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MEASUREMENT OF POINT VELOCITIES I N  TURBULENT LIQUID FLOW 

By Ronald W.  Greene and S tan ley  K.  Burt  

Miss i ss ippi  S t a t e  Univers i ty  
Department of Aerophysics and Aerospace Engineering 

SUMMARY 

The e x i s t i n g  s t a t i s t i c a l  t h e o r i e s  of turbulence r e l y  on data 
obtained experimentally f o r  t h e i r  implementation. Therefore, 
a method of determining s t a t i s t i c a l  d i s t r i b u t i o n s  of t h e  
necessary turbulence parameters i s  des i r ed .  The method w a s  
des i r ed  t o  be appl icable  t o  a system such as a l i q u i d  pro- 
pu ls ion  system; consequently, t h e  i n v e s t i g a t i o n  w a s  c a r r i e d  
out  i n  t h e  tu rbu len t  flow of water.  

I n  genera l  cases  of nonsteady f l u i d  motion, t h e  hot-wire 
anemometer technique i s  a bas ic  quant i3a t ive  method f o r  meas- 
u r ing  v e l o c i t y  f l u c t u a t i o n s .  Extension of the  hot-wire 
technique t o  conducting l i q u i d s  by indus t ry  has produced 
changes i n  sensor  design r e s u l t i n g  i n  developnlent of t he  
quartz-coated, hot-fi lm sensor .  I n  P a r t  I of t h i s  r epor t ,  
t,he hot-fi lm technique i s  appl ied,  as a bas i c  experimental  
method, t o  the  tu rbu len t  flow of water i n  a p ipe .  However, 
s lnce  t h e  hot-fi lm sensors  a r e  f r a g i l e  and the  assoc ia ted  
equipment r e l a t i v e l y  complex, o the r  methods of a simpler and 
more convenient na ture  a r e  d e s i r a b l e .  I n  Pa r t  11, an elemen- 
t a r y  photographic method i s  developed t o  ob ta in  q u a n t i t a t i v e  
measurement of v e l o c i t y  f l u c t u a t i o n s  i n  t h e  cases  of t u rbu len t  
f l o w  behind a g r i d  and i n  a pipe.  The Cwo methods are com- 
pared and evaluated.  

INTRODUCTION 

Turbulent f l o w  i s  a random, f l u c t u a t i n g  f l u i d  motion and any 
device used t o  measure the  c h a r a c t e r i s t i c s  of such motion 
must be ab le  to respond t o  r ap id  f l u c t u a t i o n s  w i t h  n e g l i g i b l e  
a t t enua t ion  of t he  s i g n a l .  T h i s  r equ i r e s  t he  measuring system 
t o  have a low i n e r t i a  i n  order  to respond r ap id ly .  The meas- 
u r ing  device must a l s o  be s m a l l  enough t o  produce only minor 
i n t > e r a c t i o n  between i t s e l f  and the  surrounding f l u i d .  The 
measuring device must a l s o  be stable enough so  t h a t  the  c a l i -  
b r a t i o n  w i l l  remain constant  during a t  least  one experiment,al 
run, and i n  t h e  p a r t i c u l a r  case of l i q u i d  flow,must be s t rong  
enough t o  exclude induced v i b r a t i o n s  from the  system. 



Numerous methods have been proposed f o r  measurement of turbu- 
lence i n  gases .  However, t he  number of methods appl icable  t o  
l i q u i d s  i s  s m a l l .  Four methods of no te  a r e  t h e  hot-wire o r  
hot-fi lm anemometer, e lectromagnet ic  induct ion,  l a s e r  velocim- 
e t e r ,  and flow v i s u a l i z a t i o n  methods. 

(I 

The most used method f o r  t h e  measurement of mean and f luc tua -  
t i o n a l  v e l o c i t i e s  i n  tu rbu len t  flow i s  the hot-wire o r  hot-fi lm 
anemometer (Reference 19) which s a t i s f i e s  most of the requirements 
mentioned above. The use of hot-wire o r  hot-fi lm anemometers 
has been much more l i m i t e d  i n  l i q u i d s  than i n  a i r .  One reason 
i s  tha t  water, while being t h e  l i q u i d  of most genera l  i n t e r e s t ,  
i s  a l s o  one of t h e  most d i f f i c u l t  l i q u i d s  when making measure- 
ments w i t h  o rd inary  hot  wires  o r  ho t  f i l m s .  Extension of t h e  
hot-wire technique t o  l i q u i d  flow has r e s u l t e d  i n  t h e  develop- 
ment of t h e  quartz-coated, hot-fi lm sensor which g r e a t l y  
improves the  performance and s t a b i l i t y  of t h e  sensor over t ha t  
obtained w i t h  a wire o r  uncoated hot  f i l m .  

I n s u l a t i o n  of t h e  platinum f i l m  by t h e  quar tz  prevents  e lec-  
t r o l y s i s  and reduces t h e  tendency f o r  depos i t s  t o  c o l l e c t  on 
the  sensor.  However, i n v e s t i g a t i o n s  (Reference 9) have ind i -  
ca ted  a tendency f o r  the quartz  coa t ing  t o  erode a f t e r  s e v e r a l  
hours of use .  The problem of e ros ion  of  t h e  quar tz  coa t ing  
causes concern s ince  frequent  c a l i b r a t i o n  must be conducted 
t o  in su re  repea tab le  r e s u l t s .  A l s o ,  bubble formation can 
r e s u l t  inducing o s c i l l a t i o n  i n  the  anemometer output .  I n  
s p i t e  of i t s  assoc ia ted  d i f f i c u l t i e s  and inhe ren t  nonl inear-  
i t i e s  (Reference 15), the  hot-fi lm anemometer, w i t h  quartz- 
coated sensors ,  provides an e f f e c t i v e  means f o r  ob ta in ing  
q u a n t i t a t i v e  measurements i n  tu rbu len t  l i q u i d s .  

I n  P a r t  I of t h i s  i n v e s t i g a t i o n ,  t h e  quartz-coated, hot-film, 
c y l i n d r i c a l  sensor w a s  employed t o  measure t h e  turbulence 
i n t e n s i t i e s  and mean v e l o c i t y  p r o f i l e s  i n  t h e  tuybulent  flow 
of water i n  a p ipe .  An extension of t h i s  technique, t h e  
a n a l y s i s  of t h e  anemometer s i g n a l  t o  obta in  t h e  d i s t r i b u t i o n  
of t he  v e l o c i t y  about i t s  mean value a t  var ious  radial  loca- 
t i o n s ,  w a s  a l s o  performed. 

The method of electromagnetic induct ion,  introduced by Kolin 
(Reference 16), uses  t h e  Maxwell-Faraday l a w  t o  determine 
v e l o c i t i e s  perpendicular  t o  an electromagnetic f i e l d  i n  a 
l i q u i d  t ha t  i s  s l i g h t l y  ion ized .  Electrodes w i t h  a known 
spacing may be introduced i n t o  the  f l u i d  and by measuring the  
p o t e n t i a l  developed can be r e l a t e d  t o  v e l o c i t y  of t h e  f l u i d .  
The genera l  equation i s  

v = p/c Hus 
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where V i s  the p o t e n t i a l ,  p t h e  r e l a t i v e  magnetic permeabi l i ty  
of t h e  l i q u i d ,  c i s  t h e  speed of l i g h t ,  U i s  t h e  perpendicular  
v e l o c i t y ,  H i s  t h e  electromagnetic f i e l d  s t r eng th ,  and S i s  
t h e  e l ec t rode  spacing. 

The advantage of t h i s  method, is  t h a t  t h e  p o t e n t i a l  i s  a l i n e a r  
func t ion  of the perpendicular  v e l o c i t y  and does n o t  depend on 
v i s c o s i t y ,  dens i ty ,  or composition of the f l u i d  (Reference 1 5 ) .  

There a r e  two ways i n  which electromagnetic Induct ion may be 
employed. E i t h e r  t h e  whole flow f i e l d  can be exposed to an 
electromagnetic f i e l d ,  or a s m a l l  electromagnet connected to 
a p a i r  of e l ec t rodes  may be entered i n t o  the f l u i d  i n  quest ion.  
T h i s  second technique i s  no t  u s e f u l  f o r  measuring tu rbu len t  
q u a n t i t i e s  un le s s  they a r e  very l a rge ,  but  Grossman (Reference 
13) has success fu l ly  used t h e  f i r s t  technique iReference.14) f o r  
t he  determinat ion of root-mean square tu rbu len t  v e l o c i t y  
components a 

Another advantage that  t h i s  system o f f e r s  i s  tha t  t h e r e  i s  no 
thermal l a g  i n  the  measuring device and no compensation c i r -  
c u i t r y  i s  required,  as w i t h  t h e  hot-wire anemometer. The main 
disadvantage i s  t h a t  s m a l l  t r a n s i e n t  p o t e n t i a l s  a r e  being 
measured, on the  o rde r  of v o l t s ,  and these  may be obscured 
by spurious p o t e n t i a l s  of l a r g e  magnitude unless  experimental 
precaut ions a r e  taken (Reference 13).  

A n  i n t e r e s t i n g  new method, t he  l a s e r  velocimeter,  has been 
used t o  det>ermine po in t  v e l o c i t i e s  i n  tu rbu len t  pipe flow. 
The l a s e r  vel.ocimeter u t i l i z e s  its beam of l i g h t ,  generated 
by a &-Ne gas l a s e r ,  and the  Doppler p r i n c i p l e  t o  measure 
v e l o c i t y .  T h i s  method seems t o  have considerable  mer i t  i n  
t h a t  t h e r e  i s  no i n t e r f e r e n c e  with t h e  f l u i d  flow and t h e  
frequency response of t h e  e l e c t r i c a l  system, developed by t h e  
i n v e s t i g a t o r s ,  Welch and Tomme (RePrence  24) ,  i s  bel ieved t o  
be b e t t e r  than previous methods. 

