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ABSTRACT

A detailed  hot-wire anemometer study was made to determine the 

basic ch a rac te ris tic s  of the turbulent boundary layer flow with a zero 

pressure gradient over a compliant surface. The compliant surface was 

constructed from a 0.001 inch polyvinyl-chloride (PVC) membrane backed 

by a 3/16 inch damping layer of polyurethane foam (40 P .P .I) . The foam 

was bonded to a 14 foot x 2 foo t te s t  p late positioned horizontally  in 

the center of a 2 foot wide, 15 foot 8 inch long t e s t  section of a low- 

turbulence wind tunnel constructed fo r th is  investiga tion . The membrane 

was stretched across the foam and clamped a t  the edges. Boundary layer 

thickening was achieved by bonding a two-foot length of No. 16 sand

paper to the leading edge of the te s t  p la te . The te s ts  were run a t  a 

constant velocity  of 50 fps. The hot-wire anemometer study over the 

compliant surface revealed l i t t l e  change in the velocity  p ro f ile , but a 

reduction o f turbulence in te n s itie s  was recorded, as well as a 25 per 

cent decrease in the Reynolds s tre s se s , when compared with hard p la te  

data. The spectra of turbulence measurements indicated a decrease in 

energy a t  the higher frequencies throughout the boundary layer. As the 

wall was approached an increase in  energy a t  the low frequencies was 

measured. Production, d iss ip a tio n , and convection of turbulent energy 

were found to  decrease over the compliant surface when compared with the 

hard p la te  measurements.
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NOMENCLATURE

The following nomenclature is  used throughout th is  work unless 

noted otherwise.

A 1/K

B - (1 /k) In g

B.L.D. boundary layer development

C capacitance

O' hot-wire cooling velocity

C, .[ (4 f /5 u 2 x „ )J > /« (U /U ,)< i(y /s ) ]g ^

co effic ien t of skin f r ic tio n  T^/l/2pU^ 

e^ voltage drop across capacitor

e. d if fe re n tia tio n -c irc u it input voltage

e^ d iffe re n tia tio n -c irc u it output voltage

voltage drop across re s is to r  

f  frequency
—2"

Fy(k^) percent of turbulent energy u associated with k̂
—r

f^(k^) turbulent energy u associated with k̂

K se n s itiv ity  of wire A and B when = Kg

se n s itiv ity  of wire A 

Kg se n s itiv ity  of wire B

Kg am plifier gain factor

Kg sum and difference unit am plification facto r

x i i



Ky rms voltm eter ca lib ra tion  constant

one-dimensional wave number 

rms voltage of signal from wire A 

Mg rms voltage of signal from wire B

^A+B rms voltage of sum of signals from wires A and B

M̂ _g rms voltage of d ifference of signals from wires A and B

M|̂  rms voltage of am plifier noise signal

P (u /u ') probability  density of u/u*

P .P .I . pores per inch

P  ̂ production of turbulent energy = (6ïïv/U^)(dU/dy)

p mean s ta t ic  pressure

p̂ Q 5  mean s ta t ic  pressure a t  X = 10.5 fee t

- 7
q time mean value of twice energy of turbulence

T  - 7  “T 
= u + V + w

Rg Reynolds number [Rg = (U.|Xg)/v]

R̂  longitudinal space correla tion  coeffic ien t of u-fluctuation

t  time

T temperature

U x-component of mean velocity

shear velocity  = / t^ /p 

U* U/Û

U-| mean velocity  in free stream

u, V ,  w instantaneous turbulent velocity  fluctuations in x, y and
z d irec tio n s , respectively

u ' ,  v ' ,  w’ root mean square values /u , /v an«) At , respectively
- 7  - 7  -Z"
u , V , w mean square values of u , v , and w

x n i



-  ^ uv turbulent shearing s tre ss

V y-component of mean velocity

(Sv/uJxdU /dy)

(6v /u J)[d ^ (u ^  + + i? /2 ) d y  ]
3 ---------2* ---------- g-............... 2 “ g

Wg (6v/U^)[feu/3x) + (a v /ax )  + (aw/ax) + (au /ay )

+ (au /az )  ]

Wg ( f iv /U |) [ (a u /a x )  + (a v /a x )^  + (aw/ax)^ + ( a u /a y )^
i  -2>  —— 2" -------------------- Z"-----------------jr

+ (a u /az )  + (av /ay )  + (a v /a z )  + (aw/ay) + (aw/az) ]

X distance along surface of B.L.D. p late from leading edge

X distance along surface of B.L.D. p late from the v irtual
origin

X distance from X = 10.5 f t .  In direction o f flow

X,  y , z Cartesian coordinate system originating a t  center of tun
nel width on B.L.D. p la te  surface a t  X = 10.5 f t .

AX, Ay, AZ i n t e r v a l s  In  x ,  y ,  and z d i r e c t i o n s ,  r e s p e c t iv e ly

y distance normal to surface measured from surface

y* y ü^/v

z d irection perpendicular to  xy plane

K empirical constant

6 boundary layer thickness

V kinematic v iscosity

p density of a i r

T hot-wire time constant

shearing s tre ss  a t  wall 

T T mean value

“A .t
x lv



TURBULENT BOUNDARY LAYER CHARACTERISTICS OF FLOW 

OVER A COMPLIANT SURFACE

CHAPTER I 

INTRODUCTION

In the continuing quest fo r an e ffec tiv e  means of reducing drag 

on aerodynamic and hydrodynamic bodies, many techniques have been ex

plored. In te re s t in the technique of u til iz in g  a compliant wall on 

bodies, i . e . ,  ships and a i r c r a f t ,  was o rig in a lly  generated from the 

promising experiments of Kramer in 1955 [1 and 2 ]. Tests on his compli

an t wall models, designed from observations of dolphins [3 ], revealed 

impressive drag reductions of more than 50%.

Benjamin [4 ], Hains [5 ] , Landahl [6] and Kaplan [7] undertook 

theore tica l analyses of the compliant wall phenomenon. Their work in 

dicated th a t laminar and low disturbance flow could be s tab ilized  by 

the presence of an ideally  designed compliant boundary.

Experiments under the d irec tion  of Laufer and Maestrello [8] 

on turbulent a i r  flow in channels with f lex ib le  walls were inconclusive. 

They u tilized  th in  aluminum, s te e l ,  mylar, and rubberized te x ti le  fab ric , 

backed by a varie ty  of d iffe ren t types of rubber fo r  a combination of 

te s t  specimens. Further work was undertaken by R itte r  [9 ], who measured 

a 7 to 14 percent drag reduction on compliant coatings, but the s c a tte r  

of the data was so large th a t the re su lts  have been considered questlon-

1
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able. Dinkelacker, a t  the University of Southampton, as reported by 

Benjamin [9 ], found no s ig n ifican t skin f r ic tio n  reduction in his ex

periments on water channels with f lex ib le  w alls. Smith [10], working 

with water flow through c irc u la r  pipes with annular coatings of e la s tic  

g e l l ,  could find no reduction in skin f r ic tio n . Gregory and Love [11] 

conducted several te s ts  on foam sandwich-type structu res with th in  

aluminum or rubber coatings attached to the surface of an a i r f o i l .  Their 

resu lts  were inconclusive with regard to  skin f r ic tio n  reduction.

Karplus [12], investigating the scale and degree of turbulence 

fo r water flow over mylar film  with various f lu id  su b stra tes, measured 

a s lig h t drop in  the amplitude of the fu lly  developed turbulence in the 

boundary layer fo r  flex ib le  walls as compared to  rig id  w alls. He con-, 

eluded th a t turbulence occurred sooner fo r the f lex ib le  wall than for 

the so lid  wall but was retarded in i t s  ra te  o f development.

P elt [13] obtained more promising re su lts  in his measurements 

of pressure drops through lined pipes. He recorded a 32 to 35 percent 

reduction in pressure drop using polyester-based urethane resin  ("Texin" 

tubes) as pipe lin e rs  backed by a damping medium. Von Winkel and Barger 

[14] found a considerable reduction in in ten sity  of surface pressure 

fluctuations with a Kramer type compliant skin.

Experiments conducted a t  the University of Oklahoma have proven 

to be most promising for substantiating  the basic ideas of Kramer.

Results published by Fisher and Blick [15], Looney and Blick [16] and 

Walters and Blick [17] have indicated a s ig n ifican t drop in the ampli- 

tube of the turbulence level and an associated reduction of the skin 

f r ic tio n  co e ffic ien t. Turbulent flow over a polyvinyl-chloride (PVC)
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membrane with a varie ty  of damping flu id  substrates was studied. For 

certa in  combinations of streamwise and transverse skin tensions and 

v iscosity  of damping f lu id , Walters and Looney reported a 20 percent 

reduction in turbulence in ten sity  and a 45 to  50 percent reduction in 

skin f r ic t io n , respectively .

Along with the decrease in turbulence level reported in re fe r

ence [17] and deta iled  by the author [18], a decrease in the boundary 

layer shear s tre ss  was measured. From a p lo t of th is  Reynolds stress  

versus y /6 , an extrapolated value fo r the skin f r ic tio n  co effic ien t on 

hard p la te  and also fo r compliant p la te  was calculated by the method 

u tiliz e d  by Laufer [19]. These skin f r ic t io n  co effic ien ts  coincided 

extremely well with those d irec tly  measured by Looney.

These basic experiments did give credence to the re su lts  of 

theo re tica l investigators th a t the compliant wall could indeed influence 

the boundary layer s ta b i l i ty .  The mechanism by which the compliant 

boundary induces the apparent increase in s ta b i l i ty  and decrease in 

Reynolds s tre ss  is  fa r  from being completely understood. However, a 

recent paper by Blick [20] has developed a theory which explains how a 

compliant coating can reduce the Reynolds s tre s s  in a tu rbulen t boundary 

layer.

Most of the reported theoretical analyses ( i .e .  references 4 to  

7 ) , have d ea lt with the problem of laminar boundary layers exposed to 

compliant w alls. This is  a logical approach, to  gain in sigh t into the 

less complex, mathematically feasib le  problem. Gyorgyfalvy [21] has 

approached the problem by a theoretical analysis of am plification rates 

and delayed tran s itio n  with compliant w alls, much lik e  Kaplan's in it ia l
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work. Gyorgyfalvy lis te d  desirable membrane properties and Reynolds 

numbers.

This previous work gives some of the basic parameters th a t  might 

be used in approaching the fu lly  turbulent boundary layer problem over 

compliant surfaces. However, i t  is  essential f i r s t  to become aware of 

the methods of approach to the rig id  wall case. Since turbulence by i t s  

nature is  complex, i t  would be advantageous to work with the sim plest 

case, th a t of homogeneous, iso trop ic  turbulence, with zero mean ra te  of 

shear. This type o f turbulence, which can be described mathematically 

by probability d is trib u tio n s of velocity  flu c tu a tio n s , has provided some 

insigh t into the mechanism of turbulent in teractions and prediction of 

turbulence ch a rac te ris tic s . Nevertheless, th is  s ta t is t ic a l  approach has 

made l i t t l e  progress in the area of turbulent shear flow. Therefore, 

more of the work in the turbulent shear flow area has d ea lt with ad

vancing the empirical-phenomenological theories. This work has evolved 

into exhaustive experimental measurements of the turbulent boundary 

layer ch a ra c te ris tic s , such as Klebanoff's work [22], and various attempts 

to  v isualize turbulence.

