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EXPERIMT3ITAL HEAT-TRANSFER AND BOUNDA_RY-LAYEB BEKAVIOR 

T - r  dim 193-CPS FLOW OSCILLATIONS 

by Charles E. Fe i l e r  

Lewis  Research Center 

SUMMARY 

The time-averaged hea t - t r ans fe r  r a t e s  and ve loc i ty  and temperature pro- 
f i l e s  on a cyl inder  i n  p a r a l l e l  subsonic a i r f low were measured i n  both steady 
and o s c i l l a t i n g  flows. I n  t h e  steady reference flow, a laminar boundary l a y e r  
and laminar hea t  t r a n s f e r  t h a t  agree with the Blasius r e l a t i o n s  were obtained 
f o r  Reynolds numbers less  than about lo5. 
t r i p ,  t r a n s i t i o n  t o  a turbulent  l a y e r  was induced, t r a n s i t i o n  having s t a r t e d  a t  
a Reynolds number of about 3x1O4. 
pared with t h e s e  two reference conditions. 
l a y e r  t r i p ,  i nd ica t ed  t h a t  t h e  e f f e c t  of t h e  o s c i l l a t i o n  w a s  induced t r a n s i t i o n  
t o  tu rbu len t  flow. 
flow w a s  a f u r t h e r  reduct ion i n  t r a n s i t i o n  Reynolds number. 
data,  whether produced with t h e  boundary-layer t r i p  or with t h e  o s c i l l a t i n g  
flow, were i n  r e l a t i v e l y  good agreement with t h e  universal  logarithmic v e l o c i t y  

By add i t ion  of a boundary l a y e r  

The da ta  fo r  t h e  o s c i l l a t i n g  flow were com- 
The r e s u l t s ,  without t h e  boundary- 

The on ly  e f f e c t  of t h e  boundary-layer t r i p  i n  o s c i l l a t i n g  
The tu rbu len t  

and temperature p r o f i l e s  and with accepted turbulent  hea t - t r ans fe r  r e l a t i o n s .  w 
\ -  INTRODUCTION 

In a previous study of t h e  e f f e c t  of flow o s c i l l a t i o n s  on t h e  hea t - t r ans fe r  
r a t e  from a f l a t  p l a t e ,  it w a s  found t h a t  the o s c i l l a t i o n s  produced an increase 
i n  the  heat- t ransfer  r a t e  (ref.  1). From t h i s  study it w a s  uncer ta in  whether 
t h e  increase w a s  a d i r e c t  r e s u l t  of t h e  o s c i l l a t i o n s  or  whether it w a s  due t o  
osci l la t ion-induced t r a n s i t i o n  from laminar t o  turbulent  flow. The Reynolds 
number range of t h e  experiment indicated the l i ke l ihood  of t r a n s i t i o n  flow, bu t  
t h e  hea t - t r ans fe r  rates were somewhat higher than predicted values  f o r  t u rbu len t  
f l o w  even without osc' i l lat ions.  This r e s u l t  could have been a consequence of 
t h e  10-percent turbulence i n t e n s i t y  of the flow. 'Tne present  st-icdy was intendec? 
t o  resolve t h i s  question and t o  explore fu r the r  t h e  e f f e c t s  of flow o s c i l l a -  
t i o n s .  

The experiments were conducted on a cy l ind r i ca l  body i n  p a r a l l e l  flow i n -  
s t ead  of on a f l a t  p l a t e .  The cylinder,  because of i t s  symmetry, i s  f r e e  of 
edge e f f e c t s  and heat- loss  correct ions,  except i n  the  a x i a l  d i r ec t ion .  Also, i f  
t h e  diameter of t h e  cyl inder  i s  not  t o o  small, it may be regarded as a f l a t  
p l a t e .  I n  a d d i t i o n  t o  time-averaged heat-transfer coe f f i c i en t s ,  time-averaged 
v e l o c i t y  and temperature p r o f i l e s  of t he  boundary l a y e r  were measured. Both 
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Figure 2. - Heater circuit. 

laminar and turbulen t  boundary l aye r s  were s tudied,  t h e  l a t t e r  being achieved 
i n  t he  reference flow by a boundary-layer t r i p .  

The da ta  were obtained a t  atmospheric pressure  and temperature over a ve- 
l o c i t y  range of about 15 t o  150 f e e t  per  second corresponding t o  Reynolds num- 
bers  from about lo4 t o  lo5 based on ax ia l  length .  The maximum temperature d i f -  
ference between the  w a l l  and the  stream w a s  about 60' F. The turbulence in t en -  
s i t y  of the reference flow w a s  about 3 t o  4 percent.  A s i n g l e  o s c i l l a t i o n  f r e -  
quency, produced by a s i r e n ,  of 100 cps and about 50 percent  root-mean-square 
amplitude w a s  s tudied.  (The previous s tudy had ind ica ted  no independent e f f e c t  
of o s c i l l a t i o n  frequency, and it w a s  no t  included as a var iab le . )  Flow r a t e s  
and ve loc i ty  p r o f i l e s  were measured with a l i n e a r i z e d  constant-temperature hot-  
wire anemometer. 