I n  a r ecen t  study on pipe flow turbulence,  Chuang ana Cernak 
(Reference 7 )  have i n f e r r e d  by the  use of  measured elect . ro-  
k i n e t i c  p o t e n t i a l  f l u c t u a t i o n s  t h e  d i s t r i b u t i o n  of t u rbu len t  
i n t e n s i t i e s ,  shear ing s t r e s s ,  and energy spec t r a .  T h i s  
met.hGd i.s based on t h e  e l e c t r o k i n e t i c  phenomenon whi.ch w a s  
f i r s t  formulated by Helmholtz and has r ecen t ly  been extended 
t o  tu rbu len t  shear  flow, Chuang and Cernak claim good agree- 
ment w i t h  t h e  r e s u l t s  obtained by Laufer (Reference 17) and 
Sandborn (Reference 2 1 ) .  However, s ince  no absolu te  c a l i b r a -  
t i o n  technique f o r  c a l i b r a t i n g  the  probe i s  known, only the 
func t iona l  forms of t h e  var ious  tu rbu len t  i n t e n s i t i e s  a r e  
obtained (Refe reme  7). 
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The method of flow v i s u a l i z a t i o n  has been known f o r  a long 
time to give a q u a l i t a t i v e  r ep resen ta t ion  of an instantaneous 
s t a t e  of water flows. While work done wi th  t r a c e  p a r t i c l e s  
has been repor ted  f o r  many years ,  t h e  use of t r a c e  p a r t i c l e s  
f o r  q u a n t i t a t i v e  work i s  comparatively new. Fage and Pres ten  
(Reference 10) used aluminum powder f o r  a q u a n t i t a t i v e  study 
of flow around s c a l e  models of s t reamlined bodies i n  a water 
tunnel ,  and Fage and Townsend (Reference 11) used an u l t r a -  
microscope to study t h e  movement of f i n e  d u s t  p a r t i c l e s  i n  
a p ipe .  

Emulsions-have a l s o  been used by var ious  experimenters to 
study tu rbu len t  flow. These emulsions, such as benzene and 
carbon t e t r a c h l o r i d e ,  can be made t o  have the  same dens i ty  as 
water, thereby reducing any e r r o r  caused by d i f f e r e n t  f l u i d  
d e n s i t i e s .  Gaffyn and Underwood (Reference 1 2 )  and Van D r i e s t  
(Reference 2 3 )  have used t h i s  method f o r  measurement of 
v e l o c i t y  d i s t r i b u t i o n s  and d i f f u s i o n  coef f i c i e n t s ,  r e spec t ive ly .  
However, i f  t h i s  method i s  used f o r  measuring high i n t e n s i t y  
turbulence,  t h e  d r o p l e t s  m o s t  be made s m a l l  enough s o  t ha t  
secondary d r o p l e t s  w i l l  no t  be produced due t o  the  breaking up 
of t he  primary d r o p l e t s .  

The use of polystyrene spheres as t r a c e r  p a r t i c l e s  f o r  g iv ing  
b o t h  a q u a l i t a t i v e  and q u a n t i t a t i v e  f l o w  p a t t e r n  has r ecen t ly  
been used. Wintering and Deterding (Reference 25) used poly- 
s tyrene  t r a c e r s  to study gaseous systems such as combustion 
chambers and furnaces .  By the  use of t he  t r a c e r  p a r t i c l e s  i n  
water, they were ab le  t o  simulate gas flows. Allen and 
Yerman (Reference 5 )  a l s o  used n e u t r a l  dens i ty  beads to study 
flow p a t t e r n s  through a t r anspa ren t ,  rectangular-shaped tube 
of Luci te .  A more r ecen t  study has been undertaken by Brooks 
(Reference 6)  to observe convection v e l o c i t i e s  by us ing  n e u t r a l  
dens i ty  polystyrene beads. 

I f  the  s i z e  of t he  t r a c e r  p a r t i c l e s  used i n  the  flow i s  smaller  
than t h a t  of t he  sma l l e s t  s c a l e  of turbulence,  then the  p a r t i -  
c l e s  may be taken t o  give a t r u e  r ep resen ta t ion  of t he  non- 
steady flow, provided tha t  the  dens i ty  of t he  p a r t i c l e s  i s  
approximately the  same as that, of t h e  f l u i d .  

The method of using t r a c e r  p a r t i c l e s  i n  water flow o f f e r s  t h e  
advantage t h a t  t he  procedure f o r  d a t a  a c q u i s i t i o n  i s  q u i t e  
simple and expensive e l e c t r o n i c  equipment i s  not  necessary.  
T h i s  method a l s o  allows observat ion of t he  whole flow f i e l d ,  
and t h e  i n t e r f e r e n c e  produced i n  the  flow by a probe i s  
el iminated.  

I n  P a r t  I1 of t h i s  r e p o r t ,  an attempt i s  made t o  develop an 
elementary photographic method i n t o  a technique f o r  quant i ta -  
t i v e  measurement of t u rbu len t  q u a n t i t i e s  of i n t e n s i t y  and 
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s c a l e  i n  tu rbu len t  water flow. Some examples of measured 
r e s u l t s  a r e  given f o r  the tu rbu len t  flow behind p a r a l l e l  bars ,  
a g r i d ,  and the  tu rbu len t  flow i n  a smooth p ipe .  Resu l t s  of 
the  photographic method obtained f o r  flow behind the  g r i d  and 
i n  p ipe  flow a r e  compared w i t h  those obtained w i t h  a hot-f i lm 

d anemometer. 

PART I. APPLICATION O F  THE HOT-FILM ANEMOMETER 
TO TURBULENT LIQUID FLOW 

INSTRUMENTATION 

Test F a c i l i t y  

The pipe f l o w  f a c i l i t y  i s  shown schematical ly  i n  Figure 1. The 
pipe w a s  made of po lyvinylch lor ide ,  had a k i n c h  i n s i d e  diam- 
e t e r ,  w a s  50 f e e t  long and 5 f e e t  high. The polyvinylchlor ide 
ma te r i a l  w a s  chosen t o  e l imina te  cor ros ion  of the  i n s i d e  w a l l s  
due t.o any r e s i d u a l  minerals i n  the water.  The t e s t  s ec t ion ,  
2 f e e t  i n  length ,  w a s  made of c l e a r  Plexiglas* t o  a i d  i n  posi-  
t ion ing ,  o r i en t ing ,  and in spec t ing  t h e  probe i n  s i t u .  

D i s t i l l e d  water w a s  pumped through the  pipe by a j e t  pump system 
driven by a cons tan t  speed AC motor. A l t e ra t ion  of the  flow r a t e  
w a s  performed by changing the  pulley-diameter r a t i o .  
r a t e ,  on which Reynolds number w a s  based, w a s  measured v i a  a 
c a l i b r a t e d  ven tu r i  located i n  t h e  downstream end of the  lower 
l e g  of the  p ipe .  A standpipe w a s  added t o  allow t h e  a i r  l i b e r -  
a ted  from the  water during opera t ion  t o  escape. The standpipe 
w a s  kept, covered t,o prevent  d u s t  from f a l l i n g  i n t o  the l i q u i d  
and subsequent contamination of the  water.  

Mean flow 

Hot-Film Anemometer System 

The hot-fi lm system, shown i n  Figures  2a and 2b w i t h  t he  recording 
ard playback instrumentat ion,  w a s  composed of Thermo-Systems, Tnc ~ 

heat. f l u x  const.ant temperature anemometers Models 1010 and 1070, 
randcm s i g n a l  c o r r e l a t o r  Model 1015, a random s i g n a l  r m s  vol tmeter ,  
and a DC vacuum tube vol tmeter .  Two types of probes were used i n  
t h i s  i n v e s t i g a t i o n  - a s i n g l e  sensor f o r  a x i a l  veloci t jy  and tu r -  
bulence measurements and an x-array o r i en ted  f o r  measurement, G f  
a x i a l  and radial  turbulence i n t e n s i t i e s .  The sensors  were stand- 
ard design,  c y l i n d r i c a l  hot-fi lms w i t h  quar tz  coa t ings  f o r  use 
i n  l i q u i d s .  
by means of the  screw-type ve rn ie r  apparatus  shown i n  Figures  
and 4. Accurate l o c a t i o n  of the  probe w a s  a f f ec t ed  w i t h i p  
k O , O O 2 5  i n c h  o r  kO.125 percent  of the  pipe r ad ius .  

*Reg. T.M.,  Rohn and Haas Company 

The probes were pos i t ioned  i n  t h e  radial d i r e c t i o n  
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Counting System 

Due t o  t h e  s e n s i t i v i t y  of t h e  water p r o p e r t i e s  to changes i n  
temperature, run t imes were kept  as s h o r t  as p o s s i b l e  to i n s u r e  
cons tan t  c a l i b r a t i o n .  A l s o ,  t h e  amount of m a t e r i a l  deposi ted 
on the  probe i s  q u i t e  n a t u r a l l y  a func t ion  of run t ime. These 
two p o i n t s  n e c e s s i t a t e d  recording t h e  anemometer output  i n  
order  to obta in  uniform samples for t h e  frequency d i s t r i b u t i o n  
measurements. However, t h e  recording l e v e l  w a s  l imi t ed  by the 
recorder  ampl i f i e r s  r equ i r ing  e i t h e r  a t t e n u a t i o n  of t h e  s i g n a l  
or suppression of a po r t ion  of it before  recording.  The 
former methbd w a s  unacceptable s ince  a t t enua t ion  placed the 
f l u c t u a t i n g  component wi th in  the  noise  l e v e l  of t he  recording 
ampl i f i e r .  The l a t t e r  method w a s  used and involved only t h e  
suppression of enough of t h e  DC l e v e l  of t h e  vol tage  to allow 
the  time varying component t o  be recorded. A s m a l l  analog 
computer w a s  used to suppress the  s i g n a l  and provide v a r i a b l e  
gain c a p a b i l i t y ;  thus ,  a s i g n a l  of r e l a t i v e l y  cons tan t  s t r e n g t h  
w a s  recorded a t  a l l  radial  l o c a t i o n s .  A t h i r d  method w a s  a l s o  
t r i e d ,  that  of recording only t h e  time v a r i a n t  vol tage and 
reading t h e  mean vol tage  o f f  t h e  anemometer meter. However, 
t h i s  method w a s  discarded because t h e  meter time constant  w a s  
too  shor t  t o  assure  accurate  readings of mean vol tage,  espe- 
c i a l l y  near  the w a l l  i n  regions of high r e l a t i v e  turbulence.  