One o f the best recent attempts to a tta in  a physical in te rp re 

ta tio n  of the mechanism of turbulence has been by Runstadler, Kline, and 

Reynolds [23]. Their "wall layer hypothesis", can be stated  as follows: 

"The wall layer structu re  and i t s  in teraction  with the outer flow plays 

a dominant ro le in creating and maintaining the stru c tu re  of the e n tire  

turbulent shear layer."  Using a water channel system th a t included a 

hot-film  anemometer and an elaborate photographic arrangement, they 

were able to  give the following supporting evidence fo r th e ir  hypothesis:



5

The dominant mechanism fo r the transport of turbulence to the 
outer regions of the flow is  through the outwards and downstream 
convection of small scale turbulence within larger scale eddies 
which orig inate near the wall following the break-up of wall 
layer streaks. The flow in the outer layers is  thus proposed 
to  be an in tegrated or h istory e ffe c t of flow arriv ing  in these 
layers from upstream. In and near the wall layers , we suppose 
the flow is  prim arily determined by the local character of low 
and high speed s treak s, break-ups and e jec tio n s, and turbulent 
in te rac tions. Further from the w all, we conjecture th a t the flow 
is  governed to a g rea ter and g rea ter extent by upstream wall con
d itions through the h istory  e ffec t of advected turbulent eddies.
In a sense, then, the en tire  boundary layer flow structu re  is  
speculated to  be the re su lt of the formation and ejection  of 
eddies from the wall layer. The slow return flow of f lu id  to 
the wall we v isu a lize  as driven by instantaneous pressure forces 
resu lting  from dynamic in teractions between eddies and is  part 
of the process by which energy is  extracted from the mean flow.
This return flow o f  high momentum flu id  supplies energy to the 
wall layers; the energy there is  d issipated  in to  in ternal thermal 
energy by the strong viscous fo rces, with the re su ltan t formation 
of momentum d efic ien t f lu id  which apparently takes the form of 
streaks. We envisage th a t the ejection  of low momentum streaks 
away from the wall layers re su lts  in a strong in te rac tion  and 
production o f turbulent energy immediately outside the wall layer 
and the continued movement of the streaks away from the wall 
provides a continuous in teraction  process fo r the production of 
f in e r  scaled turbulence within the large scaled eddies. This 
then becomes the mechanism fo r the diffusion of turbulence into 
the outer flow and the net tran sfe r of turbulent energy from the 
la rger scales to  the smaller scales of the turbulent motion and 
eventually to in ternal thermal energy of the flu id  through viscous 
d issipation , (reference [23], pp. 88-89)

The purpose of th is  paper is  to Investigate the character

i s t ic s  of the turbulent boundary layer exposed to the compliant surface, 

using the work of Klebanoff [22], Townsend [24] and Runstadler, e t  a l . 

[23] as a guideline.

Since i t  was not possible to consider the ch a rac te ris tic s  of 

boundary layer turbulence in to ta l ,  th is  investigation was concerned p r i

marily with: (1) construction of a system with flow ch a rac te ris tic s  over 

a rig id  plate sim ilar to previous work [22] fo r comparison to  the com

p lia n t p la te , (2) obtaining quan tita tive measurements pertinen t to the
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energy balance and (3) delineating differences in the spectral d i s t r i 

bution of turbulent energy over compliant p la te  and hard p la te . Kle- 

banoff's hard plate work was selected fo r comparison due to the av a il

able laboratory po ten tia l.



CHAPTER I I  

WIND TUNNEL TEST FACILITY

The turbulence investigations recorded in la te r  chapters of 

th is  tex t were conducted a t the University of Oklahoma, in the 

Aerospace and Mechanical Engineering Laboratory. A wind tunnel was 

constructed prim arily fo r the present investiga tions, due to  the 

lack of a tunnel with the specific  requirements.

Preliminary Tunnel Requirements

In the summer of 1967, in i t ia l  design and construction were 

s ta rted  on a wind tunnel which met these specifica tions. The in it ia l  

requirements, formulated to  insure proper turbulence investigations 

and duplication of previous hard p la te  work, [22], are as follows;

1. Low turbulence in main stream of te s t  section .

2. Fully developed turbulent boundary a t beginning of 

compliant t e s t  p late area (X = 9.4 f t . )  with a minimum 

boundary layer thickness of two inches a t  th a t  point.

3. Zero pressure gradient condition throughout tunnel 

te s t  section.

4. S uffic ien tly  wide compliant te s t  p late in order to 

neglect edge e ffe c ts .

5. Test section height small enough to  enable hot-wire anemo-

7
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meter probe to extend to te s t  section f lo o r, tha t Is , 

the compliant te s t  p la te  surface.

6. Very small gap around free  te s t  p la te .

7. Enclosure around te s t  p la te  support (possible provision 

fo r s tra in  gage bar) to stop airflow  through gap. ~

8. Series of pressure taps along tunnel floor or wall to 

monitor pressure gradient.

9. Double layer celling  -  one fo r b l is te r  e ffec t and one 

fo r support and sealing hot-wire probe.

10. Entrance of te s t  section and leading edge of the 

boundary layer development plate such th a t a natural 

tra n s itio n  to  a turbulent boundary layer occurs.

11. A bility  to  remove tunnel from compliant te s t  p la te  or 

vice versa. Need leveling screws on tunnel and te s t  

p la te  support.

12. S u ffic ien t access to  any point within upper te s t  

section region.

After several preliminary designs were completed, a design was 

selected and developed so th a t construction could be in it ia te d . The 

completed design Is  shown in Fig. 2 .1 .

The design can be substantiated by enumerating the means incor

porated to  f u l f i l l  the lis te d  requirements.

Main Tunnel Test Section

To sa tis fy  the second requirement, th a t a fu lly  developed 

boundary layer e x is t  a t the beginning of the flu sh , inserted te s t  p la te
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with a la rge boundary layer thickness (approximately two inches th ick ), 

a long te s t  section was needed. After looking a t K lebanoffs work,

[22], a smooth, f l a t  p la te , fourteen and one half fe e t (14.5 f t . )  long, 

one h a lf inch thick and 24 inches wide, was selected . On the f i r s t  4.5 

inches of the f l a t  plate was bonded an aluminum, symmetrically tapered 

leading edge. The la s t  two inches of the f l a t  p late were tapered to 

minimize the size  of the wake th a t would en ter the d iffu se r section .

The p la te  was mounted 12 inches from the top of the tunnel te s t  

section , which had cross-sectional dimensions of 20.5 inches high and 

24 inches wide. The cross-sectional dimensions of the te s t  section 

were developed from the f i f th  and tenth requirements. That i s ,  the 

compliant t e s t  p la te , which was flush with the boundary layer develop

ment (B.L.D.) p la te , should not be more than 12 inches* from the top of 

the te s t  sec tion . The 8-inch dimension between the B.L.D. p la te  and 

the floo r o f the te s t  section was thought to  be adequate to insure th a t 

the leading edge of the boundary layer p late would be exposed to  an 

undisturbed flow. The consequent 8-inch x 24-inch area was su ffic ie n t 

to provide equal flow velocity  on e ith e r side of the leading edge of the

B.L.D. p la te . This height between the B.L.D. p la te  and the t e s t  section 

floor was lim ited by the necessity  of inserting  the compliant te s t  p late 

and support through the te s t  section floor un til flush with the upper 

surface of the B.L.D. plate a t  the 10.5 foot mark. The leading edge of

*Determined from availab le  length of hot-wire anemometer probe 

a f te r  in sertion  in probe holder.
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the B.L.D. plate was placed one foot behind the te s t  section entrance to 

a s s is t  in minimizing entrance e ffec ts .

Since desirable resu lts  were obtained with an 8 inch by 26 inch 

compliant te s t  p la te  in previous work [18], the same dimensions were 

used. Since data measurements were to  be made a t the X=10.5 foot posi

tion  as used by Klebanoff [22], the te s t  p late was centered around th is  

position in the B.L.D. p la te . Therefore, a rectangular hole was cut in 

the B.L.D. f lo o r. This rectangular hole was centered in the 24 inch 

width and extended from X = 9 fee t 5 inches to  X = 11 fe e t 7 inches, with 

a 1/16 inch gap on a l l  sides (requirement number 6).

The main tunnel te s t  section , 15 fe e t 8 inches long, was con

structed  of 5/8 inch in te r io r  f i r  plywood held by a frame of 2 inch x 

2 inch (3/16 inch th ick) steel angles. The frame was supported a t four 

d iffe ren t sta tions by screw adjustments (requirement No. 11) attached 

to an A-frame structu re  anchored to the f lo o r. This enabled the frame 

to  be leveled before insertion  of the plywood w alls, which had been f in 

ished with a sanding lacquer fin ish  and a p la s tic  varnish. All in te r io r  

walls and the B.L.D. p la te  were finished in th is  manner to  give an 

aerodynamically smooth surface.

In order to sa tis fy  the tw elfth requirement an imaginary black

board model was used to  determine the most desirable tunnel access win

dow positions and s iz e s . The resu ltan t access windows were placed a t 

the locations shown in  Fig. 2 .1 . An access window was located on both 

sides of the compliant te s t  p la te  area. The windows were constructed 

of 1/4 inch polymethymethacrylate("Plexiglas”) with an aluminum frame 

and were sealed with 1/2 inch by 5/16 inch Johns-Manville w eatherstrip-
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ping. Adjustable sash fasteners were used to  press the windows in to  

position flush with the tunnel walls and to maintain a desirable a i r  seal.

Test Section Pressure Gradient

In order to  maintain a zero pressure gradient condition through

out the upper tunnel te s t  sec tio n , as stated  in the th ird  requirement, a 

variab le-area te s t  section had to  be obtained. This was accomplished by 

suspending a 1/8 inch th ick , 24 inch wide and 16 foot long s tr ip  of 

pressboard from the top of the tunnel te s t  section by means of screws to 

form a fa lse  adjustable c e ilin g . These screws were attached to  the back 

side of the pressboard and inserted  through holes in the top of the 

tunnel te s t  sec tion . A maximum point of curvature of the fa lse  ceiling  

was positioned a t  the leading edge of the B.L.D. p la te . This was tapered 

o ff  as X increased to  approach asymptotically the top of the tunnel te s t  

section . This varia tion  in area o ffse t the decrease in e ffec tive  flow 

area due to  the boundary layer displacement thickness on a ll sides.

A se rie s  of 1/32 inch diameter holes were d rille d  midway in the 

side wall of the upper tunnel te s t  section and also the lower tunnel te s t  

section fo r use as s ta t ic  pressure taps. These were spaced a t one foot 

in te rv a ls , s ta r tin g  a t the leading edge of the B.L.D. p la te . Using Tygon 

tubing, these taps were connected to a board manometer for coarse readout 

and the Flow Corporation Model MM-3 micromanometer for fine  readout (ten- 

thousandths of an inch of f lu id ) . After tunnel completion, the fa lse  

ce iling  was adjusted un til the pressure gradient, as shown below in Fig. 

2 .2 , was obtained. The la rg est pressure difference was found to ex ist 

a t X = 12 fe e t . At X = 7 fe e t ,  9 fe e t , and 12 fe e t ,  small d iscontinui

ties- of the tunnel wall existed which were thought to  give erroneous
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readings a t these p a rticu la r s ta tio n s . 
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Figure 2.2. Pressure d is trib u tio n  along the f l a t  p la te .

At the X = 0 s ta tio n , a pressure difference was found between the 

upper and lower pressure tap s. A tu f t  survey indicated a choking condi

tion  in the lower flow. The pressure difference was la te r  eliminated by 

the in s ta lla tio n  of a fiberg lass screen in the upper flow a t  the t r a i l 

ing edge of the B.L.D. p la te .

Sealing Test P late Support

As found in previous experiments [ i s ] ,  and so sta ted  as require

ment number 7, flow through the gap around the te s t  p la te  was eliminated 

by sealing the te s t  p la te  support apparatus from the surrounding a i r .

This was accomplished by means of a sealed plywood box b u ilt  around a 

stee l frame between the bottom of the wind tunnel and the floor of the 

te s t  room. The fro n t of the box was removable fo r access to  the te s t  

p la te  support. Also in the removable section was In sta lled  a "Plexi

glas" door fo r easy access to  the te s t  p la te  support.

A NASA 16-021 a i r  fo il was in s ta lled  between the bottom of the

B.L.D. p late and the te s t  section floo r to shield and seal the lower
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flow from the te s t  p la te  support apparatus» since the support extended 

through th is  p articu la r region. The a i r  fo il had a chord length of 5 

fee t and a maximum thickness of 12.75 inches. The height of the a ir fo il  

was 8 inches. The a ir fo i l  was constructed from press board and finished 

with the p la s tic  varnish, as was the fa lse  ce iling .