APPARATUS 

Ekcept f o r  t he  t e s t  cyl inder  and some modification of t h e  flow system, t h e  
apparatus w a s  t h a t  described i n  re ference  1. 
r a t h e r  than a f l a t  p l a t e  because of t h e  absence of edge e f f e c t s  and l a t e r a l  
hea t  losses f o r  which cor rec t ion  must be  made. Theore t ica l  s tud ie s  of t he  cy l -  
inder  i n  l a m i n a r  flow ( r e f .  2) and i n  tu rbu len t  flow ( r e f .  3) i n d i c a t e  t h a t  f o r  

A c y l i n d r i c a l  body w a s  s e l ec t ed  

2 



t h e  cyl inder  diameter and Reynolds numbers of t h e  present  experiment, deviat ions 
from f l a t - p l a t e  theory should be l e s s  than about 5 percent.  

T e s t  Cylinder 

A diagram of t h e  t e s t  cyl inder  is  shown i n  f igu re  1. The brass  outer 
s h e l l  had a 1-inch outs ide diameter with a 1/8-inch w a l l  th ickness .  The nose 
piece and t a l l p i e c e  were aluminm, shaped as i l l u s t r a t e d ,  and unheated except 
by conduction. The main body w a s  composed of t h r e e  segments, i n su la t ed  from 
each other  by t h i n  phenol formaldehyde washers and heated by separa te  r e s i s t a n c e  
c o i l s  wound on an inner  phenol formaldehyde core, which had a 3/16-inch w a l l  
th ickness .  The r e s i s t ance  wire w a s  wound i n  h e l i c a l  grooves 0.05 inch deep t h a t  
were then f i l l e d  with a p l a s t i c  mater ia l  of good thermal conduct ivi ty  bu t  poor 
e l e c t r i c a l  conductivity.  
tube and the  whole assembly w a s  held together under compression. The outer  sur- 
face  w a s  pol ished t o  a mirror f in i sh .  

This inner  heat ing core f i t  t i g h t l y  i n t o  t h e  brass  

The f r o n t  and r e a r  heated sec t ions  were used as guard hea ter  sec t ions .  
Each had two 30-gage copper-constantan thermocouples loca ted  180' a p a r t  and i m -  
mediately adjacent  t o  t h e  center  sect ion.  
outer  sur face  and i n  good thermal contact  with, but  e l e c t r i c a l l y  in su la t ed  from 
t h e  brass .  The center  sec t ion ,  which was  used f o r  a l l  hea t - t ransfer  measure- 
ments, w a s  provided with four  thermocouples a t  t he  midpoint and 90' apar t .  
These four  thermocouples were averaged i n  reducing t h e  data. A l l  thermocouples 
were referenced t o  a free-stream thermocouple by a mul t ipos i t ion  switch s o  t h a t  
temperature d i f fe rences  were read d i r e c t l y  on a potentiometer. 

These couples were f l u s h  with t h e  

A low-voltage a l t e r n a t i n g  cur ren t  w a s  used t o  heat  t he  r e s i s t ance  c o i l s  as 
shown i n  f i g u r e  2. The power d i s s ipa t ion  i n  t h e  c o i l s  w a s  ca lcu la ted  from the  

measured cur ren t  through the  s e r i e s  
r e s i s t o r  and t h e  r e s i s t ance  of t he  c o i l .  
Resistances of t h e  c o i l s  and s e r i e s  r e -  
s i s t o r s  were measured with a double 
Kelvin bridge t o  within 1 percent .  

Figure 3. - Siren assembly. 

Flow System 

A photograph of t h e  s i r e n  i s  shown 
i n  f igu re  3. It has been described i n  
reference 1. I n  t h e  previous study, 
the  s i r e n  w a s  loca ted  a t  t h e  i n l e t  of 
the duct,  and t h e  eddy shedding t h a t  
occurred r e s u l t e d  i n  a 10-percent tur- 
bulence i n t e n s i t y  i n  t he  re ference  flow 
w i t h  t h e  s i r e n  locked i n  the  open posi-  
t i o n .  Since it w a s  thought t h a t  t h i s  
turbulence i n t e n s i t y  influenced t h e  
heat- t ransfer  r e s u l t s ,  a means w a s  
sought t o  reduce it. This w a s  accom- 
plished by loca t ing  the  s i r e n  downstream 

3 
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from the t e s t  sec t ion .  The 
acoust ic  muffler, necessary t o  keep t h e  ex te rna l  sound l e v e l  a t  a reasonable 
value,  was loca ted  upstream from t h e  t e s t  s e c t i o n  and w a s  f i t t e d  with a b e l l -  
mouth i n l e t .  
g l a s s  f i b e r  mounted i n  the  end of t h e  enclosure around t h e  i n l e t .  With t h i s  
system, t h e  turbulence i n t e n s i t y  of t h e  reference flow w a s  about 3 t o  4 per- 
cent. Flow rates were con t ro l l ed  by t h e  b u t t e r f l y  valves. 