During playback, t h e  s i g n a l  w a s  added to a reference p o t e n t i a l  
of opposite s ign ,  thus  suppressing the  s i g n a l  again.  The 
r e s u l t a n t  s i g n a l  w a s  then fed  i n t o  an e l e c t r o n i c  counter  whose 
t r i g g e r i n g  l e v e l  was maintained cons tan t .  Consequently, t h e  
counting l e v e l  could be adjusted merely by a l t e r i n g  the  
r e f  erenc e pot e n t i a 1  . 
Schematic diagrams of  t h e  recording and playback systems a r e  
shown i n  Figures  5 and 6. 

CALIBRATION PROCEDURE 

The c a l i b r a t i o n  of t h e  sensor  i s  of t h e  utmost importance i n  
low v e l o c i t y  flows i f  accurate  absolute  v e l o c i t y  i s  des i r ed .  
The fundamental form (Reference 1) of  t he  hea t  t r a n s f e r -  
v e l o c i t y  r e l a t i o n s h i p  f o r  l i q u i d s  i s  

= 0.43  + 0.534 Pr 0.31 
*U 

f o r  

1 < Re < 4000 
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where t h e  f l c i d  p r o p e r t i e s  a r e  evaluated a t  t h e  f i l m  tempera- 
t u r g a n d  t h e  Reynolds number i s  based on sensOr diameter.  
However, t h i s  equation d i d  not y i e l d  acceptable  r e s u l t s  when 
appl ied to t he  flow system under i n v e s t i g a t i o n .  Therefore,  a 
c a l i b r a t i o n  of t he  sensor  w a s  conducted. 

A more genera l  form of t h e  previous equat ion i n  terms of br idge 
vol tage,  v e l o c i t y ,  and temperature i s  

For purposes of c a l i b r a t i o n  t h i s  may be w r i t t e n  as 

E2 = A' + BIVn (4) 

where A' and B1 a r e  now e x p l i c i t  func t ions  of r e s i s t a n c e  and 
temperature.  

The cool ing v e l o c i t y  V i s  given as 

v = J(E + u)"  + v2 + w" (5) 

Raising V to t h e  power n and expanding i n  a s e r i e s  y i e l d s  

f o r  

u << g ,  v << v, w << u 

Now, i n  t he  mean value ? becomes Vn, so  

E2 = A' + B1$ 
- 
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A s  i nd ica t ed  by, equat ion (l), h can be taken as 0.5, thus 

Ca l ib ra t ion  w a s  f i r s t  attempted us ing  a tow-cart arrangement 
i n  which the  probe w a s  mounted on a three-wheel c a r t  (Figure 7)  
which w a s  towed along a wa te r - f i l l ed  channel. A t iming ga te  
c o n s i s t i n g  of two photo-sensi t ive diodes ac tua ted  a n  e lec-  
t r o n t c  c lock thus  providing an elapsed time over a predetermined 
d i s t ance  of from 1 to 2 inches.  The output  of t h e  anemometer 
w a s  recordFd and a t iming mark used t o  i n d i c a t e  the  passage 
through the  g a t e .  The average of t h e  output  w a s  then taken as 
t h a t  corresponding t o  the  v e l o c i t y  ca l cu la t ed  from d i s t ance  
and elapsed time measurements. I n  genera l ,  t he  elapsed t imes 
were s h o r t  enough so t h a t  t he  average output -could  be con- 
s idered  t o  be t h e  instantaneous value ind ica t ed  by t h e  t iming 
mark. 
and the  water temperature noted. The method of l e a s t  squares 
w a s  then used t o  f i t  a l i n e a r  curve t o  t he  da t a .  T h i s  method 
w a s  repeated f o r  a l l  sensors  used i n  a x i a l  v e l o c i t y  measure- 
ments and w a s  i n i t i a l l y  thought t o  be adequate due t o t h e  
c loseness  of f i t  of t he  l i n e a r  curve t o  the  data. 

The d a t a  thus  obtained w a s  p l o t t e d  as E2 versus D O o 5  

However, subsequent measurements i n  the  pipe f a c i l i t y  yielded 
v e l o c i t i e s  i n  excess by as much as 50 percent  when compared t o  
P i t o t - s t a t i c  tube measurements and mean flow values  obtained 
from a c a l i b r a t e d  v e n t u r i .  The d iscrepancies  i n  the  C a l i -  
b ra ted  and measured v e l o c i t i e s  a r e  a t t r i b u t e d  t o  the  d i f f e r e n t  
na tu res  of the  f l o w s  over t h e  sensor i n  t h e  two s i t u a t i o n s .  
The flow ir! 'the channel w a s  due only t o  t he  motion of t he  sen- 
s o r  and consequently d i d  not  e x h i b i t  the  gene ra l ly  random 
motion found i n  the  p ipe .  T h i s  could account f o r  t h e  hea t  
t r a n s f e r  from the  sensor  i n  the  c a l i b r a t i o n  channel being l e s s  
than t h a t  found i n  the  pipe r e s u l t i n g  i n  lower c a l i b r a t i o n  
vo l t ages .  I f ,  indeed, t h i s  i s  the  case,  s e r ious  cons idera t ion  
must be paid t c  t h e  problem of c a l i b r a t i o n ,  p a r t i c u l a r l y  a t  
low v e l o c i t i e s ,  and whenever f e a s i b l e ,  c a l i b r a t i o n  should be 
accomplished i n  s i t u .  Therefore, t h e  sensors  were r e c a l i -  
b ra ted  based on v e l o c i t i e s  obtained f rom pressure  measurements 
made a t  var ious  r a d i a l  l o c a t i o n s  i n  t h e  p i p e .  

I n  s p i t e  of a t tempts  t o  f i l t e r  the  water,  prolonged use 
r e s u l t e d  i n  depos i t s  of l i n t  and o the r  m a t e r i a l  c o l l e c t i n g  
on the  sensors  lowering s e n s i t i v i t y  and assoc ia ted  vol tages .  
T h i s  w a s  found t o  be p a r t i c u l a r l y  bothersome i n  t ap  water and, 
although much reduced, s t i l l  annoying when d i s t i l l e d  water 
w a s  s u b s t i t u t e d  as the  working f l u i d .  The Gnly r e l i a b l e  
method of removing these  depos i t s  w a s  found t o  be brushing 
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the  s-ensors with a s o f t  came l l s  hair  brush. 
however, must be taken i n  t h i s  lprocess t o  avoid breaking the  
f r a g i l e  sensor  o r  damaging t h e  t h i n  quar tz  coa t ing .  The use 
of a s t e r e o  microscope i s  d e s i r a b l e  f o r  eva lua t ion  of t h e  
brushing procedure. 

Extreme ca re ,  

The c a l i b r a t i o n  of s i n g l e  element sensors  f o r  turbulence 
intelnsi ty  measurements r equ i r e s  noth ing  more than the calcu- 
l a t i o n  of zero v e l o c i t y  output ,  Eo2. A simple method f o r  
doing t h i s  i s  t o  measure t h e  output  a t  zero v e l o c i t y .  
Although t h i s  n e g l e c t s  f r e e  convection e f f e c t s  
q u i t e  good accuracy i s  obtained, p a r t i c u l a r l y  a t  low over- 
hea t  r a s i o s .  An a l t e r n a t e  method i s  t o  make readings a t  
known v e l o c i t i e s  and ex t r apo la t e  t o  zero ve loc i ty .  

If a11 that  i s  des i r ed  i s  the  r a t i o  of t he  ve loc i ty  a t  po in t  1 t o  
t h a t  a t  po in t  2 , then  t h e  same s i t u a t i o n  e x i s t s  from 

(Reference l), 

Thus, v e l o c i t y  p r o f i l e s  can be obtained by merely not ing  t h e  
outputs  a t  zero v e l o c i t y  and t h e  v e l o c i t i e s  a t  the  p o i n t s  i.n 
quest ion.  Care should be exercised,  however, s ince  Eo i s  a 
s t rong  func t ion  o f  temperature a t  low v e l o c i t i e s  and can vary 
appreciably i n  l i q u i d s  i f  run times a r e  long and no method of 
cool ing t h e  l i q u i d  i s  employed. 

The c a l i b r a t i o n  of t h e  x-array probe used i n  measuring two 
perpendicular  v e l o c i t y  f l u c t u a t i o n  components r equ i r e s  evalua- 
t i o n  of t h e  dev ia t ion  of t he  v e l o c i t y  over a yawed cy l inde r  
from a cosine power funct ion (Reference 1). Thus, w i t h  

l /k  u = v  
it  follows that 

T h i s  i s  accom l i s h e d  by o r i e n t i n g  the  sensor a t  two d i . f fe ren t  
angles,P,  w i t R  r e spec t  t o  t h e  flow d i r e c t i o n  and not ing  the  
outputs .  The flow v e l o c i t y  need not  be known but must be con-- 
s t a n t  i n  i t s  mean value a t  t h e  po in t  of measurement,. The k 
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f o r  both sensors  can, i n  genera l ,  be considered t o  be t h e  
same. However, i n  t h i s  i n v e s t i g a t i o n  k w a s  found t o  vary 
between 1.10 and 1.20; consequently, an average of 1.15 w a s  
used. 

I n  order  t o  prevent  b o i l i n g  of t he  water, a l l  sensors  were 
operated a t  a cons tan t  overheat r a t i o  of 1.10 which y ie lded  
ope ra t ing  temperatures (dependent on l i q u i d  temperature) of 
approximately 160 degrees  F. 