All of the jo in ts ,  connections, and bolt holes were sealed with 

Dow Corning S ila s tic  892-RTV Adhesive sealan t.

Entrance Section

An entrance section of the tunnel was designed to  provide a 

minimum of turbulence in the te s t  section main stream flow (requirement 

No. 1).

As stated  by Pankhurst and Holder [25], the th ree principal 

methods used for reducing wind tunnel turbulence of an airstream  are 

screens, a contraction, and honeycomb. All three methods were incorpor

ated in to  the entrance section design.

After reviewing the work of Uberoi [26], who lis te d  experimental 

data fo r 16:1, 9:1, and 4:1 contraction ra tio s , a 9:1 contraction was 

selected . The size of the contraction was also lim ited by available room 

a t the wind tunnel location . From Uberoi's work, th is  p a rticu la r con

trac tion  ra tio  gave a favorable decrease in the longitudinal component 

of turbulence without too large an increase in the la te ra l component. 

Also, the two-dimensional contraction was best suited fo r the rectangular 

te s t  section geometry.

The contraction, as shown In Figs. 2.1 and 2 .3 , was fabricated 

from 1/8 Inch x 4 fe e t x 12 fee t pressboard held by a wooden frame b u ilt  

from 2 X 4 inch wood boards. A four foot long pre-contraction pre^^^ u
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box, or se ttlin g  chamber, was used with a two foot post-contraction 

length. The four foot s e ttlin g  chamber allowed time for honeycomb and 

screen flow disturbances to  dampen considerably before entering the 

contraction. The two foot post-contraction length assisted  in providing 

fu lly  developed paralle l flow before reaching the leading edge of the 

B.L.D. p la te .

From te s t  section turbulence measurements by the author and 

tabulated experimental data by Dryden and Schubauer [27], th ree 16 x 18 

mesh fiberg lass screens, separated by distances of 4.5 inches and 12 

inches respectively , measured in the d irection o f flow, provided the 

lowest main stream turbulence level.

A honeycomb was constructed from 288 four-inch diameter, one foot 

long, 24 gage galvanized stee l cylinders, stacked v e rtic a lly  ra th e r than 

o ffse t. The cylinders were fastened in a plywood frame such th a t the 

t r a i l in g  edge of the cylinders was one foot from the f i r s t  fiberg lass 

screen. This honeycomb arrangement helped to  provide proper alignment 

o f a i r ,  suppress la te ra l v e lo c itie s  and elim inate or dampen bursts of 

a i r  in the te s t  section region (see honeycomb in Fig. 2 .3).

The effectiveness of the screens and honeycomb is  shown in Table 

2-1 below.

Without the honeycomb or screens in s ta lled  on the entrance section, 

an 11% level of turbulence was observed. The honeycomb with th ree 

screens was a s lig h t improvenent over the honeycomb with two screens.

The inside of the contraction was finished with two coats of sand

ing lacquer sealer and two layers of a hard fin ish  paste wax. The out

side corners of the contraction section were sealed with fiberg lass
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cloth  and epoxy resin .

Table 2-1

TEST OF SCREEN AND HONEYCOMB EFFECTIVENESS

Configuration u'/U-j, percent

Pre-contraction Area Open 11.1

No Honeycomb, one screen insta lled 4.14

No Honeycomb, two screens in sta lled 2.51

Honeycomb, two screens in sta lled 0.3-0.4

Honeycomb, three screens in sta lled 0.15-0.5

D iffuser Section and Drive Unit 

To convert the k in e tic  energy of the airstream  leaving the te s t  

section in to  pressure energy before reaching the driving u n it, an e f f i 

cien t expansion section was needed. The to ta l angle of the expansion 

fo r most subsonic d iffu sers  has been recommended by Pope [28], and 

Pankhurst and Holder [25], to be 5 to 7 degrees. However, due to  space 

lim ita tions the author used a 10® to ta l angle.

A fan, b u ilt by the New York Blower Company, was purchased for the 

drive u n it. This fan, a type ME No. 330 with a PL wheel, had a wheel 

diameter of 33 inches, a fan ou tle t area of 6.28 square fe e t , and an in le t 

diameter of 36.5 inches. This fan was se t on four 3/4 inch diameter 

threaded rods welded to a 10 inch steel channel and I-beam frame. Also 

on th is  frame was attached a General E lec tr ic , 1760 R.P.M., 220 V.A.C.,

20 H.P. e le c tr ic  motor fo r the power source of the drive u n it. The drive
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un it frame was iso lated  from the te s t  room by twenty medium-hard rubber 

d isks, about 3/4 inch thick and 1 1 /4  inches in diameter. The fan was 

fixed a t 670 R.P.M. with a 2.625 pulley ra tio . According to  the fan 

sp ec ifica tio n s, a t  670 R.P.M. and approximately 3/4 inch pressure drop 

across the in le t-o u tle t ,  i t  could deliver approximately 13,000 CFM. A 

para lle l blade o u tle t damper was then constructed to provide a fine 

adjustment of tunnel te s t  section velocity . At the design speed of 50 

feet/second the tunnel had a volume flow requirement of approximately 

10,000 CFM. The te s t  section now had a velocity range of 0-60 fps and 

with a pulley ra tio  of 1.535, a range of 0-175 fps was measured.

Since the te s t  section dimensions corresponded to  a hydraulic 

diameter of 25 inches and the fan in le t  diameter and desired d iffu ser 

angle were known, the d iffuser length could now be determined. The 

length was 5.7 foo t with a two inch s tra ig h t flange on the a f t  end for 

attachment to  the blower. A two foot long rectangular-to-round convert

er section was soldered to  the fron t end of the d iffu se r. Between the 

a f t  end of the te s t  section and the converter section was placed a vibra

tion  iso la to r region made from a vinyl material (see Fig. 2 .4). With 

th is  iso la to r section and the rubber disks on the fan-motor frame, the 

te s t  section vibration due to  the drive unit was minimized.
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Figure 2 .4 . View o f work area o f wind tunnel, showing con traction , te s t  sec tio n , and d iffu se r .



CHAPTER I I I  

EXPERIMENTAL INVESTIGATION

After assembling the wind tunnel components as described in 

the previous chapter, the major portion of the construction phase was 

complete. The next phase was in itia te d  by acquiring the necessary in 

struments, some of which were available from previous experiments [18].

The instrumentation was selected on the basis of the desired measure

ments, namely, those terms of the turbulent boundary layer energy equation 

th a t could be measured with a modern hot-wire anemometer system and 

associated accessories. The desired measurements are enumerated below.

Delineation of Energy Balance

The energy balance fo r the turbulence a t  a given cross section 

in a two dimensional boundary layer is  given by Klebanoff [22] as:

I II III
■■..................................................... ...2  J    ^  I " '

UV 3U/3y + 1/2 3(u V + V + VW ) /3 y  + ( l / p ) 3 ( p ^ v ) / 3 y  
IV V

~T ~~T ~~T ~T ~~T ~T
+ 1/2 U3(u + V + w )/3x + 1/2 V a(u + V + w )/3y 

VI

- v(uv^u + V7̂ V + wv̂ w) = 0

The terms lis te d  in the equation have the following physical 

in te rp re ta tio n :
20
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Production of turbulent energy from the 
mean motion

Turbulent energy diffusion 

Pressure diffusion

Convection of turbulent energy by the 
x-component of the mean motion

Convection of turbulent energy by the 
y-component of the mean motion

VI. D issipation of turbulent energy

The two convection terms, IV and V, according to Klebanoff [22],

can be transformed in to  a single nondimensional term.
y/6 r ?

c r - 4/5 \FT  
1 '

U
Ü- d(y/6) 
"l d(y/6) (3.2)

The d issipation  term (VI) can also be rew ritten into a more 

su itab le  form for hot-wire anemometer measurements:

T  -T  -2T
, d _ (■■“ p . . ." " - )

dy

(3.3)a z '  ' a y '  ' a z '  ' a y '  ' a z '

Therefore, from (I) of equation (3 .1 ), i t  is  necessary to  obtain the 

d is trib u tio n s of the Reynolds s tre ss  (-puv) and the mean velocity  across 

the boundary layer. The diffusion terms, II and I I I ,  do not lend them

selves to presently availab le hot-wire anemometer techniques and would 

have to be determined by balancing the energy equation fo r the rig id  wall 

case i f  a l l  other terms were known. The term in brackets in equation 

(3.2) can be evaluated by a graphical in tegration  of a mean velocity
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d is trib u tio n  p lo t. The f i r s t  derivative of the sunmatlon of the turbu

le n t velocity  components can be determined read ily  from a p lo t of the 

turbulent velocity components versus the dimenslonless height above the 

p la te  (y /6). The f i r s t  term In equation (3.3) can also be found from a 

p lo t of the d is trib u tio n  of the turbulent velocity  components by using 

a f i r s t  central difference technique.

- 1 (3.4)
dy (Ay)

Five of the remaining terms of the d iss ipa tion  component can

be determined by o ther hot-wire anemometer techniques. The values o f 
------------z* ----------- T  ----------- T
(3u/3x) , (3v/3x) , and (3w/3x) can be determined from a space-time 

transformation as described In Appendix C; fo r example.

---------------------- g .   g _

Values fo r (3u/3y) and (3u/3z) can be determined from measur

ing the correla tion  coeffic ien ts and R^, as described In Appendix D; 

fo r  example,

where

Ay 0

The above measurements th a t have been described as being possib le , 

as well as the spectrum of turbulence measurements, have been made fo r  

both compliant and rig id  wall cases. These experimental resu lts  are
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described in the next chapter. The instrumentation and procedure for 

obtaining the necessary measurements are described below and in the 

Appendices.

Instrumentation 

All of the measurements to be described were made a t  the 

X = 10.5 foot s ta tio n , except fo r the pressure gradient measurements 

mentioned in Chapter I I .  A hole was d rille d  through the double ceiling  

a t  th is  s ta tio n  and the probe transversing mechanism (shown in Figure 

3.1) was in s ta lled . This mechanism had the capab ility  of normal move

ment only to the te s t  p la te , and could be read to 0.005 inches. I t  was 

designed to hold the single wire and cross-w ire hot-wire anemometer probes.

The main instrumentation consisted of the Flow Corporation 

Model CCB two-channel hot-wire anemometer system. This system contained 

a constant current hot-wire anemometer (C in Figure 3 .2 ), a sum and 

difference control un it (D) and a random signal voltmeter (B), which had 

a 16 second time constant and a peak fac to r o f 25.

This system was used fo r velocity  measurements as described 

in Appendix A in the y < 0.125 inch range. A hot-wire velocity  ca lib ra

tion  curve was obtained before each run. The Model CCB was also  used 

fo r a l l  of the turbulence measurements by u til iz in g  the sing le wire for 

u ' component and the horizontal and vertica l x-array probes fo r  the v ' 

and the w' component, respectively . Tungsten w ire, 0.00035 Inches in 

diameter, with an exposed length of 0.04 inches was used on a l l  of the 

probe tip s . A b e tte r s1gnal-to-noise ra tio  would have been possible 

with a smaller diameter wire but i t  would have been too d e lica te  fo r
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i

Figure 3 .1 . Probe traversing  mechanism in s ta lle d  on wind tunnel 
te s t  section.
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Figure 3 .2 . View o f hot-wire anemometer system and accessory equipment.
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shipping and handling. A 7KC low-pass f i l t e r  was connected to the out

put of the hot-wire anemometer to elim inate high frequency noise.

An oscilloscope (A) was used to monitor the anemometer output 

signal and to se t the compensation frequency of the anemometer output 

am plifier by the square-wave ca lib ration  method [29]. For su ffic ien t 

am plification the attenuation  switch of the anemometer output was se t 

to(4)wh1le taking sing le  wire turbulence and (du/dt) measurements as 

shown on data sheet Form 26 in Appendix E. Measurements fo r (du/dt) ,

(dv/dt) and (dw/dt)^ were made with the d iffe ren tia tio n  system (E) as 

deta iled  in Appendix C. As described, the time derivative was converted 

to the spatial derivative as needed fo r the energy equation of the tu r 

bulent flow, discussed in  the previous section o f th is  chapter.