The r e s u l t i n g  flow system i s  shown i n  f i g u r e  4. 

A i r  enter ing t h e  duct w a s  f i l t e r e d  through seve ra l  l a y e r s  of 

Instruments 

A l i nea r i zed  hot-wire anemometer w a s  used t o  measure t h e  mean flow r a t e s  
and ve loc i ty  amplitudes. 
w r i t t e n  

The equation f o r  t h e  output of t h e  ho t  wire may be 

E2 = + K a  (1) 

s o  t h a t  t he  vol tage funct ion t h a t  i s  l i n e a r  with flow r a t e  i s  

4 
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Ex=($ - 2 e) = K'pU 

where Eo i s  t h e  vol tage output without airflow. (All symbols a r e  defined i n  
t h e  appendix.) The squaring operations were performed with commercially ava i l -  
ab l e  analog computer modules, while t h e  bucking vol tage E$ Zwas generated with 
a ba t t e ry  and a potentiometer. I n  p rac t i ce ,  t h e  value of Eo w a s  es tab l i shed  
by adjus t ing  t h e  d i f fe rence  E2 - E: t o  zero with no airf low.  The average 
value and root-mean-square value of were read on a d i rec t -cur ren t  e lec-  
t r o n i c  voltmeter and a t r u e  root-mean-square voltmeter,  respect ively.  The hot  
wire was ca l ib ra t ed  aga ins t  a P i t o t - s t a t i c  tube f o r  which t h e  pressure head 
w a s  read on a micromanometer. A t y p i c a l  ca l ibra t ion  curve i s  shown i n  f igu re  5. 
The hot  wires were tungsten, 0,0002 inch i n  diameter and 0.08 inch long. 

For measuring temperature p ro f i l e s ,  a thermocouple probe i d e n t i c a l  i n  ge- 
ometry t o  the  hot-wire probe w a s  constructed. Chromel-constantan wires 0.001 
inch i n  diameter were butt-welded under a microscope by e l e c t r i c a l  fusion.  
These mater ia l s ,  which have t h e  highest  s e n s i t i v i t y  of any of t h e  common the r -  
mocouple mater ia l s ,  were se lec ted  because of t h e  r e l a t i v e  ease with which t h e  
junct ion could be fabr ica ted .  Use of t h e  procedure and nomographs of r e f e r -  
ence 4 showed t h e  time constant of t h e  thermocouple t o  be, a t  most, about 
20 mill iseconds,  while the  e r r o r  i n  air  temperature measurement due t o  conduc- 
t i o n  and r a d i a t i o n  w a s  negl ig ib le  (<0.2 percent). 
referenced t o  a free-stream thermocouple of t h e  same mater ia l .  

This thermocouple w a s  a l s o  

In measuring ve loc i ty  and temperature p r o f i l e s ,  a continuous t r a c e  of t h e  
hot-wire or thermocouple s igna l  w a s  recorded on an X-Y p l o t t e r  as t h e  boundary 
l aye r  w a s  t raversed.  For t h i s  purpose the  thermocouple s igna l  w a s  amplified 
100 times. The l i nea r i zed  output of t h e  ho t  wire d id  not requi re  amplifica- 
t i o n .  

Traversing Device 

The probes were mounted i n  a motor-driven ac tua tor  f o r  t ravers ing  the  
boundary l aye r .  Continuous records of e i the r  ve loc i ty  or temperature aga ins t  
pos i t i on  were obtained with an X-Y p lo t t e r .  Pos i t ion  w a s  ind ica ted  by the  vol- 
t age  across  a 10-turn 1000-ohm potentiometer geared t o  t h e  ac tua tor  mechanism. 
The system w a s  ca l ib ra t ed  aga ins t  a d i a l  ind ica tor  t h a t  could be read t o  0.0001 
inch. The s e n s i t i v i t y  of t h e  actuator  system w a s  about 2000 ohms per inch of 
probe t r a v e l .  The r a t e  of probe t r a v e l  was about 0.1 inch per minute, a s u f f i -  
c i e n t  time t o  allow t h e  x-Y p l o t t e r  t o  average the  insir-uiieiit signals. 