TEST PROCEDURE AND DATA REDUCTION 

Measurement of a x i a l  and r a d i a l  turbulence i n t e n s i t y  w a s  con- 
ducted w i t h  t h e  x-array probe, and Thermo-Systems anemom- 
e t e r s ,  Models 1010 and 1030, random s i g n a l  c o r r e l a t o r  Model 
1015, and a Hewlett-Packard random s i g n a l  rrns vol tmeter  
which had been modified by Thermo-Systems t o  provide a slow 
averaging time of 20 seconds. The outputs  of t h e  anemometer 
u n i t s  were f ed  i n t o  t h e  c o r r e l a t o r  which w a s  ad jus ted  t o  pro- 
v ide  t h e  sum and d i f f e r e n c e  of the  s i g n a l s  o r  merely t h e  out- 
p u t s  themselves. These q u a n t i t i e s  were then presented t o  t h e  
r m s  voltmeter and t h e  r e spec t ive  vol tages  read on a vacuum- 
tube vol tmeter  connected t o  the  output  of t h e  r m s  meter. T h i s  
w a s  necessary s ince  the  r m s  meter only represented t h e  value 
of t h e  fas t  (2-second) averaging time and w a s  no t  designed t o  
i n d i c a t e  the  slow averaging t ime. Mean vol tages  were measured 
on a d i g i t a l  vol tmeter  w i t h  t h e  c o r r e l a t o r  i n  t h e  DC mode. 
The d a t a  thus  obtained w a s  s u b s t i t u t e d  i n t o  t h e  fol lowing 
equat ions (Reference 1) which y ie lded  the  des i r ed  turbulence 
l e v e l s  and c o r r e l a t i o n  coef f ic ien ts  a t  var ious  r a d i a l  l oca t ions .  

Axial  turbulence i n t e n s i t y  

42 
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Radia l  turbulence i n t e n s i t y  

The uv c o r r e l a t i o n  c o e f f i c i e n t  i s  given by 

Mean veloc ' i t ies  were measured a t  var ious  r a d i a l  l oca t ions  by 
reading t h e  mean output and applying the  c a l i b r a t i o n  curve 
obtalned f o r  t h e  p a r t i c u l a r  sensor .  

The s i n g l e  sensor  w a s  used i n  the a n a l y s i s  of t h e  d i s t r i b u t i o n  
of the  a x i a l  v e l o c i t y  about i t s  mean value.  The vol tage from 
the  anemcmeter w a s  fed  i n t o  t h e  analog computer where a con- 
stant, vol tage of opposi te  s ign  w a s  added t o  i t .  The r e s u l t a n t  
s i g n a l  w a s  amplif ied cr  a t tenuated ,  dependent on i t s  magni- 
tude,  i n  order  that  the  f l u c t u a t i n g  component p l u s  a s m a l l  DC 
component would be recorded. T h i s  signal w a s  kept i n  the  
range of 0.5 tx 1.0  v t o  comply w i t h  recorder  l i m i t s ,  and t h e  
amount of suppression vol tage  and a t t enua t ion  o r  gain w a s  
noted. This procedure w a s  repeated a t  each radial  s t a t i o n  
inves t iga t ed  f o r  a constant  recording per iod of 25 sec / s t a t ion .  

Severa l  runs a t  two d i f f e r e n t  Reynolds numbers were taken w i t h  
one t r a v e r s a l  of t h e  pipe r ad ius  c o n s t i t u t i n g  a run. However, 
t h e  d a t a  thus  obtained exhib i ted  no d e f i n i t e  v a r i a t i o n  w i t h  
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Reynolds number so t h e  r e s u l t s  of only one Reynolds number 
(1 .2  x l o 5 )  a r e  presented i n  t h i s  r e p o r t .  

The vol tages  recorded were analyzed us ing  t h e  counting system 
descr ibed previous ly .  The d i s t r i b u t i o n  of t h e  vol tages  w a s  
analyzed t o  f i n d  t h e  mean square, and from t h i s ,  the mean 
v e l o c i t y  w a s  determined. The f l u c t u a t i n g  component repre- 
sented'by each vol tage  l e v e l  w a s  determined from 

and s i n c e  
- 
E' = Eo2 + BIEn 

then, w i t h  n = 0.5 

Thus, t h e  r a t i o  of t he  instantaneous v e l o c i t y  a t  a po in t  t o  
t h e  mean v e l o c i t y  may be given as 

O f  course,  t h i s  neg lec t s  terms of t h e  order  u 2 n 2  and above 
as we l l  as t h e  e f f e c t  of t h e  o ther  two v e l o c i t y  components. 
However, f o r  a s m a l l  turbulence l e v e l ,  t h i s  i s  not  of major 
concern. 

The frequency d i s t r i b u t i o n s  cf the  v e l o c i t y  r a t i o  were then 
i n t e g r a t e d  and t h e  frequency o rd ina te  ad jus ted  t o  s a t i s f y  t h e  
requirement that  t h e  a r e a  under t h e  curve be u n i t y .  The 
t r apezo ida l  r u l e  w a s  used i n  a l l  moment and a r e a  c a l c u l a t i o n s .  

The var iance of t h e  v e l o c i t y  r a t i o  about i t s  mean w a s  de te r -  
mined from t h e  second moment of t h e  a r e a  about t he  mean. 
The square roo t  of t h e  var iance i s  the  s tandard dev ia t ion  and 
r ep resen t s  t h e  r m s  of t h e  f l u c t u a t i n g  component and as such, 
i s  the  turbulence i n t e n s i t y .  The turbulence i n t e n s i t i e s  
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obtained i n  t h i s  manner were compared w i t h  those obtained by 
t h e  procedure of Reference 1 and are presented i n  o t h e r  pQr- 
t i o n s  of t h i s  r e p o r t ,  

Although no t  attempted, the d i s t r i b u t i o n  of  t h e  radial and 
t a n g e n t i a l  components about t h e i r  mean values  of zero could 
be obtained by u s i n g  an x-array probe and recording t h e  out- 
p u t s  of both wires  simultaneously.  However, d i f f i c u l t i e s  
encountered i n  a t tempting to keep t h e  sensors  f r e e  of d i r t  o r  
l i n t  p a r t i c l e s  makes t h e  problem of maintaining two sensors  
c l ean  simultaneously q u i t e  demanding. The assumption of 
uniform contaminat ion.  of both sensors  seems quest ionable ,  
p a r t i c u l a r l y  a t  low v e l o c i t i e s  when t h e  r e l a t i v e  change i n  
vol tage  can be g r e a t .  T h i s  would d e f i n i t e l y  r equ i r e  recording 
t h e  anemometer ou tpu t s  and s h o r t  run times to i n s u r e  cons t an t  
c a l i b r a t i o n  of both sensors .  Considering t h e  equat ions f o r  
t he  x-array probe (Reference 1) before t a k i n g  the  r m s  va lues  
y i e l d s  

2EI(EI - q ) / n  u 1 V 
- - -  + - ( c o t p )  - 

U k  U (19) 2 

EIO 
-- 
EI 

f o r  t h e  sensor  p o s i t i v e l y  i n c l i n e d  ( senso r  I) w i t h  r e spec t  
t o  t h e  flow and 

f o r  a nega t ive ly  i n c l i n e d  sensor  (11). Summing t h e  two 
equat ions y i e l d s  



The d i f f e r e n c e  i n  t h e  two equat ions  y i e l d s  

(22) 
1 - -  v - k tanp [EI(EI - Ex) - EII(EII - %I) 

- 

z 2 
U n y - E  IO - EIIo 

-a 

.- 

I n  order  t o  use t h e  count ing method, t h e  vo l t age  E 1  and E11 
must be recorded i n  the manner mentioned previous ly .  Then 
each s i g n a l  should be analyzed i n d i v i d u a l l y  t o  ob ta in  t h e  mean 
va lues  needed i n  Equations (21)  and ( 2 2 ) .  Using these  va lues  
as cons t an t s ,  t h e  analog computer can be used t o  synthes ize  
t h e  func t ion  given i n  Equations ( 2 1 )  and ( 2 2 )  which can then 
be counted by t h e  techniques of t h i s  i n v e s t i g a t i o n .  A similar 
procedure can be used t o  o b t a i n  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n s  
f o r  two d i f f e r e n t  l o c a t i o n s  o r  two d i f f e r e n t  v e l o c i t y  components. 

PRESENTATION OF RESULTS 

"J 

The measurements made i n  t u r b u l e n t  pipe flow w i t h  t h e  hot- 
f i l m  anemometer cons i s t ed  of mean v e l o c i t y ,  a x i a l ,  and radial 
turbulence i n t e n s i t y ,  uv-cor re la t ion  c o e f f i c i e n t ,  and d i s t r i -  
bu t ion  of t h e  ins tan taneous  a x i a l  po in t  v e l o c i t y  about i t s  
mean f o r  var ious  Reynolds numbers ranging from lo4 t o  lo5. No 
s i g n i f i c a n t  v a r i a t i o n  w i t h  Reynolds number could be i n f e r r e d  
from t h i s  r e s t r i c t e d  range; t he re fo re ,  t h e  r e s u l t s  of only one, Q 

Re = 1 . 2  x l o 5 ,  a r e  presented .  

The mean v e l o c i t y  p r o f i l e ,  t y p i c a l  of those obtained a t  the  
t e s t  Re, shown i n  Figure 8, w a s  obtained from t h e  mean veloc- 
i t i e s  computed by t h e  count ing method and compares favorably 
w i t h  t h e  1/7 power l a w  (Reference 2 2 ) .  