The single wire turbulence equations used fo r X-array hot-wire 

measurements of v ' and w' were taken from Gessner [30]. He described a 

technique fo r taking such measurements with two well-matched hot wires 

on each x-array probe. The wires used fo r th is  investigation had un

heated resistances th a t agreed within 5 per cent and heated resistance 

agreement within 3 per cent as required by Gessner. The probes were 

v isually  aligned with the flow stream fo r each measurement. Alignment e r

ror was checked by ro ta tin g  the probe s lig h tly  and observing any changes 

In anemometer output readings for both w ires. For small angles, well 

above visual alignment e r ro r , no changes in output were recorded. No 

wire length corrections were made fo r any of the measurements.

Measurements of the spectra of turbulent energy were made with 

the General Radio sound and vibration analyzer (I)  which had a frequency 

range from 2.5 cps to 25,000 cps. The method used to obtain the measure-
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ment is  described in Appendix B. permanent records of the spectra data 

were made with the graphic level recorder (J) connected to the sound and 

vibration analyzer.

Both the d iffe re n tia tio n  systems (E) and the sound and vibration 

analyzer were calibrated with the audio o sc illa to r  (F). The rough meas

urements of the pressure gradient were made with the board manometer (H).

A p ito t tube and the micromanometer (G) were used for most of the velocity 

measurements, as described in Appendix A. The micromanometer (G) was 

also used fo r a fine  adjustment of the pressure gradient.

The probability  d is trib u tio n  of the u ' velocity  component was 

measured with a Bruel and Kjaer Model 161 Probability  Density Analyzer.

The output was recorded on a Hewlett-Packard XY P lo tte r. The Model 161, 

which had a 0.1 sigma window width, was se t on a 32-minute sweep time to 

obtain a good time average of the signal.

Preliminary Tests 

After the instrumentation setup was complete and the zero 

pressure gradient s e t ,  measurements of the d is trib u tio n  of the mean 

velocity  were made. For a natural tran s itio n  of the flow from the lead

ing edge of the B.L.D. p la te , a 2.2-inch boundary layer thickness was 

measured. In order to make comparisons with Klebanoff's work [22], a 

No. 16 floor-sanding paper was in sta lled  as described by Klebanoff and 

Diehl [31]. After re se ttin g  the zero pressure gradient, which was the 

same as shown in Figure 2 .2 , the transverse velocity  p ro file  across the 

wind tunnel (z-d1rection) and a normal p ro file  (y -d irec tion ), from te s t  

p la te  to ceiling  were made, as indicated in Figures 3.3 and 3.4 re -



28

1.0

0.9

0.8

0.7

0.6

0.5
1

0.4

0.3

0.2

0.1

9 10 11 1286 73 4 520 1
z,inches from ^

Figure 3,3. Transverse velocity  d is trib u tio n .

1.0

0.8

0.6
U
U 0.41

0.2

8 9 10 11 12763 4 520 1
y, inches

Figure 3.4. Normal velocity  p ro file  across te s t  section .



29

spectively. The transverse (z-d irection) velocity  p ro file  indicated 

th a t a two-dimensional flow assumption was valid . The free  stream con

d itio n , or an area apparently unaffected by the presence of the w alls, 

was substantiated by the normal velocity  p ro file .

Hard p la te  te s ts  were then in it ia te d  with a careful measure

ment of mean velocity  d is trib u tio n . As shown in Figure 3 .5 , the velocity 

d istribu tion  was in excellen t agreement with th a t of Klebanoff [22].

Good agreement also existed fo r the "1/7 power law."

The values of u ' as well as U were obtained as close to  the 

wall as 0.01 inches where Klebanoff obtained values to 0.004 inches.

Due to the geometry of the X-array probes, v ' and w' measurements were 

only obtained as close to  the wall as 0.0625 and 0.03125 inches, respec

tiv e ly .

A comparison of the hard p la te  data versus Klebanoff [22] was 

plotted in Figure 3.6 fo r the d is trib u tio n  of u ' ,  v ' ,  and w‘ turbulent 

v e lo c itie s . The tu rbulen t velocity  components have been nondimensionalized 

by dividing by the free  stream v e loc ity , . As shown, the u* and v ' 

components had f a i r  agreement. The u ' component d iffered from Klebanoff 

[22] by about 5 per cen t, while the v ' component d iffered  by 10-12 per 

cent. The hard p la te  values of u* had a peak a t  y/6 -  0.085, while the 

comparison curve of Klebanoff [22] peaked a t  y/5 = 0.0075. In previous 

works [18], the peak was found a t  y/6 = 0.095, fo r 6 - 1 . 0  inches. No 

explanation for th is  peak difference was concluded, except fo r the fac t 

th a t smaller diameter hot-wires were used in Klebanoff's experiments 

which might have produced less  In terference in the region of the w all.

The w' turbulence component was recorded to be 18-20 per cent below
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Klebanoff s [22] value.

The values o f the turbulent shear s tre s s , or Reynolds s tre s s ,

were in excellen t agreement with those of Klebanoff [22], as shown in

Figure 3 .7 , except fo r values le ss  than y/6 = 0.0625. An extrapolated 
  2

wall value o f 2uv/U^ = c^ = 0.0029 was obtained. This coincided with 

a skin f r ic t io n  value given by Squire and Young as described by Klebanoff 

[22]. This value of c^ a t  R^  ̂ = 4.2(10)^ was also found on a c^ vs.

Rejj curve given by Dhawan [32]. Fenter [33] has lis te d  a theore tica l and

experimental curve of c^ vs. Rg  ̂ fo r  incompressible flow and, a t
6

Rg  ̂ = 4.24(10) , a value fo r  c^ = 0.0028 was found.

The spectrum of turbulence was measured a t  d iffe ren t y positions 

in the boundary layer, as shown on Figures 3.8  and 3 .9 . The data were 

normalized as indicated in Appendix B. The curves did indicate th a t as 

y decreased the wave number increased. They had the same general trend 

th a t the curves of Klebanoff displayed. The low wave number, low f re 

quency level region contained the large percentage of energy. The energy 

decreased with increasing wave number. However, as the p la te  was approached 

the energy contained a t  the high wave numbers increased. The higher 

wave numbers corresponded to  the smaller eddies, the lower numbers to the 

la rg er eddies. The magnitude of the F^Ck,) was lower than K lebanoffs 

data a t  the lower wave numbers. This p articu la r variance was p artly  

a ttrib u ted  to  differences in the wave analyzer instrumentation. The wave 

analyzer used fo r these experiments had a constant percentage (.07f) band

width so th a t a t  lower frequencies the analyzer averaged the signal over 

a bandwidth le ss  than one, u n til about 14 cps. This bandwidth increased 

to  490 cps a t  7000 cps. K lebanoffs wave analyzer had a constant effective
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bandwidth of 5.36 cps throughout the spectrum. The data were repeatable 

to within 5 per cent over most of the frequency range. The accuracy was 

less than th is  value a t  the two end points due to the large random 

amplitude fluctuations a t  frequencies less than 8 cps and the low signal- 

to-no1se ra tio  a t  the higher frequencies.

The d iffe ren tia tio n  c irc u it had a considerable loss In am plifi

cation and also did not compensate for some e rro r caused by assuming 

q/C to be large compared with R dq/dt, as described In Appendix C. That 

part of the anemometer signal above 3000 cps was not considered In to ta l 

due to the non-linear ch a rac te ris tic  of the RC d iffe ren tia tio n  signal 

above th a t level (shown in Figure C.2). Klebanoff's data were divided by 

a factor th a t would place h is curves uvar the present d issipation  deriva

tiv e  curves of (au/dx) , (av/ax) and (aw/ax)^ in Figure 3.10. The trend 

fo r both curves was generally the same. As found in the d is trib u tio n  of 

turbulence curves, the peak fo r the derivatives occurred a t  a higher 

value of y than did the comparison data.

Comparisons of Klebanoff's data to other present hard p la te  

measurements are made In the la s t  section o f th is  chapter on the hard 

p la te  versus compliant p la te  curves. Although complete agreement does 

not e x is t with the comparison data of Klebanoff's work, the system and 

procedures used fo r the work reported in th is  paper remained iden tical 

for both hard p late and compliant plate data. Also, the hard p la te  data 

shown previously were the re s u lt  of not less  than two se ts of data fo r 

most curves. Therefore, these data can be used fo r a good comparison 

with the compliant skin data.
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Modification of Tunnel 

A fter the hard p la te  te s ts  were completed a small compliant 

surface was constructed from 3/16 inch polyurethane foam (40 P .P .I) and 

0.003 inch th ick  polyvinyl-chloride (PVC) membrane. The polyurethane 

foam was selected fo r the substra te on the basis of the promising resu lts  

of Smith and Blick [34]. They obtained a 25 per cent decrease in the 

skin fr ic tio n  coeffic ien t a t  a Reynolds number of approximately one 

m illion , using a 0.0030 inch PVC membrane and the th in  polyurethane foain.

The foam was bordered by a 3/16 inch high, by 1/2 inch wide 

balsa wood s tr ip  to form a reservo ir fo r the water in the foam. This 

was placed on the 8 x 26 inch small te s t  p la te  previously in s ta lled  in 

the tunnel and f i l le d  with water. The te s t  p la te  configuration was 

sim ilar to  one used in previous work [18]. The PVC membrane was stretched 

across the foam with a transverse tension of T  ̂ = 0.1 lb /in  and a stream- 

wise tension of T  ̂ = 0.2 lb /in . This tension was selected on the basis 

of the reference [18] data. The compliant te s t  p la te  was then inserted 

flush  with the wind tunnel f lo o r. A s ta t ic  tap reservoir was connected 

to  the te s t  p la te  flu id  to equalize pressure above and below the membrane.

A velocity  p ro file  and a d is trib u tio n  of the u ' component of 

turbulence were measured. No discernible differences were measured 

from th a t of the completely rig id  p la te .

Therefore, the foam was removed so th a t only water remained as 

the substra te . The membrane now seemed to  be o sc illa tin g  s lig h tly , ob

servable in the reflec tion  of a spot l ig h t. S light differences were 

detectable in in i t ia l  te s ts  of the velocity  p ro file  and u ' turbulence
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measurements. Therefore the en tire  se ries  of measurements were run for 

the small PVC and water compliant p la te  with the hope th a t more con

clusive differences could be obtained. Only a s l ig h t drop in the turbu

len t shear s tress  was detected and no differences were observed in the 

derivative terms. The spectra of turbulence and shear s tress  revealed 

no decisive re su lts .

The small compliant p la te , 8 inches x 26 inches, apparently did 

not provide enough length to  influence the three-inch thick boundary 

layer. So a compliant p la te  was constructed th a t extended from the t r a i l 

ing edge of the sandpaper, X = 2 f t .  to X = 14 foo t. This compliant 

p la te  provided 8.5 fe e t of length to influence the flow. The fu ll  length 

compliant p late was constructed from a 3/16 inch sheet of polyurethane 

foam bonded to the B.L.D. p la te  with 3M Company "Scotch Grip-44" spray 

adhesive. A sheet of 0.001 inch PVC membrane was also  bonded to  the 

foam with a lig h t coating of the spray adhesive. S ta tic  pressure taps 

from the center of the side wall were inserted  into the foam substra te  

every foot to equalize the pressure d iffe re n tia l between the foam sub

s tra te  and flow region, to insure a f l a t  membrane surface. This provided 

a seeming y desirable composite membrane-substrate construction. A velocity 

p ro file  and Reynolds s tre ss  measurement were made using the same te s t  

conditions and procedures as with the hard p la te . No changes were detected.

