 12dB/octave for (KAx)<l.0 and approaches a constant
(~ 28 for u /u = 0.7) for (KAx) > 1.0.

C 0

If we express equation (2) as:

2 2= cos 0 <p (w, u /u )> ,dx
3 

o o c

the total acoust ic power genera ted per uni t spanwise wid th o f transi t ion
Is obtained by in tegra t ing the in tensity over all f req uencies and over
the sur face  o f a lar ge sphere of rad ius r , i.e.,

<p 2 > 2ff 
~ 2

N = f ~ do f J r2cos20sin0d0dI~ 
~~

-

~

-

~~

-— J. <p 2 >du (5)a Pc 0 0 0

22o (x ) u (Ax)
N = ° j (KAX)2F (KAx , u /u )[l+(ut )2] 1dw . (6)a 

~~~~ o 0 C i

For u~ /u0 = 0.7 , we can approximate the integrand by a constant (28 for
this case) and integrate between the half—power points. In particular ,

Ax/ u t

2o 2 (x0) uc (Ax)2 u~ r 0 i
N (28-—) I d(KAx)a 3ii pc Ax

0.5

1202 (xo) u02 Axi Ax19.6 3 [— — 0.5]
3n pc u

0
t~

Because t
1 

is very much smaller than Ax/u , we obtain:

- 
4o 2 (x 0) u0 (Ax) 2

N - 

Pc 3t
i

for the total acoustic power generated by boundary—layer transition of
unit spanwise width.

Th e hydrod ynamic power generated within a unit spanwise width of
boundary—layer transition is given by:

x + A x

N
h ~ 0 :~ 

t dx
1 , (8)

where t 0 is the mean value of the wall. shear stress. Because bursting
flow occurs between the limits of integration , we wou ld expec t tha t

~ 
(x 1) = T

T 
(x
1
)y(x

1
) + [l—y (x

1)] TL (x1) ,

where y(x
1
) is the intermittency factor. Because

T o 
— (T .~ 

— IL) Y + TL

___________________________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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L
) = O.9i ,

~. [1],  we let

~~ 
(x

i
) y ( x 1) o (x 1

) . (10)

The intermlttenc y distribution can be calculated using [2]:

= l— ex p ( — 4 . 18 5  x 2 ) ( i i )

where

x = --
~~
-----

~
- . ( 1 2 )

We again assume , as in the original noise anal ysis Ii], t h a t ;

o(x ) o(x + Ax) (13)

such that

x + Ax
N

1 
U 0(x ) :~ 

y(x
1

) dx
1

Making t h e  a p p r o p r i a t e  change of i n tegra t ion  var iab le , we f i n d  t h a t

N1 u Ax o(x ) 
11 

- I exp (~ 4.l85 1
2) d~
] 

. (14)

We now let t2 4.18512 , di = 0.488 dt , and f i nd :

N
1 

u Ax o(x ) [1 - 0.488 ~
-
~~~~~~

-- erf(2.046)]

N
1 

0.572 u Ax 0(x ) . ( 15)

We can now divide equation (7) by equation (15) to get:

7 ci(x ) Ax
0 

. (16)
tr. pc 3t

It will prove exped ient to re—work equation (16) a little further.
We expect tha t ti scales with the turbulent velocities very near and
normal to the surface; these velocities scale with the friction velocity,
u~ . We might further expect tha t there is a critical hei ght , y ,  w h i c h
is comparable to the viscous sub—layer  th ickness  such t h a t :

y / u ~ . (17)

By def in i tion ,

+
— 

~~ , (18)

— -V_ _  — ó-V.— ___i_
.. 
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where v is the  k inemat ic  v i s cos i t y ;  thus ,

t. Y~ , (19)

and ,

7o(x ) Ax u~
‘1tr. pc 3 y+ v 

. (20)

Now a is very nearly equal to ‘T’ 
so we let [3]

o(x ) 0.0288 pu 2 Re~~~ /~ , (21)

and also let u u /30 to get
* 0

Re M3
-~~ Ax

2.24 x 10 . (22)tr. Re 1/5 y+
x c

In equation (22), Rex0 is the transition Reynolds number and ReAX is
the transition streamwise extent Reynolds number which is approximately
related to Rex by [4]:

Re 6ORe 2 / 3  
. (23)Ax x

A specific value cannot be :ssigned to y~ at this t ime . A series of
controlled experiments appear to be required in order to find the de-
pendence of t1 on u0

2/v from which y~ may be deduced . For order of mag-
nitude estimates , however , we know that y~ must be small (5 < y

~ 
< 30),

viz., Tennekes and Lumley [5] .  We see from e q u a t i or .  (22)  tha t  t h e
rad iation efficiency of the laminar—to—turbulent transition zone depends
upon the cube of the free—stream Mach number; a result to be expected for
dipole sources.