The axial  turbulence w a s  measured i n  t h r e e  ways. The f i r s t  
procedure w a s  t o  use an x-array and ob ta in  both a x i a l  and 
radial  i n t e n s i t i e s .  The a x i a l  i n t e n s i t y  w a s  a l s o  measured 
us ing  a s i n g l e  sensor  normal t o  t h e  flow. Measurements w i t h  
t h e  x-array and s i n g l e  sensor  were accomplished us ing  the  stand- 
ard procedure of Reference 1. The r e s u l t s  of t hese  measure- 
ments are shown i n  F igure  9. Shown i n  t h e  same f i g u r e  i s  t h e  
a x i a l  turbulence i n t e n s i t y  as obtained w i t h  t h e  s i n g l e  sensor  
by t h e  count ing procedure a s soc ia t ed  w i t h , t h e  v e l o c i t y  occur- 
rence d i s t r i b u t i o n s .  The s tandard dev ia t ion  of such a d i s t r i -  
bu t ion  i s  ' e s s e n t i a l l y  t h e  r m s  value of t h e  f l u c t u a t i n g  
component and as such, i s  t h e  same as the  turbulence i n t e n s i t y .  
The turbulence i n t e n s i t i e s  obtained by both methods w i t h  t he  c 
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s i n g l e  sensor  agree favorably w i t h  each o the r ,  but  f a l l  below 
those obtained us ing  t h e  x-array probe. A l s o ,  t h e  values  
measured wi th  t h e  x-array f a l l  below t h e  r e s u l t s  obtained by 
Laufer and Sandborn i n  a i r  (References 17 and 2 1 ) .  The d i s -  
crepancy between t h e  x-array and s i n g l e  sensor  measurements 
i s  perplexing s ince ,  i n  most i n s t ances ,  t h e  s i n g l e  sensor  i s  
used t o  check t h e  performance of t h e  x-array. The s ingle-  
sensor  probe w a s  used more ex tens ive ly  than the  x-array which 
could have r e s u l t e d  i n  aging and reduct ion  of s e n s i t i v i t y .  
Inspec t ion  of t he  sensor  under a s t e r e o  microscope d id  d i s -  
c lose  depos i t s  of fo re ign  ma te r i a l .  I n  an e f f o r t  t o  d i s lodge  
these  depos i t s ,  a s o f t  camel 's  hair brush w a s  used. Although 
the  brushing procedure w a s  moderately successfu l ,  i t s  e f f e c t  
on t h e  t h i n  quartz  coa t ing  i s  n o t  known. However, one sensor  
used which had no t  been subjected t o  t h e  brushing procedure 
w a s  no t iced  t o  form bubbles due t o  a p o r t i o n  of t h e  quartz  
f l a k i n g  o f f .  No bubbles were not iced  on t h e  probes sub- 
j e c t e d  to brushing. Regardless of t h e  discrepancy between 
x-array and s i n g l e  sensor r e s u l t s ,  the  agreement of t h e  
counting method and standard method f o r  determinat ion of t u r -  
bulence i n t e n s i t y  w i t h  t he  s i n g l e  sensor  provides ample v e r i -  
f i c a t i o n  of t he  counting technique f o r  turbulence measurements. 

The radial  turbulence i n t e n s i t y  and c ross  c o r r e l a t i o n  coef- 
f i c i e n t ,  Ruv, shown i n  Figures  10 and 11 a l s o  f a l l  below t h e  
data of Laufer and Sandborn, but  again,  t h e  t rend  i s  t h e  same 
f o r  both cases .  

The disagreement o f  t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  w i t h  
those obtained by o t h e r s  i n  a i r  i s  no t  unexpected. I n  f a c t ,  
comparison.of two d i f f e r e n t  pipe f a c i l i t i e s  i n  the  same f l u i d  
medium i s  d i f f i c u l t  i f  no t  quest ionable .  Couple t h i s  d i f -  
f i c u l t y  w i t h  t h e  added problem of d i f f e r e n t  f l u i d s  and any 
comparison must be r e s t r i c t e d  t o  q u a l i t a t i v e  a n a l y s i s  a lone.  

The d i s t r i b u t i o n  of a x i a l  v e l o c i t y  about i t s  mean value i s  
shown i n  Figures  12a, 12b,  12c, 12d, 12e, and 12f f o r  s i x  
r a d i a l  l oca t ions .  I n  these  f i g u r e s ,  t h e  d i s t r i b u t i o n s  obtained 
by t h e  counting method a r e  compared w i t h  t h e  normal Gaussian 
curve as computed f o r  t he  measured s tandard dev ia t ion  a t  t h e  
radial  loca t ion  i n d i c a t e d .  The r e s u l t s  agree favorably w i t h  
t he  Gaussian func t ion  i n d i c a t i n g  t h a t  t he  d i s t r i b u t i o n  i.s 
approximately normal. T h i s ,  although expected near  t he  cen te r  
l i n e ,  i s  no t  necessa r i ly  the  expected r e s u l t  near t he  w a l l .  
Resu l t s  of Welch and Tome (Reference 24) i n d i c a t e  a skewness 
i n  the  d i s t r i b u t i o n  as t h e  w a l l  i s  approached. Deviation from 
the  normal d i s t r i b u t i o n  f o r  t h e  d a t a  i n  this i n v e s t i g a t i o n  i s  
more pronounced near  t he  w a l l ,  but  no d e f i n i t e  skewness va r i a -  
t i o n  with r a d i a l  l o c a t i o n  can be i n f e r r e d .  Attempts were 
made to obta in  q u a n t i t a t i v e  measurements of skewness and 



f l a t n e s s  from t h e  d i s t r i b u t i o n s  by computing t h e  t h i r d  and 
f o u r t h  moments of t h e  a r e a  about t h e  mean. However, due t o  
t h e  s e n s i t i v i t y  of higher  order  moments such as these  t o  
s m a l l  dev ia t ions  a t  l a r g e  d i s t a n c e s  from the  mean, no re l i -  
ab le  q u a n t i t a t i v e  r e s u l t s  were obtained. Nevertheless,  
varying degrees of skewness were evident  w i t h  t he  skewness 
inc reas ing  from near  zero a t  the  p ipe  c e n t e r  t o  p o s i t i v e  
values  near  t h e  w a l l .  The presence of t h e  w a l l  w a s  a l s o  
f e l t  i n  t he  f l a t n e s s  measurements which q u a l i t a t i v e l y  exhib i ted  
inc reas ing  f l a t n e s s  w i t h  decreasing d i s t ance  from t h e  w a l l .  
The measurements of skewness and f l a t n e s s  could undoubtedly 
be improved i f  more counting l e v e l s  were u t i l i z e d ,  p a r t i c u l a r l y  
on t h e  t a i l s  of t h e  curves.  

I n  an e f f o r t  t o  d i sp l ay  t h e  d i s t r i b u t i o n s  on t h e  r ad ius  for 
comparison, they a r e  p l o t t e d  i n  Figure 13. Each d i s t r i b u t i o n  
i s  loca ted  on t h e  r ad ius  by i t s  mean value.  That i s ,  t he  d i s -  
t r i b u t i o n  measured a t  Y/Rp = 0.500 has i t s  mean value loca ted  
a t  Y/Rp = 0.500 on t h e  absc i s sa .  
bear ing on t h e  shapes of the  curves;  however, a l l  curves a r e  
based on i d e n t i c a l  h o r i z o n t a l  and v e r t i c a l  s c a l e s .  The s o l i d  
l i n e s  a r e  drawn through the  data p o i n t s  and a r e  no t  t he  com- 
puted Gaussian d i s t r i b u t i o n s .  From t h i s  f i g u r e  it i s  obvious 
that  the  r e l a t i v e  turbulence v a r i e s  as ind ica t ed  i n  Figure 9 
s ince  t h e  d i s t r i b u t i o n s  widen as t h e  wall i s  approached. 

The absc i s sa  s c a l e  has no 

PRINCIPLE O F  MEASUREMFJVT 

If  s m a l l ,  i n so lub le  p a r t i c l e s  a r e  introduced i n t o  f l u i d  flow, 
t h e i r  pa ths  can be recorded by motion p i c t u r e  o r  by short-  
dura t ion ,  f lash  photographs. P a r t i c l e s  which have the  same 
dens i ty  as the  f l u i d  under Gbservation a r e  no t  a f f ec t ed  by 
g rav i ty ,  and i f  t he  dimensions of t he  p a r t i c l e s  a r e  very s m a l l ,  
t h e  e f f e c t  of an i n t e r a c t i o n  w i t h  t h e  surrounding f l u i d  i s  
s m a l l ,  Therefore,  they can be taken t o  t r a c e  out  p a t t e r n s  
almost i d e n t i c a l  w i t h  t he  a c t u a l  flow. T h i s  i s  a prime f a c t o r  
i n  eva lua t ing  the  usefu lness  of t h e  d i s c r e t e  p a r t i c l e  method. 

By short-durat ion,  f l a s h  photographs w i t h  known exposure t imes,  
i t  i s  poss ib l e  t o  evaluate  t h e  displacement of the  p a r t i c l e s  
according t o  both  the  magnitude and d i r e c t i o n .  I f  a fas t  
s h u t t e r  speed i s  used, t he  locus o f  t r a c e r  p a r t i c l e s  w i l l  be 
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approxi’mately t h a t  of a f l u i d  p a r t i c l e  moved by the  in s t an -  
taneous v e l o c i t y .  When the main flow i s  p a r a l l e l  to t he  photo- 
graphic plane,  t h e  mean v e l o c i t y ,  as we l l  as t h e  l a t e r a l  and 
v e r t i c a l  f l u c t u a t i n g  v e l o c i t y  components i n  t h i s  plane,  can be 
determined. 

The pa ths  of t h e  p a r t i c l e s  a r e  recorded on the  f i l m  w i t h  a 
known s h u t t e r  speed. The length  of t h e  p a r t i c l e  t r a c e  and the  
angle t h a t  t he  t r a c e  makes w i t h  the  re ference  d i r e c t i o n  i s  
recorded. The magnitude of t h e  p a r t i c l e ’ s  s t r e a k  i s  then broken 
up i n t o  i t s  p a r a l l e l  and perpendicular  components to t he  r e f e r -  
ence d i r e c t i o n  and f r o a  t h i s  d a t a  the  two components of v e l o c i t y  
f l u c t u a t i p n  can be ca4culated.  

A s  shown i n  Figure 14,  t h e  x-axis i s  taken to be p a r a l l e l  t o  
the  mean v e l o c i t y .  When t h e  vec tor  O A  represents  an in s t an tan -  
eous v e l o c i t y  vec tor  and and a r e  t h e  orthogonal tra- 
j e c t o r i e s  to t he  xy- and xz-planes, r e spec t ive ly ,  then the  
v e l o c i t y  components a r e  

U = OBcos0, V = OBsin0, W = OCsinQ 

When the  photographic plane of t he  camera i s  made p a r a l l e l  t o  
t he  xy-plane, t h e  l eng th  of OB and t h e  angle  8 can be seen i n  
every photograph f o r  t he  t o t a l  number of N .  Then, the  mean 
v e l o c i t y  U and components of t u rbu len t  i n t e n s i t y  i n  the  xy- 
plane can be evaluated as follows: 

N 

i=l 

1 
N 

- 
U = l i m  - ,X a.cos0 

1 i wa 
2 - N 1 

wa i=l 
7 = l i m  iij c (aicosBi- U )  

- - N 1 - uv = l i m  - c (aicosBi - U ) ( a i s i n Q i  - V)  
N - t m  N i=l 

Where a i  i s  the  l eng th  of the  p a r t i c l e  t r a c e  and % i s  the  
angle t h a t  a i  makes w i t h  t he  re ference  di . rect ion.  Other com- 
ponests  x u l t i p l i e d  by w can a l s o  be der ived by t ak ing  



photographs a t  the  same time w i t h  another  camera whose photo- 
graphic plane i s  made p a r a l l e l  t o  t h e  xz-plane. 