The same types of material were then used without the spray ad

hesive bond between the foam and membrane. The membrane was stretched  

across the foam a t  a temperature of 90-95®F and clamped to the flo o r of 

the tunnel on the sides with 3/16 x 1/2 inch balsa wood s tr ip s , v is ib le  

on the B.L.D. p la te  in Figure 3.1 . Since the te s ts  were run a t  80®F, the
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membrane was stretched tau t in the z-d irec tion . Wrinkles, th a t were 

present a f te r  in s ta lla tio n , were absent a t  the lower temperature. The 

in i t ia l  measurements on the new compliant surface indicated very prom

ising  re su lts .



CHAPTER IV

EXPERIMENTAL RESULTS

With the 0.001 inch (PVC) membrane and a 40 P .P .I. polyurethane 

foam substra te  in s ta lle d , the same data were run as with the hard p la tes , 

using the same geometry or configurations. The pressure gradient had to 

be re se t due to apparent changes in the flow. The pressure gradient was 

se t a t  the same readings as shown in Fig. 2 .2 .

Presentation of Data 

The boundary layer thickness did not have a measurable change 

but the shape of the mean velocity  p ro file  did have a s lig h t measured 

difference between y = 0.6 and 2.8 inches, as shown in Fig. 4 .1 . This 

was the same trend as observed in previous work [18], where an increase 

in the mean velocity throughout the outer portion or wake region of the 

boundary layer occurred. At y = 0.01 inches the U/Û  value was 0.40 for 

the compliant p la te  while the hard p late value was 0.455. Part of th is  

difference has been a ttrib u ted  to  the d if f ic u lty  in locating the y = 0.01 

inch position  on the compliant skin. Since the slope (dU/dy) was a t a 

maximum close to the w all, a s lig h t change in y produced a s ig n ifican t 

change in velocity . The measurement of y close to  the wall has proven 

to  be very c r i t i c a l .  During the te s ts ,  the measurement of y was made by 

using the length of a shadow from a spot l ig h t positioned a t  a small

41
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angle from the horizontal. During the compliant p la te  te s ts ,  the y posi

tions in the proximity of the wall had to  be determined with the tunnel 

running since the hot-wire had a s lig h t influence on the compliant d is 

placement of the membrane.

The three components of turbulence measurements fo r the compli

ant p la te  indicated a sig n ifican t change from hard p la te  data. The 

decrease in the u" and v' fluctuating  ve loc ities  is  indicated in Fig. 4.2. 

The w' component showed a possible decrease for y/s values greater than 

0.08 inches, but increased above hard p late data fo r y/5 values less than 

th is .

The d istribu tion  of the turbulent shearing s tre s s  for the com

p lia n t p la te  indicated a very desirable decrease over most of the bound

ary layer region as compared to  the hard p la te  (see Fig. 4 .3 ). An ex tra 

polated wall value for the local co effic ien t of f r ic tio n  produced a value 

for c f  = 0.00215 as compared to 0.0029 fo r the hard p la te . This 25 per 

cent decrease was most s ig n ifican t.

The spectrum of the u' component of turbulence was plotted 

o rig in a lly  in the same way as the data in Fig. 3.8 and 3.9. To display 

more vividly  the changes th a t were found, the data have been presented 

as the difference in energy of hard p la te  and compliant p late divided by 

the energy of the hard p la te  a t each frequency. Frequency, ra ther than 

wave number, was chosen for the abscissa so th a t i t  would not be a func

tion  of the mean velocity . As previously discussed, the mean velocity 

determination was very c r i t ic a l  in the region close to the wall. There

fo re , th is  helped to elim inate erro rs in  presenting the spectrum data.

The plot of the percentage change in spectrum energy versus
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frequency a t  the y/6 = 0.0033 position is  shown in Fig. 4 .4 . Considering 

th a t the data were repeatable within 5 per cent over most of the frequen

cy range, the change indicated in Fig. 4.4 is  s ig n ifican t. As shown, a 

higher energy level existed  fo r the compliant plate a t  frequencies less 

than 60-80 cps and a lower energy level fo r frequencies greater than 80 

cps.

The same type of p lo t for spectrum a t y/6 = 0.05 is  somewhat 

inconclusive but a positive slope of the data is  indicated in Fig. 4.5.

The data in  Fig. 4 .6 , fo r y/6 = 0.20, again indicate more energy a t lower 

frequencies, and transition ing  from negative to  positive around 60-80 

cps. The same trend is  indicated a t  y/6 = 0.58 in Fig. 4 .7 , and more so

in Fig. 4 .8 , a t y/6 = 0.80. The data a t  y/6 = 1.0 in Fig. 4.9 were

somewhat vague due to the low signal-to-noise ra tio  but s t i l l  indicated 

a positive  slope. Correction for f in i te  length of the wire was not made. 

This e rro r should increase with the decrease in scale of turbulence a t 

the higher frequencies. However, the data involved here are a comparison 

of two se ts  of identically-measured signals.

The d istribu tion  of amplitude of the u-fluctuations was recorded 

with a p robability  density analyzer as mentioned previously. Unfortunate

ly , the instrument was availab le for the compliant p la te  data only, since

i t  was on a t r ia l  loan from Barnhill Associates in D allas, Texas.

Since u denotes the fluctuations of the velocity about some mean 

velocity . I t  can be normalized with respect to  the time-averaged value 

of u, th a t 1 s , / 7  " u '.  I f  P (u/u ') is  the probability  a t  any given 

in stan t of time of the velocity  being between u/u ' and u /u ' + d u /u ', the 

following relationship  e x is ts :
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f p ( U ) d ( U )  = i (4.1)
-o> W

where P (u /u ') is  usually some number less than one. The probability  

density fo r the ideal homogeneous iso tropic turbulent flow would then 

follow a Gaussian or normal d is trib u tio n  curve, since i t  has no p refer

ence fo r any specific d irec tio n .

The nonisotropic boundary layer turbulence dea lt with here is  

compared with the Gaussian d is trib u tio n  curve in Figs. 4.10 to  4.17.

Since hard plate p robability  d istribu tions were not possib le, as mentioned, 

the compliant p late is  compared to the hard p la te  data of Klebanoff [22].

The minimum signal input allowance for the probability  density 

analyzer was 1.25 vo lts  fo r a probability  density of 1. The output s ig 

nal of the hot-wire anemometer was connected to  the random signal v o lt

meter, which had an in te rna l am plifier. This c irc u it  was used to amplify 

the input signal to the probability  density analyzer so th a t the signal 

was large enough to normalize. Two problems existed: th a t i s ,  in order 

to  amplify the signal su ffic ie n tly  fo r normalization, amplitude d is to rtio n  

of the am plifier would appear, as il lu s tra te d  in Figs. 4.16 and 4.17.

Also, i f  the signal were not normalized.
00

I  P ( a j  < i(p  f  1 (4.2)

The probability  d is trib u tio n  of u for y/6 = 0.0033 is  shown in 

Figs. 4.10 and 4.16. The input for Fig. 4.10 was not normalized and 

i t  is  evident by comparison with the normal d is trib u tio n  curve. At 

y/6 -0 .05 , as shown in Fig. 4.11, the amplitude is  approximately the 

same as th a t indicated by Klebanoff [22], but the position of maximum 

probab ility  seems to  have sh ifted  to the r ig h t. In Fig. 4.12, a t y/6 =
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0 .2 , the amplitude has increased s lig h tly , and the maximum probability  

point has sh ifted  more to  the r ig h t. For y/6 = 0.4 (Figs. 4.13 and 4.17) 

greater amplitude and again a s h if t  of the maximum to the rig h t is  

indicated as compared to Klebanoff's data [22]. Although not normalized, 

the curves fo r y/6 = 0.8 and 1.0 (Figs. 4.14 and 4.15, respectively) are 

very sim ilar to Klebanoff's comparison points fo r the two positions.

The p lo t a t  y/6 = 0.8 appears to  i r  '̂ e more of a concentration of the 

signal around the midpoint and a decrease a t the extreme points. Un

fortunately , due to  the short period of a v a ila b ility  of the probability  

density analyzer, fu rther experimentation with the instrument was not 

possible. Nevertheless, th is  investigator appreciated the opportunity 

to  obtain the data presented here.

The measurement of the d issipation  derivative was accomplished 

by the procedures described In the Instrumentation section of th is

chapter and In Appendices C and D. A decrea: '  the (au/ax) and (av/ax)

derivatives was measured throughout the boundary ^yer p ro file . The 

(aw/3x) derivative decreased between y/g = 0.2 to y/6 = 0.0125, where i t  

measured higher than hard p la te  data. The hard p la te  versus compliant 

p la te  data for the three derivatives are Indicated In Figs. 4.18 and 4.19.

The other two derivatives,(au/ay) and (au/az)^, obtained by the 

correla tion  coeffic ien ts as described In Appendix D, are i l lu s tra te d  in 

Figs. 4.20 and 4.21 for specific  values of ny and az used. Due to  the 

geometry of the experimental arrangement, the minimum a z  distance was 

4/64 Inches. At th is  wire separation d istance, good correlation was not

possible since the scale of turbulence was apparently much sm aller.
------------Z  T

Therefore, a comparison of (3u /9y )• and (du/3z) Is made In Fig. 4.20 for
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a Az = Ay = 0 .0625  in ch es  to  s p e c u la te  on p o s s ib le  t r e n d s  f o r  ( a u /a z )

a t smaller Az values. The (au/ay) data indicated a decrease below hard 

p la te  data both a t the ^y = 0.015 inch (Fig. 4.21) and &y = 0.0625 inch 

(Fig. 4.20) separation d istances. From Fig. 4.20 and previous indica

tions of the z component ch a ra c te ris tic s , one could speculate th a t the 

(3u/3z) compliant plate data would not decrease fo r smaller z values. 

The only in terval distance common to both az and aY was 4/64 inches, so 

th a t a b e tte r in terpolation  was not possible. As shown in Fig. 4.22, for 

most of the la rger separation d istances, the hard p la te  values fo r the

d issipation  derivative (au/az) are below the compliant p late values. 

This is  a strong indication th a t the same could be true for smaller wire 

separation distances. However, th is  assumption appears to be somewhat

invalid  in view of Fig. 4.23 fo r the (au/ay) values. For large wire 

separation distances hard p la te  data were sometimes below the compliant 

p late values and then well above compliant data from small wire spacing

distances. Therefore, the behavior of the (au/az) term for c lo ser wire 

spacing is  ra ther inconclusive and only the comparison data obtained a t 

a spacing of 4/64 inches are used for fu rther discussion.

Discussion of Data 

The mean velocity p ro file  was rep lo tted  in the form of the "uni

versal velocity  d istribu tion  law" from P rand tl's  mixing length hypothesis 

[35].

U* = A In y* + 6 (4.3)

where U* = U/U
T

y* = y U /w

A = 1/ K
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6 = constant

1 =<y = "mixing length"

1̂
The hard plate data coincide extremely well with the upper 

logarithmic portion of the profile  using the constants suggested by 

Clauser [36] where A = 2.44 and B = 4.9 in Fig. 4.24. A wake region, 

which deviates from the logarithmic l in e ,  is  indicated for y* values

greater than 1000 (y /ô>0 .36). The hard plate data points approaching

the wall layer (viscous sublayer) are above the universal velocity 

profile  l in e  of Clauser [36] (eq. 4.3) ra ther than below. All data 

points were rechecked and as yet no explanation can be given for th is .

The compliant p la te  data (shown in Fig. 4.24) were o ffse t 

above the hard pla te  data as dictated by the universal velocity d i s t r i 

bution law for lower wall shear s t r e s s .  A line  drawn through the com

p lian t data was found to  be parallel to  the hard plate data. The com

p lian t data line corresponded to a value of B = 8.4. Since the lines 

were p a ra l le l ,  A remained constant and therefore indicated l i t t l e  or no 

change in the proportionality  between mixing length, 1, and wall distance. 

The compliant data indicate a wake region beginning a t y* greater than 

500. This corresponds to  a y/6 value of 0.21. Therefore, the wake region

appears to  have increased in size.