For comparative purposes we would like to compare this efficiency
with that of a fully—developed turbulent boundary layer flow . We must
first obtain an expression for the efficiency of the latter.

B. Fully—Developed Turbulent Boundary Layer Acoustic Efficiency

Both Tam [6] and Landahi [7] recently developed theoretical models
for the sound power generated by fully—developed boundary layer turbulence.
Landahl derived the following proportionality for the effic iency:

3
~TBL I.1~~ 

M
~ ,

where M~ 
= ut/c. Because the constant of proportionality is not implied

in this relation , we canno t use it in a quantitative comparison with
equation (22).

V - -V . ---. _ _  -- -. . _ _  _ —._ _ _ _

V V 
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On the other hand , Tam did not  d e r i v e  an exp l i c i t  express ion  fo r
the effic iency, but did g ive an expression for the acoustic power
generated per u n i t  stirfat:e area of boundary layer turbulence , In
particular ,

4ut ‘ r
= -.. ~~_L j F(S, M) dS , (24)

0

where the integral Is presented gr aphicall y in Reference [6] as a function
of Mach number , M. Tam concluded tha t the  magni tude  of this integral inc rea ~;t~s
r u t t i e r  rap idl y w i t h  Mach numher (sI ightl.y faster than W) . We have thus been
able to approximate it by :

J
F(S . M) ds 0.015M 2 (M 0) . ( 2 5 )

The hydrodynamic power generated per u n i t  s u r f a c e  area of boundary  layer
turbulence is given by:

N = U 1
T , (26)

so we would expect that:

0.188 T
T 

M2

~TBL (27)

Using equation (21) for t T~ 
equa t i on  ( 2 7 )  reduces to:

11TBL 5.43 x lO~~ Re~~~
’
~’ M 3 

. (28)

We compare the t r a n s i t  ion Zone acous t i c  efficiency with that of
th e f u l l y—developed t u r b u l e n t  boundary  layer  f low by d iv id ing equa t ion
(22) by equation (28), i.e. ,

‘
~tr 

Re,~1 
1/ Re~

4.13 x l0 ’ 
h

—— . (29)
~TBL

Typ i c a l l y ,  R eAX 5 x lO s , a conserva t ive  es t ima te  fo r  y~ would be about
30 , and tile r a t io  of length  Reynolds numbers to the 1/5 power is of order one.
Therefore , equation (29) suggests that the laminar—to—turbulent transition
zone generates  noise  more e f f i c i e n t ly than does a f u l l y—developed t u r b u l e n t
boundary  laye r , i .e .  the t r a n s i t i o n  zone r ad ia t ion  I s  approx imatel y a thousand
t ime s more e f f i c i e n t .

I I I .  CONCLUS IONS

In t h i s  note , we have derived an expression fo r  the  acoustic e f f i c iency
of b o u n d a r y — l a y e r  t r a n s i t i o n  based on an a n a l y s i s  by Lauch l e  [ 1 ] ,  and a
corresponding expression fo r  t he  e l f i ci e n c y  of f u l l y—developed t u rb u l e n t
boundary layer flow based on an a n a l y s i s  by Tam 161 . We have compared these two
elf Ic ieiic hi s and found that t li t not a generated by bound ary—layer t rans  i t  ton

— ‘-V V V__ V
~ 

________ - . . — V.—- —— — V--— — P

V — _~1~ —
. . ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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is considerably more efficient than that noise generated by a fully—
developed t u rbu l en t  bound i~~y layer . For typ ical values of the Reynolds
numbers upon which this  comparison depend s , t r ans i t ion  zone radiat ion
is shown to be about three orders of magnitude more efficient .

—-. — , V .—~~~~~~—— — — - .  _
... . -—.—. —— — ______-
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