Euler  c o r r e l a t i o n s  a t  two p o i n t s  a r e  a l s o  evaluated by the  
same procedure.  Namely, ve loc i ty  components can be decided 
from each p i c t u r e  a t  two p o i n t s  i n  the  flow, and the. mean 
values  of c o r r e l a t i o n s  a re  evaluated as 

- - N 1 
Wco i=l 

- 
uul = l i m m  c (a .cosei  - U)(aicos@li  - u , )  

1 

If Nu i s  t h e  number of d a t a  i n  the  t o t a l  number N whose va lues  
a re  between U and U + AU, 

i s  taken as t h e  p r o b a b i l i t y  of t he  occurrence of a v e l o c i t y  
between U and U -k AU, and t h e  frequency d i s t r i b u t i o n  func t ion  
of U i s  e a s i l y  ca l cu la t ed  from the  data. These analyses  can 
be e a s i l y  made by means of d i g i t a l  computer techniques.  

EXPERIMENTAL PROCEDURES O F  PHOTOGRAPHIC METHODS 

Two s e r i e s  of experiments were performed. The f i rs t  measure- 
ments were taken i n  a small-scale water tunnel  w i t h  a 4-inch by 
4-inch by 20-inch P lex ig l a s  t e s t  s ec t ion .  I n  t h i s  s m a l l  tunnel ,  
shear  turbulence w a s  produced by t h e  use of s ix  s t a i n l e s s  s t e e l  
cylinders,  and i s o t r o p i c  turbulence w a s  produced by a g r i d  of 
s t e e l  bars. It w a s  f e l t  that, p a r t i c u l a r l y  i n  the  case of i so-  
t r o p i c  flow, the  value of the  photographic method could be 
ascer ta ined  by comparing the  r e s u l t s  w i t h  those pred ic ted  by 
theory.  

The f i n a l  experiment w a s  performed i n  the  polyvinylchlor ide p ipe  
mentioned i n  P a r t  I of t h i s  r e p o r t .  By performing these t e s t s ,  
t h e  photographic method could be compared d i r e c t l y  w i t h  t he  
hot-f i lm anemometer. 

Experiment 1. - Two, cases  were s tud ied  i n  the  small-scale 
water tunnel .  They were two-dimensional, homogeneous turbu- 
lence and three-dimensional, homogeneous, i s o t r o p i c  turbulence.  
I n  both cases ,  i n  order  t o  keep the  flow uniform and to pre- 
vent  t he  formation of a i r  bubbles i n  t h e  t e s t  s ec t ion ,  a 4-inch 
by 4-inch by 2-inch aluminum honeycomb w a s  i n s t a l l e d  i n  t h e  
t h r o a t  entrance o f  t he  t e s t  s e c t i o n .  For t h e  production of 
homogeneous turbulence,  s i x  s t a i n l e s s  s t e e l  cy l inde r s ,  
4 i n .  long and 0.25 i n .  i n  diameter were mounted p a r a l l e l  
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i n  the- t e s t  s ec t ion .  Figure 15 shows the  experimental  arrange- 
ment used f o r  t h e  t e s t s .  S imi l a r ly ,  f o r  t he  genera t ion  of a 
homogkneous and i s o t r o p i c  turbulence,  a g r i d ,  c o n s i s t i n g  of 
s t e e l  bars 0.125 i n . 2  with 0.5 i n .  mesh l eng ths  w a s  mounted 
a t  t h e  same p o s i t i o n  of t he  t e s t  s e c t i o n .  To prevent  r u s t ,  
t he  g r i d  w a s  pa in ted  w i t h  a Chin coa t  of aluminum p a i n t .  The 
v e l o c i t y  of the  flow w a s  ad jus ted  by means of a d i s c  valve 
u n t i l  t he  v e l o c i t y  w a s  a t  i t s  maximum value j u s t  before  l a r g e  
a i r  bubbles were introduced i n t o  the  t e s t  s e c t i o n  and completely 
d i s r u p t i v e  cascade flow occurred. 

The t r a c e r  p a r t i c l e s  introduced i n t o  the  flow i n  order  t o  make 
the  flow p a t h  v i s i b l e  were sphe r i ca l ,  polystyrene beads which 
had been-sprayed with f luo rescen t  red p a i n t  t o  give a high 
c o n t r a s t  w i t h  the  black background used f o r  photographic pur- 
poses.  Before t h e  beads were pa in ted ,  approximately 80 percent  
o f  t he  p a r t i c l e s  had the  same d e n s i t y  as the water while t h e  
o the r  20 percent  were s l i g h t l y  heavier .  The d i f f e rence  i n  
dens i ty  gave a ve loc i ty ,  due t o  g rav i ty ,  of 0 .25  i n . / s ec .  Af te r  
being sprayed, t he  dens i ty  of  t he  p a r t i c l e s  increased and the  
g r a v i t a t i o n a l  v e l o c i t y  increased  t o  approximately 0.40 in . / sec  
w i t h  a few p a r t i c l e s  having the  same d e n s i t y  as water.  It w a s  
f e l t  tha t  t h i s  d i f f e rence  w a s  s m a l l  enough when compared t o  
the mean v e l o c i t i e s  i n  t h e  p a r a l l e l  b a r s  and g r i d  cases  o? 13,24 
i n .  see and 15.24 i n .  see,  r e spec t ive ly ,  t o  give a good represen- 
t a t i o n  of the  f l u i d  flow p a t t e r n .  

Since the  small-scale water tunnel  w a s  constructed so tha t  some 
par t s  of i t  were open to the  atmosphere, i t  w a s  n o t  necessary 
t o  have a s p e c i a l  device t o  introduce the polystyrene spheres 
i n t o  the  water flow. These p a r t i c l e s  could be added by hand 
and the  concentrat ion of  the  p a r t i c l e s  changed by f i l t e r i n g  
some p a r t i c l e s  ou t .  It w a s  found t h a t  i n  order\ f o r  the  poly- 
s tyrene  spheres t o  become involved i n  the  water flow, they 
should be mixed w i t h  water i n  a separa te  conta iner  and ther, 
i n j e c t e d  i n t o  the  flow; otherwise,  sur face  tens ion  caused the 
particles t o  f l o a t  on the su r face  u n t i l  the  p a r t i c l e s  were 
thoroughly wetted.  

A 35mm Mikon camera, opera t ing  a t  a s h u t t e r  speed of 5/30 see,  
was mounted d i r e c t l y  i n  f r o n t  of t he  t e s t  s ec t ion  t o  record 
t>he p a r t i c l e  t r a c e s  on f i l m .  The camera has an e l e c t r i c  motor- 
d r ive  which, when connected t o  an a u x i l i a r y  power supply, w i l l  
take p i c t u r e s  a t  the  r a t e  of 3 frames pe r  see .  T h i s  f a c i l i t a t e d  
the  t ak ing  of t he  photographs and lessened t h e  p o s s i b i l i t y  of 
d i s t u r b i n g  the  p o s i t i o n  of the  camera. 

The camera w a s  shielded from g l w e  and r e f l e c t i o n s  by mears of 
black cardboard, which completely el iminated these  two d i s -  
advantages. It i s  abso lu te ly  necessary t h a t  proper i l l umina t ion  



be obtained.  Since t h e  polystyrene beads were d i s t r i b u t e d  
continuously throughout t h e  flow f i e l d ,  two narrow slits, 
0.25 i n .  wide and 20 i n .  long, were mounted on both s i d e s  of 
t h e  t e s t  s e c t i o n  t o  make the  p a r t i c l e s  v i s i b l e  i n  a plane.  To 
f u r t h e r  i s o l a t e  t he  p a r t i c l e s ,  the  camera w a s  equipped with an 
extension tube and ad jus ted  u n t i l  t h e  combination of s h u t t e r  
speed and, f number gave a depth of f i e l d  of 0.0625 i n .  on 
e i t h e r  s i d e  of the  c e n t e r  of t h e  plane of measurement. The 
p o s i t i o n  and w i d t h  of t h e  s l i t  decide the  p o s i t i o n  and area of 
measuring along the  Z-axis. 

Experiment 2 .  - The second s e r i e s  of measurements were c a r r i e d  
ou t  i n  the  golyvinylch lor ide  p ipe .  These measurements were 
made a t  a Reynolds number of 1.24 x l o 5 .  
of the  same type as those used i n  the  small-scale water tunnel  
t e s t s  were used i n  t h i s  s e r i e s  of experiments. Since the  
P lex ig l a s  t e s t  s ec t ion  w a s  curved, a P lex ig l a s  box w a s  b u i l t  
around t h e  t e s t  s ec t ion  and f i l l e d  w i t h  water i n  order  t o  
l e s sen  the  appearance of curva tures  on the  f i l m  r e s u l t i n g  from 
the  d i s t o r t i o n  of the  l i g h t  beam, A narrow s l i t  w a s  again 
used t o  provide i l l umina t ion  and the  camera, opera t ing  a t  a 
s h u t t e r  speed of l/l25 sec,  w a s  she l t e red  f r o m  a l l  g l a r e .  

Red f luo rescen t  beads 

Ins tead  of s e l e c t i n g  one p o s i t i o n  a t  which t o  measure the  t u r -  
bu len t  q u a n t i t i e s ,  as i n  the  previous case,  s e v e r a l  d i f f e r e n t  
p o s i t i o n s  were taken along the  rad ius  of t he  pipe and t h e  mean 
.relocity and v e l o c i t y  f l u c t u a t i o n s  were obtained a t  these  p o i n t s .  