Although the mixing length theories have lost some significance, 

i t  is  in teresting to note the changes in 1 over the height of the bound

ary layer. In Fig. 4.25, plotted with data from Fenter [33], the mixing 

length, 1, over the en tire  boundary layer is  not the same for the compli

ant and hard p la tes , as calculated by P rand tl 's  mixing length hypothesis
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[ 3 5 ] .

f  = (dU/dy)V(-üv) (4.4)

Both compliant p la te  and hard plate data approach the linear re la tion  for 

1 and y a t values less  than y/6 = 0 .1 .  In Fig. 4.24, fo r some values 

less than y/6 = 0 .1 , 300 >y*> 770, the logarithmic portion of the plot Is 

va lid . Therefore, one can conclude from Figs. 4.24 and 4.25, tha t the 

proportionality between mixing length and wall distance. In the fu lly  

turbulent region, does not appear to change for compliant p la te  and 

hard pla te .

Von Karman' s sim ilarity  hypothesis [37] concerning the struc- 

ure of turbulence requires tha t a constant ra t io  ex is t  between the 

turbulent shear s tre ss  d istribu tion  and the turbulent k inetic energy 

d is tr ibu tion . The shear correlation coeffic ien t actually  gives th is  

r a t io .  In Fig. 4.26, the d istribu tion  for the shear correla tion  coeff i

c ien t Is given for compliant and hard p la te ,  with a comparison of 

Klebanoffs data [22]. Over the range of y/6 = 0.05 to  0 .9 , the compli

ant and hard plate data maintain a re la tive ly  constant value.

In Fig. 4.27, the ra tio  of the shear s tress  to the to ta l  turbu-
—Z"

le n t kinetic energy (q ) Is compared for the hard pla te  and compliant 

p la te .  The ra tio  for the hard plate more nearly approaches a constant 

across the range from y/6 = 0.1 to y/6 = 0,8 than does the compliant 

curve. However, both are acceptable as an Indication th a t the von Kannan 

s im ila rity  hypothesis Is valid over a large portion of the boundary layer.

The d irec t viscous dissipation (Ŵ ) and production (Pr) of 

turbulent energy are compared In Fig. 4.28. I t  Is evident from Fig. 4.28 

th a t  the d irec t viscous dissipation Is negligible for y/6> 0.02 In com-
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parison with the production term. However, from Klebanoffs same plot 

[22] in Fig. 4.29, i t  is  possible to show tha t d irec t  viscous d issipa

tion is  negligible for y/6> 0.01. In Fig. 4.28, i t  is  in teresting  to 

note tha t the d irec t  viscous dissipation for the compliant plate is  

s l ig h tly  above the hard pla te  curve; however, the compliant plate 

turbulent energy production is  considerably less than hard plate.

The turbulent energy production term is  compared with the 

dissipation derivative term in Fig. 4.30. The hard plate production 

agrees quite well with Klebanoffs curve.

The five measured d iss ipation  derivatives were combined togeth

e r  to form Wg. The magnitude of for the compliant plate was less than 

th a t  for the hard plate over the measurable portion of the boundary 

layer. The decrease was most pronounced from y/6< 0 .2 , as shown in Fig. 

4.30.

Klebanoffs term for the dissipation derivatives , W2 , contained 

a l l  nine derivatives as described in the f i r s t  section of Chapter I I I .

Since only the f i r s t  f ive , (au/ax)^, (au/ay)^, (au/az)^, (av/ax)^ and

(aw/ax)2, were measurable,. Klebanoff approximated the remaining four by 

the following isotropic re la tions .

(au/ay)2 = 2(av/ay)?= (aw/ay)^

________ ________ _______  (4.5)
(au/az)2 = (av/az)2 = 2(aw/az)z

The addition of the four remaining terms to W2  by means of 

these relations contributed to  the major difference between Wg and Wg 

shown in Fig. 4.30. Part of the difference is  a ttr ibu ted  to the d i f fe r 

entia tion  amplification problems described in Chapter I I I .  Therefore,



74

0 .1 5

0.14

0.13

0.12

0.11

Production (P^) 

Dissipation (W )
0.10

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.00 K 
0 0.050.040.02 0.030.01

y/6
Figure 4.29. Conq)arison of d irec t viscous d iss ip a tio n  with production 

of tu rbu len t energy near the wall (Klebanoff [22]) .



0 . 0 0 1 8

0.0016
Production or Gain of Turbulent Energy

0.0014

0.0012 Compliant P late  
Hard P late 
Klebanoff

0.0010
P.r

0.0008
6 uv /dU\

î r f c /0.0006

0.0004

0.0002

0.0002
D issipation or Loss of Turbulent Energy 

——0 —  Compliant P late
 •  Hard P late
—  — — —  Klebanoff

0.0004
W.2

0.0006

0.0008

0.0010
0 0.1 0.2 0.3 0.4 O.S 0.6 0.7 0.8 0.9 1.0

y/6
Figure 4*.30. Conçarison of production and d iss ip a tio n  of turbulent energy fo r hard p la te  and 

compliant p la te .



76

to minimize the e r ro rs ,  only the measured derivatives were compared for 

hard pla te  and compliant p la te . The second derivative term of the d is s i 

pation was found to be negligible for most of the boundary layer except 

for the region approaching the wall.

The convection of turbulent energy, C^, is  plotted in Fig. 4.31. 

The hard plate curve shows remarkably good agreement with Klebanoffs 

p lo t except a t  the small y/6 values. In a l l  cases, the magnitude of the 

convection term from the compliant p la te  is  less than for the hard p la te  

even when the terms are positive. However, in comparison-with the pro

duction and d issipation  terms the convection term is  p ractica lly  negli

gible over most of the boundary layer.

In discussing the turbulent motion, the transfe r  of energy is  

of primary concern. Some insight into the process of the transfe r  of 

energy from large eddies to smaller ones can be gained by examining the 

spectral d is tribu tion  of turbulent energy. As described by Tchen [38], 

the flow of energy from larger eddies to  smaller eddies corresponds to 

a d iss ipation  due to  three d iffe ren t types of momentum exchanges. The 

momentum exchanges occur between the molecular motion and the turbulent 

motion, between the small and large eddies, and between the turbulent 

and mean motion. The basic concept of th is  idea is  tha t the energy 

enters the spectrum through the large eddies from the mean motion and 

is  transferred  through the spectrum to  the smaller eddies where i t  is  

f in a l ly  dissipated by the molecular motion.

Frequency (f)  can be written in terms of the wave number (k.j) 

by the re la tion , k = 2irf/U. The low wave numbers correspond to the 

large eddies and the higher wave numbers to the smaller eddies, since
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the eddy size is inversely proportional to the wave number. In Figs. 3.8 

and 3.9, i t  was shown tha t the trend was for the higher wave numbers to 

possess a greater percentage of the turbulent energy as the rig id  surface 

was approached.

In Figs. 4.4 to 4 .9 , i t  is  evident tha t there is  less energy a t 

the higher wave numbers for the compliant p late although the percentage 

decrease in turbulent energy becomes less as the compliant plate is  

approached. A strong indication tha t the energy has increased a t  the 

low numbers and greatly  decreased a t  higher wave numbers is  given by 

Figs. 4 .4 , 4 .6 , and 4.7. On the basis of the previous discussion, th is  

would indicate th a t the energy transfer  has been hindered and thus a 

decrease in the momentum exchange has possibly occurred.

Runstadler, Kline, and Reynolds' [23] defin ition  of the turbu

len t flow could provide the basis for an elementary explanation of the 

mechanism involved in th is  apparent reduced turbulent energy transfe r .

In the la s t  part of Chapter I ,  a description of the flow mechanism was 

given according to  Runstadler, e^al[ . This description s ta tes  th a t  

turbulence transport to the outer flow regions i s  maintained by the out

wards and downstream convection of small-scale turbulence within large- 

scale turbulence, or eddies, which originate a t  the wall. This ejection 

of eddies, which is  in the form of low momentum streaks, has a strong 

in teraction in the fu lly  turbulent region outside the wall layer which 

resu lts  in the production and dissipation of turbulence. The loss of 

energy via dissipation in and ejections from the wall layer is  resupplied 

by the flow of high momentum flu id  toward the r ig id  wall, which reaches 

the wall more uniformly than the concentrated ejected eddies.



79

I t  is  speculated th a t ,  with the compliant wall acting as an 

effective uniform energy absorber, some of the available energy of the 

high momentum inflow is  decreased by the compliant w all-flu id  in terac

tion . This would re su lt  in a weaker in teraction  of the injected momen

tum-deficient fluid in the fu lly  turbulent region where maximum turbu

lence in te n s it ie s  are measured. As noted in Fig. 4.2, the la rgest de

crease in the turbulence in tensity  levels for compliant p late were 

measured a t  the peak level. The outward v' and downstream u' compon

ents of turbulence were noted to  have the la rgest decrease with a possi

ble increase near the wall of the w' component. Accordingly, th is  would 

p recip ita te  a reduced shear s t r e s s ,  -W , as indicated in Fig. 4.3. Then 

the decrease in ejected f lu id  reaction potential would logically  reduce 

the production and dissipation  of turbulent energy, as noted in Fig. 4.28, 

for the compliant wall condition.

Further insight into th is  mechanism of f lu id  motion could be 

gained by the study of the velocity correla tion  coeffic ients  Rĵ , Ry, and 

R^. The measurements of the correlation coeffic ien ts  Ry and R̂  were not 

extensive enough to yie ld  conclusive resu lts  for a basic eddy flow de

scrip tion .



CONCLUSIONS

The following conclusions and recommendations have been obtained 

from the experimental study of the turbulent boundary layer characteris

t ic s  of flow with a zero pressure gradient over a compliant surface.

Concluding Remarks

The compliant surface was found to  influence favorably the char

a c te r is t ic s  of turbulent flow as measured by a hot-wire anemometer system 

and accessory equipment. After several choices of the membrane-damper 

configuration, a 0.001 inch thick polyvinyl-chloride membrane with a dry 

polyurethane foam substra te  v/as used as a compliant p la te , extended over 

the full length of the "boundary layer development" p la te .

Turbulence in tensity  reductions for the u' and v' components 

of approximately 10 per cent and 6 per cen t, respectively, were measured. 

When compared with the hard p la te , the w' component indicated a s l ig h t  

reduction until the wall was approached where an increase was measured.

The Reynolds s tre ss  for the compliant plate had a 20-25 per 

cent decrease over most of the boundary layer compared with the r ig id  

plate condition.

The spectrum of the u' component of turbulence over the compli

ant surface indicated a s ign ifican t decrease of energy a t the higher 

frequencies or wave numbers. As the wall was approached, the low fre -

80
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quency, low wave number part of the spectrum contained an increase in 

energy, while the higher frequencies s t i l l  had a reduced energy level 

compared with the hard plate.

The probability density of the u-fluctuation appeared to be the 

same as the hard pla te  comparison data of Klebanoff [22]. Results were 

inconclusive due to lack of extensive measurements.

A reduction in the production, convection, and dissipation of 

turbulent energy for the compliant surface was indicated when compared 

with the iden tically  measured hard plate values.

Possibly the above reductions are caused by the compliant wall 

acting as an effective uniform energy absorber which would reduce the ' 

in teraction of f lu id  motion in the fu lly  turbulent region of the bound

ary layer.

Recommendations for Future Research

In order to  gain further insight into the charac teris tics  of 

turbulent flow over a compliant wall, additional investigations are 

needed. Extensive measurements of the d issipation  derivatives with a 

more sophisticated d iffe ren tia tion  c i rc u i t  would be helpful. Also, a 

device needs to be designed for obtaining more precise correlation coef

f ic ie n t  measurements, since th is  Is a c r i t i c a l  fac to r  In describing the 

eddy flow structure .

Lower free stream turbulence levels could possibly be obtained 

In the tunnel used for th is  Investigation I f  an entrance section were 

designed to precede the honeycomb system and vibration In the drive unit 

were eliminated.
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HOT-WIRE ANEMOMETER VELOCITY CALIBRATION

The velocity p ro file  data l is te d  in th is  report were obtained 

with a p i to t  tube (0.0. = 0.125 in .)  and the Flow Corporation Model 

MM-3 Micromanometer, which has a capability  of measuring a Ah of 

0.0001 inches of f lu id .

Although p ito t  tube measurements were made a t  a minimum y 

value of 0.0625 inches, the hot-wire anemometer velocity data were used 

fo r  the y « 0.01 to 0.125 inch range.

Therefore, ca libration  coeffic ients were obtained fo r  the hot

wire anemometer from the p i to t  tube measurements for values of y greater 

than 0.125 inches. Since the coeffic ients  were variable, a s tra ig h t 

l in e  was drawn through the points by using the least-squares method. 

Extrapolated values for the ly /I^  values in the region of y less  than 

0.125 inch were read from Figure A.l for the hard p la te , and from 

Figure A.2 for two sets of velocity data for the compliant p la te  and 

one se t  of hard pla te  data. Unfortunately, a l l  of the velocity data were 

not obtained with one wire due to probe A damage a f te r  part of the hard 

p la te  data were complete. However, excellent agreement was found to 

e x is t  between the two wire current values. The least-squares technique 

provided consistency in placing a line  through the four sets of data.

The hot-wire anemometer velocity equations and pi to t  tube 

equations were sim ilar to those used previously by Walters [18] and 

Flow Corporation Bulletin No. 25, Cambridge, Massachusetts.
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METHOD FOR SPECTRAL DENSITY ANALYSIS

The spectral d istrib u tio n  or spectral density analysis of the 

tu rbu len t velocity components was measured with the General Radio Type 

1564-A Sound and Vibration Analyzer. The input of the analyzer was 

connected to the output of the Flow Corporation, Model CCB, Hot-Wire 

Anemometer System. The output signal of the analyzer was measured with 

the Flow Corporation Model 12A1 Random Signal Voltmeter fo r a true rms 

reading. To check the continuous frequency range from 2.5 cps to 

25000 cps, the output signal of the 1564-A analyzer was recorded on the 

General Radio Type 1521-A Graphic Level Recorder using 1521-9493 chart 

paper. Only the frequency range from 0-7000 cps was of p ractical in te r 

e s t ,  since the anemometer output u tiliz e d  a 7KC low pass f i l t e r .

To obtain a su ffic ie n t time average of the 1564-A analyzer out

put, the signal had to  be measured by the 12A1 voltmeter and observed 

fo r a period of time not less  than one minute. Since, fo r p ractical 

reasons, the continuous frequency range could not be measured by using 

the 12A1 voltm eter, the range was divided in to  eighteen d iffe re n t f r e 

quency levels from 3.175 cps to 7000 cps, as i l lu s tra te d  on the data 

sheet, form 5A, in Appendix E.

The required meter readings fo r finding the percent of energy 

or turbulence a t  each frequency level were derived from the following 

equations. Since

91



92

I ^
0 \ 1 H n+v+s n+vlyU - m  ]

is  the equation fo r calculating to ta l turbulence, a percent of turbulence 

was calculated by

V (

■■ (B.2,

" ^ to ta i ' ^^n+v“ ^n^total
2 2

so th a t the spectra of and were required.

To obtain the to ta l turbulence rms meter readings of and

M ,̂ the 1564-A Analyzer bandwidth control was se t on the "All Pass"
2 2

position . For the (M^+y- readings the bandwidth se lec to r was se t

on the 1/10 octave position. The 1/10 octave se lection  had a constant 

percentage bandwidth (= 7%) such th a t i t s  bandwidth increased in d ire c t 

proportion to the increase in the frequency to which the bandwidth was 

tuned [39].

To ca lcu la te  a true spectrum level the data were divided by

0.07f, as shown in data sheet form 5A in Appendix E. This met the require

ments of the d e fin itio n  of the spectrum level of a signal which Keast 

[40] sta ted  a s , "The spectrum level of a specified signal a t  a p a rticu la r 

frequency is  the level of th a t p art of the signal contained within a 

band one cycle per second wide, centered a t  the p a rticu la r  frequency."

Using the Hewlett-Packard Model 200AB Audio O scilla to r as a 

signal generator,input and output values for the General Radio 1564-A 

Analyzer were recorded a t  the "All Pass" bandwidth position and a t
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several frequencies from 3.175 to 700 cps for the 1/10 octave position.

A constant gain fac to r was measured for a ll positions.

Mn+v ^n* continuous range of frequencies, were recorded

by the graphic level recorder fo r the d iffe ren t y positions of both hard 

and compliant p la te . This was a check on the v a lid ity  of choosing the 

18 d iffe ren t frequencies as a true sampling of data. This insured th a t 

ir re g u la r itie s  over the e n tire  spectra of turbulence were not deleted 

from consideration.
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DERIVATION OF EQUATIONS AND TECHNIQUES 

USED IN OBTAINING THE TIME DERIVATIVE

In order to obtain the spatial derivative of the turbulent 

velocity  components u , v and w, in the streamwise d irection of flow 

(x -d irec tion ), i t  is  necessary to measure these instantaneous turbulent 

velocity  components a t  two x-locations simultaneously. This would 

involve the use of two hot-wire anemometer systems. Separating two 

probes by some x -in te rv a l, while maintaining constant y and z coordinates, 

would place one probe in the wake region of the other due to  the neces

sary small Ax fo r proper signal co rre la tion .

Townsend [41], as well as la te r  investiga to rs, has made use of 

the temporal derivative of the signal from a single hot-wire anemometer 

system to obtain the sp a tia l derivative in the streamwise d irec tion  

(x -d irec tion). Making the common assumption th a t the turbulent velocity 

components are small with respect to the mean velocity of the stream, 

the following space-time transformation can be w ritten

M  = .  i  (M) or (2H)^ = L  (C .l)
3X U S t SX U S t

The time derivative can be obtained from a simple resistance- 

capacitance network, since e lec trica l d iffe ren tia tio n  depends on the use 

of the changing current of a capacitor to  produce a potential drop in a 

se rie s  resistance proportional to the time derivative of the potential 

d ifference across the capacitor.
95
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The equation for the simple RC c irc u it  shown below can be 

w ritten  in two d iffe ren t forms.

then

where

Figure C .l. Simple D ifferen tiation  C ircu it.

I f  e . is  the input voltage and q is  the charge on the condenser.

(C.3)

I f  ^  »  R ( ^ ) ,  th a t i s ,  i f  the voltage drop e^ across the resistance is

small compared with e^, then one could make the following approximations 

g- and R ^  = RC = Oo

An a lte rn a te  equation could be w ritten  In the following manner, 

where u = 2 .f ,

*1 '  *0 + = Ri -  (j/wC)i (C.4)

V®1 ° - j/wC) (C.5)

Oq 1 ^
e7 “ 1 - j/wRC “ 1 + 1/juRC (C.6)
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C : ')

I f  uRC «  1 then the necessary d iffe ren tia tio n  conditions l is te d  above 

w ill hold.

Townsend [41] stated  th a t the required am plification fo r 

d iffe ren tia tio n  can be obtained i f  RC = T, where T is  the time constant 

fo r the hot wire. T can be computed from [42]

T = — L- (C.8)

where n^ is  the ch a rac te ris tic  frequency of the w ire. The time 

constant is  the time required fo r the wire to  complete 63.2% of i t s  

adjustment to a sudden step change in velocity . The ch a rac te ris tic  

frequency depicts a " transition" region. Above th is  frequency the hot

wire signal decreases linearly  with frequency. The ch a ra c te ris tic  f r e 

quency is  determined by the approximate formula

0.041
ÏÔÔ3

■ % ! :  *  
R/Rg-l

where d is  the wire diameter in inches and 1  ̂ the wire current 

in amperes.

For the hot wire used, R/R  ̂ = 1.3, d = 0.00035in., = 110 ma.

Therefore,

"c '  ( & )  cP: • 526 cps

T(Iy = llOma) = l/2ir(526cps) = 0.000303 

T(Iy = lOOma) = 1/2tt(435) = 0.000367

For the hot-wire current range of 1  ̂ = lOOma to llOma, the hot-
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wire tim e  constant varies from t  = 0.000303 sec. to 0.000367 se c ., which 

corresponds to the RC range.

D ifferent combinations of R and C are plotted in Figure C.2.

As can be seen the RC values th a t match the wire time constant have a 

very lim ited lin e a r  frequency response, i . e . ,  0 to 300 cps.

When the value of RC = 3.3(10)"* was used in the d iffe ren tia tio n  

c i rc u it ,  in su ffic ien t amplitude was obtained.

A value of RC = 3 .3(10)'^  was se lec ted , since th is  would sa tisfy  

the condition of wRC «  1 or would permit a wider frequency range. The 

ca lib ra tion  p lo t of RC = 3.3(10)"^ is  shown in Figure C.2. As i l lu s 

tra te d , the response is  lin e a r to approximately 2500 cps.

The d iffe ren tia tio n  c irc u it  was calib rated  by connecting a 

Hewlett-Packard Model 200AB Audio O scilla to r to  the input. The input and 

output voltages were measured on the Flow Corporation 12A1 random signal 

voltmeter and a Hewlett-Packard Model 3440A Digital Voltmeter.

The quantity (de/dt) was used fo r the ordinate o f Figure C.2, 

since th is  is  the desired form in equation (C .l) .

From the basic compensated hot-wire turbulence equation, an 

equation can be derived fo r the derivative ofthe turbulent velocity  com

ponent in the streamwise d irection  with respect to time.

Equation (42) in Flow Corporation Bulletin No. 94b [42] can be 

w ritten as follows,

where 1 is  the square wave curren t, and the am plifier output due to the 

square wave Is

e . •  J S (C .ii)
* A,T x-l2
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1.000
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Figure C.2. C alibration of d if fe re n tia l c i r c u i t .



Let

1 0 0

and I ,  K, R, i .  A,, f \  x f  f ( t )

4i
Z -------------------- 2 -  (C.12)

■  ~ i v [ i - ( V V ]

Then, taking the time derivative of equation (C.10)

de, d (e .‘ ' )
^ / C  -  - Z [ l -  - 3 ^  +  1 ^ ]  (C.13)

where

a r '  ®

Now, le t

d(e.+e ) ^
”n.v = (a)

"n '  "vl̂ Z V 'd t  > (b,

"n ° K ,'V 'ïên) (c) (c.15)

"ntv = K v \ / W ^  (d)

"n+v+s '  K v V < W « n > ' (e)

Ky is  the am plifier gain while Kg is  the gain of the d iffe ren 

tia tin g  c irc u it .



form

1 0 1

Equations (C.l5a) and (C.l5b) can be rew ritten  in the following

and
2

= - ^ 2  (C 16b)
(KyK;)

Second term on l e f t  side of equation (C.16a) is  zero due to 

lack of correla tion  of e^ and e^ where e^ is  the noise of the c irc u it  

and = 0.

Combining equations (C.16a) and (C.16b)

■  ;y‘
(KyKg)

So th a t equation (C.14) can be s ta ted  In terms of the meter readings.

TTi-----------Y  I f — 2------------- T

'  '  ' '  "n4v+s- V v
(C.18)

or

.  41 1 .  ("n+v) -  <”n>
T—z -  -  \ - T  - r

" I , [ 1 - ( A  ]  '  "n+v+s '  "n+v
V

(C.19)

The value of RC = Kg = 3.7(10)”® was obtained from a ca lib ration  

of the d iffe ren tia tio n  c irc u it.

Equation (C.19) is  the fin a l equation fo r the time derivative
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of the streamwise turbulent velocity component. This equation d ic ta tes 

th a t only the hot-wire signal plus noise reading and the noise reading 

alone need be obtained from the d iffe ren tia tio n  c irc u it output.

To obtain the time derivatives of the transverse turbulent 

velocity  components normal and parallel to  the p la te , y and z respectively , 

the X-array wire probe arrangement has to  be employed fo r the appropriate 

plane. The necessary equations can be derived from basic hot-wire anal

ysis fo r the X-array arrangement.

Consider the general coordinate system with axis x-j and Xg as 

i l lu s tra te d .

Wire B

Wire A

Figure 0 .3 . X-array Hot-Wire Arrangement.