PRESENTATION O F  RESULTS O F  PHOTOGRAPHIC METHOD 

B the  method employed i n  t h i s  i nves t iga t ion ,  values  of g ,  &, p, E, and the  p r o b a b i l i t y  d i s t r i b u t i o n  of an ins tan-  
taneous v e l o c i t y  U ,  were measured a t  a p o s i t i o n ,  downstream 
from the  p a r a l l e l  bars o r  g r id ,  where the  s t a t e  of turbulence 
seemed t o  be homogeneous. The data were taken i n  the  cen te r  
p o s i t i o n s  of t he  t e s t  s ec t ion  having a s m a l ,  volume of ( 0 . 2 5  i n . ) 3  
a t  p o s i t i o n s  5.48 i n ,  and 6.35 i n .  downstream from t h e  p a r a l l e l  
bars and g r i d ,  r e spec t ive ly .  The s h u t t e r ' s p e e d  used i n  recording 
the  p a r t i c l e  t r a c e r  w a s  1/30 see .  

Mean v e l o c i t i e s  i n  the  cases  of p a r a l l e l  bars and g r i d  were 13.24 
in./sec and 15.25 in./sec,  respec t ive ly .  I n  the  case of p a r a l l e l  
bars, the  valuG3 'of 0, p, and UV were 2.79 in . / sec ,  1.27 
in . / sec  and 6.Q282 in .2/sec2,  respec t ive ly ,  and i n  the  case of 
g r i d ,  they were 1.68 in . / sec ,  0.94 in . /sec,  and 0.00897 in .2/sec2.  
These numberical r e s u l t s  i n d i c a t e  t h a t  a t  the  p o s i t i o n s  of meas- 
urement, t h e  s i t u a t i o n  of flow may n o t  y e t  have a t t a i n e d  that  
of an i d e a l l y  homogeneous and i s o t r o p i c  turbulence,  even i n  
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t he  case  of t he  three-dimensional g r i d .  The frequency d i s t r i -  
bu t ions  of U a r e  p l o t t e d  f o r  t h e  two cases  i n  F igures  16 and 
17 ,  I n  t h e  case  of the  g r i d ,  t he  frequency d i s t r i b u t i o n  g ives  
an almost symmetrical Gaussian d i s t r i b u t i o n  func t ion .  

I n  these  measurements, i t  i s  d e s i r a b l e  t o  determine the  number 
of photographs which must be made t o  i n s u r e  that  a s t a t i s t i c a l l y -  
c o r r e c t  sample w a s  taken. The p l o t s  of s e v e r a l  mean va lues  and m, p, and a g a i n s t  the  t o t a l  number of  N for t he  two 
cases  a r e  shown i n  F igures  18 and 19. It i s  seen t h a t  about 
two hundred d a t a  p o i n t s  a r e  s u f f i c i e n t  i n  both cases  to give a 
good r ep resen ta t ion  of t h e  mean va lues .  

L 

A comparison of measurement w a s  made by the  photographic and 
hot-wire methods with an x-array i n  the  case of g r i d  flow. 
The va lues  of Tfl, Ffi, and U ( i n ,  / see )  by t photographic 
method were 0.11, 0.062,  and 1502 i n . / s e c , +  resp t i v e l y ,  and 
by t h e  hot-f i lm method they were 0.23,  0.25, andr16.0, respec- 
t i v e l y .  Frequency d i s t r i b u t i o n  by t h e  two meth6Qs i s  given i n  
Figure 2 0 .  

One source of d i s s i m i l a r i t y  i n  the  r e s u l t s  may bc? the  formation 
of microscopic air  bubbles on t h e  hot  f i l m .  These s m a l l  bubbles 
were inhe ren t  i n  the  apparatus being used due t o  the  process  
of ae ra t ion  caused by the  pumping motion of ‘the c i r c u l a t i n g  
pump. These a t tached  bubbles were seen t o  cause a drop i n  mean 
vol tage  and t o  induce an o s c i l l a t i o n  i n  the  f l u c t u a t i n g  com- 
ponent. This  o s c i l l a t i o n  coupled w i t h  t he  drop i n  mean vol tage  
i s  bel ieved t o  be the reason f o r  t he  higher  turbulence l e v e l s  
measured by the  hot-fi lm method. 

Using t h e  photographic method, t he  values  of 5,  -n, 0 1 5 ,  
and t h e  frequency d i s t r i b u t i o n  were ca l cu la t ed  a t  seven d i f -  
f e r e n t  r a d i a l  pipe loca t ions  and the  r e s u l t s  a r e  shown i n  
F igures  2 1  through 2 3 .  A p l o t  of t he  c o r r e l a t i o n  c o e f f i c i e n t ,  
RUV i s  given i n  Figure 11. 

The value of U/Umax, when comp<ared t o  the  l /7  power l a w  curve 
and t o  the  data obtained by use of t h e  hot-wire anemometer 
exhib i ted  good agreement. However, t h e  values  of t u rbu len t  
i n t e n s i t i e s  d i f f e r e d  s i g n i f i c a n t l y  w i t h  those obtained by the  
hot-wire r e s u l t s ,  The measurements were a l s o  higher than those 
obtained by Laufer and Sandborn (References 17 and 2 1 )  us ing  
the  hot-wire method and a i r  as the medium. These r e s u l t s  can 
be seen i n  Figures  21  and 22 .  

- -  

From the  experiments i n  t h e  miniature  water tunnel ,  i t  w a s  
thought tha t  150 d a t a  p o i n t s  a t  each l o c a t i o n  should be suf- 
f i c i e n t  f o r  determining the  tu rbu len t  q u a n t i t i e s  i n  the  p ipe .  
Since,  i n  both cases  measured-in the  s m a l l  tunnel ,  the  values  

21 



of 7,  n, 0, and 
d a t a  p o i n t s .  It i s  shown i n  Figure 21  t h a t  when 150 p o i n t s  
a r e  taken a t  one l o c a t i o n  and 300 p i c t u r e s  are taken a t  the  
same loca t ion ,  t he  value of u - in t ens i ty  v a r i e s ,  but t he  
r e s u l t s  a r e  s t i l l  higher  than those obtained by o the r  
experimenters.  - ~ 

The frequency d i s t r i b u t i o n s  were p l o t t e d  by normalizing t h e  
func t ion  and using the  u - in t ens i ty  as t h e  standard dev ia t ion  
f o r  c a l c u l a t i n g  the  Gaussian d i s t r i b u t i o n .  The frequency d i s -  
t r i b u t i o n s  obtained by the  photographic method were broader 
than those'obtained by the  hot-wire. T h i s  i n d i c a t e s  t ha t  t he  
method d i sp lays  an apparent  s e n s i t i . v i t y  t o  only large-scale  
tu rbu len t  f l u c t u a t i o n s  and obscures the  higher  frequency and 
smaller  amplitude f l u c t u a t i o n s .  However, the  e x t e n t  t o  which 
the  method ignores  t h e  smaller  s c a l e  turbulence i s  no t  known 
a t  p re sen t .  

were f a i r l y  s t a b i l i z e d  a f t e r  150 

It w a s  found that  the  frequency d i s t r i b u t i o n  based on the  photo- 
graphic method w a s  far more s e n s i t i v e  t o  the  number of photo- 
graphs taken than w a s  t he  turbulence i n t e n s i t y .  Although the  
i n t e n s i t y  measurements were f a i r l y  s t a b l e  a f t e r  300 d a t a  po in t s ,  
no t  enough p o i n t s  were taken t o  give a t r u e  r ep resen ta t ion  of 
t he  frequency d i s t r i b u t i o n  and the p o i n t s  were too s c a t t e r e d  t o  
allow a curve t o  be drawn through them. A r ep resen ta t ive  
graph of  t h i s  e r r a t i c  frequency occurrence i s  shown i n  Figures  
23a and 23b. 

The c o r r e l a t i o n  c o e f f i c i e n t ,  when measured by the  use of t r a c e r  
p a r t i c l e s ,  w a s  lower than  when obtained by the  hot-wire f i l m .  
T h i s  i s  most probably due t o  an i n e r t i a l  l a g  i n  the  bead response 
and w a s  expected. A comparison of t he  shear ing s t r e s s e s  obtained 
by both methods i s  given i n  Figure 11. 

The main advantage of t he  t r a c e r  p a r t i c l e  method i s  t h e  e s s e n t i a l  
promise of s i m p l i c i t y  or  convenience. I f  the  p a r t i c l e s  used 
a r e  s t r i c t l y  of n e u t r a l  dens i ty  and a r e  smaller  than the  sma l l e s t  
s c a l e  of turbulence,  then the  p a r t i c l e s  should t r a c e  out  t he  
a c t u a l  flow p a t t e r n .  However, even though the  a n a l y s i s  of 
data can be made rap id  by the  use of high-speed, d i g i t a l  com- 
pu te r s ,  t he  reading of t h e  f i l m  i.s ted ious  and labor ious .  
Even though only 200 d a t a  p o i n t s  w i l l  determine the  mean 
v e l o c i t i e s ,  t he  frequency d i s t r i b u t i o n  r e su lks  i n d i c a t e  
t h a t  a t  l e a s t  500 d a t a  p o i n t s  a r e  needed t o  accu ra t e ly  de t e r -  
mine the  i n t e n s i t i e s  and poss ib ly  twice t ha t  f o r  the  frequency 
d i s t r i b u t i o n  curves.  
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The main source of e r r o r  i s  i n  t h e  reading  of the p a r t i c l e  
t r a c e .  
of t h e  t r a c e r  p a r t i c l e s  are n o t  c l e a r .  
a func t ion  of ( U  - U)" ,  any l a r g e  v a r i a t i o n  i s  magnified, 
thereby causing higher  readings of i n t e n s i t y .  Also ,  i nhe ren t  
i n  the  method i s  the assumptfon tha t  the  v e l o c i t y  i s  cons t an t  
over the  exposure t i m e .  Consequently, the higher  frequency 
f l u c t u a t i o n s ,  whose per iods  are l e s s  than the  exposure time, 
w i l l  be averaged o u t  r e s u l t i n g  i n  measurements of only the  lower 
frequency, l a r g e r  amplitude f l u c t u a t i o n s .  The r e s u l t  i s  a 
turbulence i n t e n s i t y  of l a r g e r  magnitude due t o  the  l ack  of 
s e n s i t i v i $ y  t o  the  smaller  f l u c t u a t i o n s .  