The u-| and Ug velocity  components can be w ritten in terms of

"A ug.

Ui u, uB"a “8
“ ’ ' 7 7 " 7 7 ‘’ “ 2 ' 7 7 '7 7

The time derivatives of which are

d u ^ /d t  = [ (d u ^ /d t )  + (dU g /d t)] /V ?

(C.20)

(C.21a)
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dUg/dt = [(du^/dt) - (dug/dt)]//r (C.215)

Squaring and taking the time average

( " l . t )  " ^  ̂ (C.22a)

( " 2 . t ) ' = - 2 “A .t“B ,t + (“B .t> ']

Equation (C.22b) can be w ritten in terms of the Cartesian 

coordinate system se t up fo r the present experiments, so th a t the com

ponents are

(du/dt)^ = l/2[(Ua + 2 u^ tUg t  + (Ug t)^ ]  (C.23)

(dv/dt) = l/2 [ (u . . )  -  2 u. .Ug .  + (Ug J  ] (C.24)
A ,t Ü,z plane

(dw/dt)^ = l/2 [ (u . - 2 u. +Ug + + (Ug J ^ ]  (0.25)A ,t A ,t ti,z B ,t plane

u^ ^ and Ug ^ can be w ritten  in terms of the rms voltmeter readings, so 

th a t

”Â+B '  \ h \ /  [KGKsK("A,t * *^B,t  ̂ ®n,t^

^A-B * Kv%2 \ / [ % K ( u ^ ^ ^  - Ug %) + 9^1%] (C.26)

or rearranging, where (u^ ^ + Ug ^ * 0

  .  ,------?  -  («n
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z  («A-b) - ("n*
TL--- (C.28)

Equations (C.24) and (0.25) can be denoted in terms of equation (0.23)

(dv/dt) = (du/dt)

A ,t“B ,t '" B , f

(0.29) 

xy plane

(dw/dt) = (du/dt)
<“A .t) -  2 "A .t"B .t + (“B .t '
-  ■ -   ----------------- — ----------- (0.30)

'" A .t ) ' + 2 “A .t-B .t + <“B .t> ' „

Using equations (0.27) and (0.28) in equations (0.29) and (0.30) 

the fin a l form of the time derivatives can be obtained.

(d v /d t )^  = (d u /d t )^ (C.31)

xy plane

(dw/dt) = (du/dt)
(«À-B» - ( " P

L<"ÂtB> - («;) J
(C.32)

xz plane

Therefore, by obtaining the rms meter readings, M^^g, M̂ _g and 

from the output of the d iffe re n tia tio n  c irc u it with the xy and the xz 

X-array probes, the respective (d v / d t ) a n d  (dw/dt)^ can be found from 

the sing le wire data and equation (0.19). A single wire (du/dt) measure

ment is  i l lu s tra te d  on sample data sheet Form 2B in Appendix E.

A sample X-array measurement fo r the xy plane is  i l lu s tra te d  

on data sheet 3B in Appendix E to  obtain the spa tia l derivative of the
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normal transverse velocity  (v) from the temporal derivative in equation 

(C.31).

The equations (C.31) and (C.32) follow the same form for the 

turbulent velocity  component, without the time derivative , as given by 

Gessner in [31].
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_ METHOD OF CORRELATION COEFFICIENT MEASUREMENT 

FOR (du/dy) AND (du/dz)

The d issipation  derivatives were calcualted from the rela tions 

given by Taylor [43].

( # )  =  y y  fo r Ay H. 0 (D.l)ay' (Ay)

and

f  ( l -R J  2u^
(I7 ) =  T   fo r Az -  0 (0.2)

(az)

R and R^ a r e  th e  c o r r e l a t i o n  c o e f f i c i e n t s  o b ta in ed  by compar-
“~2

ing th e  u valu es  a t  two d i f f e r e n t  lo c a t io n s  in  th e  f low , se p a ra te d  by 

small i n t e r v a l s .  Ay and a z , r e s p e c t iv e ly .

The re la tions fo r  Ry and R̂  were derived from the work pre

sented in a technical memorandum [44] from Flow Corporation. The re 

la tion  fo r Ry, which is  Identical to R̂  except fo r denoting probe locations, 

is  given on data sheet form 3A in Appendix E.

The corre la tion  coeffic ien ts were measured with two single wire 

probes attached to the two-channel hot-wire anemometer system. One 

probe was supported a t  an angle of 30" from the vertical probe so th a t 

the probe tip s  could be placed In a position fo r small In tervals of 

separation as shown In Figure D .l.
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Figure D.l.  Front and Side View of Ay Geometry

30° /
I

s ta t io n a r y

SIDE

m o b ile

1— A z H

Figure D.2. Front and Side View of Az Geometry 

As i l lu s tr a te d , for the measurements, the slan ted  probe was 

used as the sta tionary  probe and the v ertica l probe was used to  vary 

the in te rv a l. Ay. Since the v e rtica l probe could only be positioned 

normal to the p la te  and not transverse , the slanted probe was moved for 

varying a z  during R̂  measurements. From the geometry of the system, 

the p ractical minimum values of AY and a z  were 0.015 inches and 0.0625 

inches, respectively . Good agreement was found to e x is t between the two 

wire current values and the individual turbulence readings of the vertical 

and s la n t probes.
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SINGLE WIRE TURBULENCE AND ( ^ )  MEASUREMEIiTS Data Sheet
OURI P ro ject No. 1499 Foiro 2B Date 8/5/68

Skin Thickness ( in .)  0.001 San<%>aper In s ta lle d  - (Ye^ No
Pressure G radient - I T
F luid  Substrate- Density = Polyurethane (3/16**)
Ambient P ressure ( in . Hg) Z9.0jl ^
Ikniber S c r e ^  1 2 Q ) Squwe Wave Ampl. 1_____ (4 )
A ttenuationC ^ 16 A A ient Temp. 81 '*7

Xq = 10.5 ' Y » 0.50"

I .  ■

= X5J2I =78 ;  ly  = = 114.25; B.N. = 146.5: Vel. = 38fps = U

= 2.5 = 6.25

‘ J È A  -  5852 *  =

W s  ■ J 2 1 .  ®

'  1 ■ B?fr?T6'.2T '  —  * ITT
^ * — m r  ly  [1 -(t^  ]

  V

%  * SOfiRS  = I  = .419 X .1952 = .0810

HI = 0.15 (HI)2 = 0.0225
^  "    A* -  - (Mn2 = 30.01

5.48 (M&+v)2 = _3g,0G_

R (ohms) = 33000 R ( ^ =  3 .7(10)'^
C (farads) = 10 2.7(10)*

= I '  = 0 (C )/ = 1.131(10)*X 0_,01382 = 156.3

[1 - ( f )  ]
V

( l ') 2  -  2.45(10)*: 4  * 2-SaO)'®  ( I ') : -  0.611W  - J - "  £î2£i± ïi->  « a?

^M ultiply square wave cu rren t equation by 4 when square wave 
ançlitude sw itch s e t on ® .



I l l

CDRRELATICW CX)EFFICIENr MEASURBIENTS Data Sheet
OÜRI P ro jec t No. 1499 Form 3A Date 8/11/68

Skin Thickness ( in .)  0.001 Sandpaper In s ta lle d  - ye^ No
Pressure Gradient - XT
Fluid Substrate Density = Polyurethane (3/16'*)
Ambient Pressure (in . Hg) Z8.9Ü
Mmber Screens 3 Square Wave Ançl, 1_____________ 0
A ttenuator 16 AW)ient Temp. 80 ^

Az = - Ay = 0.0015 in . y = 0.39 in

Wire #1 I q = = 78ma; 1^ = = llS.25ma; B.N. =

Wire #2 = __2 _; = ll5.25m a; B.N. =

” a “ 15.9mv = 252.8 = 909.0 = E |

% = 17.0my Mg = 289.0 -  Ikg = 22.0 = E j

^a+b “ 30.2mv = 912.04 - Mg = 249.8 = E |

^a-b * S.Omv = 25.0 - Mg = 286.0 = E |

Mĵ  = l.Tmv = 2.89

J  ( E | .  EJXEjE^)

J ! _  g . ° - V ‘? y .  . . .
2l>»2 ^  (Ay)2 U | ---------

62
2Ü-2 ^  (AZ)2 u |----------- --------
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TURBULENCE § REYNOLDS STRESS MEASURHÆNTS 
OURI P ro ject No. 1499 Foim 3B

Data Sheet 
Date 8/4/68

Skin Thickness ( in .)  0.001 
P ressure Gradient - IT

Sanc^per In s ta lle d  - ae:

F lu id  Substrate D rasity  = Pol^retfaane (5/16**)
Ambient Pressure ( in , Hg ^  
Number Screens 3 
A ttenuator 4 16

Square Wave Ançl, 1 
Airibirait Tenç. 82 ^  
V el.=38fps y=0.50"

Wire #1 I^= = yg. =* 99.25; B.N. = TM; Vel. = 38fps

T

No

Wire #2 I  -  — o

- iL ^ S L 231.94
(W ;_p:= 201.64

«;===J 3 0 J 1

%%- MA'-JPJLLl
M„= 17.2mv 295.84

Mjj= 11.5nv

“ a+b° 2 3 . ^

Mg= 127.69

M„ v= 13.2rav a-D ----------- *^.b= . .114.24

291.8 = E? a n -■ 1

1^- 123.:7.° E|

3%+b- J34...2 .. = E |

K - b -  -179..2 = E|
M = 2mvn — "— % = _ 4 M '- 0 .3  n ' • MJ'2= 0.09 n —------

u

UJ
3 o r ^ l  

'̂ 1

Ui

«Î

'^ - b -  K (b.0618^ (0.318S)=. 0.001218

" l" 2  ^

'̂ 1

H -  <^a.b* % b -  25%)

6  ̂ d(v or w) 
21^ ®

=  0.00200

2U|
a-b n

% lb- K
-(0 .611) (M Z.) = 0.266
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Ckxq>liant o r Hard P late  
y*_______ y^6=
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SPEGTRUM OF TURBULENCE Data Sheet Form SA 
Date

Substrate 
M

SkinV .. 
V- /4^
C.F.*_____ B.N.=___
T= TTtel.Hum.» 

“ “in . Hg:

M l-Pàss ^n+v"

V='

n+v+s 
n̂*

Wn+v+s
-^n+v“-
2à

1/10 Octave
•A.P. n+y 

1/3 Octave ' "BajiH Level’

'  '  i? ■ ..... " 1  -■ V ■ ■ ■■'■ ■ C" ■ • ' ÏÏ • E G . H
« freq . *Wv % v

^  r  . -  <»

MJ- : ,  ®-P /A.P. /F G
TÜ7T

1 3.175
;

"

2 5

3 8

4 12.6 ;
«  «

5 20
«<• .  ' V

31.75
k . . >

7 50

8 80 V

9 126

io 200 » : î
'i

11 317.5 •
;■

12 500 ;
13 800

14 1260 ( p
15 2000 s>
16 3175

i

17 5000

18 7000

@



APPENDIX F 

LIST OF INSTRUMENTS USED

o
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L r J  OF INSTRUMENTS USED 

The following instruments were used for the work reported here-

1. Bruel and Kjaer Model 161 Probability Density Analyzer

2. Flow Corporation Model CCB Two Channel HdtrWire Anemometer 
System

a. Model HWB-3 Hot-Wire Anemometer

b. Model HWl-3 Hot-Wire Sum-Difference Control Unit

c. Model 12A1 Random Signal Voltmeter

3. Flow Corporation Model IW-3 Micromanometer

4. Fluke Model 931A RMS D ifferential Voltmeter

5. General Radio Type 1S64-A Sound and Vibration Analyzer

6. General Radio Type 1521-B Graphic Level Recorder

7. Hewlett-Packard Model 20078 Audio O scilla to r

8. Hewlett-Packard Moseley Model 7Q05B XY Recorder

9. Hewlett-Packard Model 3440A D igital Voltmeter
,  I
10. Tektronix Type 503 Oscilloscope
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