T h i s  e r r o r  can be as l a r g e  as 10 percent  i f  t he  images 
Since t h e  i n t e n s i t y  i s  - 

Decreasing the exposure time would improve the  frequency sen- 
s i t i v i t y  of t he  method. However, 'one,must no t  shor ten  t h e  
t r a c e  t o  the  ex ten t  t ha t  t he  e r r o r  due to reading t h e  f i l m  i s  
comparable t o  the  increased  s e n s i t i v i t y .  

Another d i f f i c u l t y  experienced which could lead  to experimental  
e r r o r s  w a s  t h e  f a c t  that  the  l i g h t  reaching the  camera passed 
through th ree  d i f f e r e n t  mediums. The e r r o r  due t o  t h i s  r e f r ac -  
t i o n  w a s  no t  taken i n t o  account, al though an attempt w a s  made 
to l e s s e n  the appearance of curvature  by i n s t a l l i n g  a water- 
f i l l e d ,  P l ex ig l a s  box around t h e  c i r c u l a r  t e s t  s ec t ion .  There 
appeared to be no change i n  the  curvature  i n  these  photographs 
compared t o  those i n  the  small-scale water tunnel ,  but  t he  
photographs were no t  as sharp and were the re fo re  more d i f f i c u l t  
t o  read, 

Although t h i s  method gave d i f f e r e n t  r e s u l t s  than those obtained 
by the  hot-wire, t h i s  does not  d e t r a c t  from the  method a t  t h i s  
p o i n t .  By us ing  b e t t e r  l i g h t i n g  arrangements and a f a s t e r  
s h u t t e r  speed, t h e  numerical r e s u l t s  obtained should be b e t t e r .  
The h igher  i n t e n s i t i e s  recorded a l s o  i n d i c a t e  tha t  study should 
be conducted on bead or p a r t i c l e  resQonse i n  an e f f o r t  t o  
determine i t s  e f f e c t  on turbulence i n t e n s i t y  measurements. 

CONCLUSIONS 

The app l i ca t ion  of hot-f i lm anemometry to t he  turbulence of 
l i q u i d s  i s  p r a c t i c a l  if adequate precaut ions  a r e  taken t o  ensure 
t h a t  a minimum of impuri ty  i s  p r e s e n t .  The c a l i b r a t i o n  of t he  
equipment i s  n o t  over ly  demanding; however, one must be pre- 
pared to r e c a l i b r a t e  q u i t e  o f t e n  and i n  t h e  t e s t  environment, 
i f  poss ib l e .  



The counting method used, though rudimentary, appears adequate. 
However, t he  time requi red  t o  analyze the  signal a t  s e v e r a l  
d i f f e r e n t  r a d i a l  l o c a t i o n s  i n d i c a t e s  a need f o r  multi-channel 
c a p a b i l i t y ,  i. e . ,  mul t ip le  counting l e v e l s .  T h i s  would e n t a i l  
reading the outputs  of s e v e r a l  d i f f e r e n t  count ing c i r c u i t s  
simultaneously which could be done photographical ly  or d ig i -  
t a l l y .  The counting method, w i t h  some modif icat ion,  can be 
extended t o  consider  t he  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n s  neces- 
s a ry  f o r  complete a n a l y s i s  of t u rbu len t  motion through the  use 
of multi-sensor probes and a d d i t i o n a l  recording c i r c u i t s  

The frequency d i s t r i b u t i o n s  of t he  a x i a l  ve loc i ty  obtained w i t h  
t h e  counting method i n d i c a t e  r e l a t i v e l y  l i t t l e  dev ia t ion  from 
t h e  normal d i s t r i b u t i o n  w i t h  t h e  exception of t h e  w a l l  region.  
Fur ther  i n v e s t i g a t i o n  i n  t h i s  region i s  warranted w i t h  ob ta in ing  
q u a n t i t a t i v e  skewness and f l a t n e s s  v a r i a t i o n s  as a primary goal .  

The photographic method i s  shown t o  be an e f f e c t i v e  technique 
f o r  measuking mean v e l o c i t i e s  i n  l i q u i d s ,  However, t he  t u r -  
bulence l e v e l s  or i n t e n s i t i e s  measured a re ,  i n  general ,  h igher  
than those obtained by the  hot-fi lm method. Such disagreement 
may be a t t r i b u t e d ,  a t  l e a s t  i n  p a r t ,  t o  t he  assumption t h a t  the  
v e l o c i t y  i s  cons tan t  during the  exposure per iod  which neg lec t s  
higher  frequency and smaller  amplitude f l u c t u a t i o n s .  A l s o ,  t he  
e f f e c t  of the  i n e r t i a  o f  t he  bead on i t s  response to higher  
frequency f l u c t u a t i o n s  i s  no t  known. It i s  f e l t  t h a t  the photo- 
graphic method can most e f f e c t i v e l y  be appl ied t o  flows of high 
turbulence i n  which the  hot-f i lm method i s  s e r i o u s l y  hampered 
by i t s  inhe ren t  n o n l i n e a r i t i e s .  

0 
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APPENDIX 

SYMBOLS 

hot-f i lm c a l i b r a t i o n  cons t an t s  

l eng th  of p a r t i c l e  t r a c e ,  inch  

v e l o c i t y  of l i g h t ,  meter/second 

br idge output  vol tage,  v o l t s  

br idge vol tage f l u c t u a t i o n ,  v o l t s  

induced e l e c t r i c  f i e l d  s t r eng th ,  volt/meter 

electromagnetic f i e l d  s t r e n g t h ,  ampere-turn/meter 

x-array c a l i b r a t i o n  cons tan t ,  nondimensional 

number of d a t a  p o i n t s  taken 

Nussel t  number, nondimensional 

exponent r e l a t i n g  f l u i d  v e l o c i t y  t o  hea t  t r a n s f e r  
from sensor,  nondimensional 

P rand t l  number 

r e s i s t a n c e  of bridge l e g  i n  s e r i e s  w i t h  sensor ,  
ohms 

r e s i s t a n c e  of probe and cable ,  ohms 

Reynolds number 

pipe r ad ius ,  f e e t  

sensor  r e s i s t a n c e ,  ohms 

Js"p uv-correlat ion c o e f f i c i e n t  

d i s t ance  between e l ec t rodes ,  meters 

temperature, OR 

a x i a l  v e l o c i t y ,  feet/second 

mean a x i a l  v e l o c i t y ,  feet/second 

v e l o c i t y  perpendicular  to electromagnetic f i e l d ,  
meter/second 



V 

Y 

P 

Subsc r ip t s  

e 

S 

0 

I 

I1 

turbulence i n t e n s i t i e s  i n  each of t h e  
c y l i n d r i c a l  coord ina te  d i r e c t i o n s ,  non- 
dimensional 

v e l o c i t y  f l u c t u a t i o n  components i n  cy l in -  
d r i c a l  coord ina tes ,  feet/second 

f l u i d  v e l o c i t y ,  feet/second 

d i s t a n c e  from p ipe  w a l l ,  f e e t  

angle  a t  which sensor  i s  i n c l i n e d  w i t h  
r e s p e c t  t o  flow v e l o c i t y  vec to r ,  degrees 

r e l a t i v e  magnetic permeabi l i ty ,  newtons/ampere2 

angle  t h a t  p a r t i c l e  t r a c e  makes w i t h  r e f e r -  
ence l i n e ,  degrees  

/ 

f l u i d  cond i t ions  

sensor  condi t ions  

zero  flow cond i t ions  

sensor  1 

sensor  2 
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(b) 

Figure 2. Hot-Film Anemometer and Recording Systems. 



Figure 3. Hot-Film Anemometer Probe and Traversing Apparatus. 



Figure 4. Hot-Film Probe Installed in Test Section. 
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Figure 8.  Var ia t ion  of Mean Veloci ty  With Distance 
From Pipe Wall. 
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Figure 9. Varia t ion  of Axial Turbulence I n t e n s i t y  With 
Distance From Pipe W a l l .  
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Figure 10. Var ia t ion  of Radial  Turbulence I n t e n s i t y  With 
Distance From Pipe W a l l .  
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Figure 12a. Comparison of Distribution of Axial Velocity' 
About Mean Velocity at Y/R 
Computed Gaussian Distribution. 
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Figure 12b. Comparison of Distribution of Axial Velocity 
About Mean Velocity at Y/R 
Computed Gaussian Distribu ! ion. = 0,100 With 
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Figure 12c. Comparison of Distribution of Axial Velocity 
About Mean Velocity at Y/Rp = 0.250 With 
Computed Gaussian Distribution. 

Figure 12d. Comparison of Distribution of Axial Velocity 
About Mean Velocity at Y/R = 0.500 With 
Computed Gaussian Dis tribuTion. 
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Figure 12e. Comparison of Distribution of Axial Velocity 
About Mean Velocity at Y/R = 0.750 With 
Computed Gaussian Distribu ?i ion. 

Figure 12f. Comparison of Distribution of Axial Velocity 
About Mean Velocity at Y/R = 1.000 With 
Computkd Gaussian Distribubon. 
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Figure 17. Frequency D i s t r i b u t i o n  of U i n  Grid Flow. 
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Figure 20. Frequency Di s t r ibu t ions  Obtained i n  G r i d  Flow by 
Photographic Method and by Hot-wire Anemometer. 
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Figure 21. Var ia t ion  of Axial Turbulence I n t e n s i t y  With 
Distance From Wall by Photographic Method. 
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Figure 22. Var ia t ion  of Rad ia l  Turbulence I n t e n s i t y  With 
Distance From Wall by Photographic Method. 
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Figure 23a. Comparison of Measured Velocity Distribution in 
Pipe Flow Obtained by Photographic Method With 
Gaussian Distribution at Y/R = 0.25. 
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Figure 23b. Comparison of Measured Velocity Distribution in 
Pipe Flow Obtained by Photographic Method With 
Gaussian Distribution at Y/R = 0.10. 
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