PROCEDURE AND REDUCTION OF DATA 

As i n  t h e  previous study, the  reference flow w a s  obtained with t h e  s i r e n  
p o r t s  locked i n  t h e  f u l l y  open pos i t ion .  Heater vol tages  were adjusted t o  give 
approximately equal temperatures i n  t h e  three sec t ions .  For each flow condi- 
t i o n  time w a s  allowed t o  a t t a i n  equilibrium and then power and temperature 
readings were taken f o r  four 5-minute in te rva ls .  

5 
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Heat-transfer r a t e s  were measured from the  center  s ec t ion  only. The hea t -  
t r a n s f e r  coe f f i c i en t  w a s  ca lcu la ted  from t h e  power input  corrected f o r  any 
a x i a l  heat conduction and the  temperature d i f fe rence  between t h e  sur face  and 
t h e  a i r  stream. The conduction exchange w a s  ca lcu la ted  from t h e  measured tem- 
pera ture  d i f fe rence  between adjacent  s ec t ions  by assuming t h a t  t h e  grad ien t  
occurred e n t i r e l y  across  t h e  in su la t ing  sec t ions .  This cor rec t ion  never ex- 
ceeded about 5 percent of t h e  input  hea t .  

In obtaining t h e  boundary-layer p r o f i l e s ,  each t i n e  a t r ave r se  w a s  made, 
t h e  probe w a s  f i rs t  contacted with t h e  t e s t  cyl inder  surface,  as indica ted  by 
e l e c t r i c a l  cont inui ty ,  and then moved away u n t i l  cont inui ty  w a s  j u s t  broken. 
This procedure served t o  e s t a b l i s h  t h e  p o s i t i o n  of t h e  probe with respec t  t o  
t h e  w a l l  and a l s o  t o  e l iminate  any backlash i n  the  gear  t r a i n  of t h e  ac tua tor .  
I n i t i a l  alinement of the  probe w a s  accomplished while observing t h e  sensing 
element of t h e  probe and i t s  image i n  t h e  b ra s s  surface through a microscope. 

i 

Typical boundary-layer t r ave r ses  as obtained on t h e  X-Y p l o t t e r  a r e  shown 
i n  f igu re  6. A g r e a t l y  expanded d i s t ance  s c a l e  w a s  employed f o r  approximately 
the  f i r s t  0.030 inch  from t h e  w a l l  i n  order  t o  obta in  increased s e n s i t i v i t y .  
The f luc tua t ions  i n  t h e  curves a r e  due t o  f luc tua t ions  i n  t h e  ve loc i ty  or tem- 
pera ture  f i e l d  but  a r e  l imi t ed  i n  range t o  t h e  frequency response of t he  p l o t -  

6 
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Figure 6. - Concluded. Typical surveys obtained with X-Y plotter. 

teT- 
poin ts  used t o  represent  a p r o f i l e  a r e  readings taken a t  reglAar intervals on 
these  curves. 

A. erage curves were drawn as shown through these  t r a c e s  and the  da ta  

I n  t h e  v i c i n i t y  of t h e  w a l l ,  t he  hot  wire ind ica ted  a ve loc i ty  even with- 
(The wire temperature w a s  ou t  a i r f low because of hea t  coriduction t o  the w a l l .  

of t he  order of 300' F.) 
ment by a p a r t i a l  t r ave r se  without flow. 
t r a c t e d  from t h e  v e l o c i t y  p r o f i l e  t o  give a corrected p ro f i l e .  
hea t  conduction cor rec t ion  became negl igible  a t  dis tances  g rea t e r  than 0.004 
inch  from t h e  w a l l .  
l i n e a r  s lope  and zero ve loc i ty  a t  t h e  w a l l  were assumed. 

It was  thus necessary t o  precede each p r o f i l e  measure- 
This curve ( see  f i g .  6 ( a ) )  was sub- 

In  general ,  t h e  

I n  ex t rapola t ing  t h e  corrected p r o f i l e  t o  t h e  w a l l ,  a 

7 
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Figure 7. -0sclllation amplitude and turbulence 

parameter i n  t he  previous study, 

intensity. 

For t he  temperature p r o f i l e s ,  t he  w a l l  
temperature w a s  taken as t h a t  measured by the  
sur face  thermocouples. The gradien t  a t  t h e  
w a l l  w a s  assumed t o  be l i n e a r  and w a s  calcu- 
l a t e d  from the  experimental hea t  input  cor- 
r ec t ed  fo r  a x i a l  conduction and the  thermal 
conduct ivi ty  of a i r  a t  t h e  w a l l  temperature. 
This procedure r e s u l t e d  i n  an apparent s h i f t  
i n  some of t he  p r o f i l e s  of as much as 0.003 
inch, as shown i n  f i g u r e  6 (b ) .  

As w i l l  be shown subsequently, a laminar 
boundary-layer flow was obtained a t  t h e  t e s t  
s ec t ion  i n  the  reference flow. I n  order t o  
obta in  a turbulen t  l aye r ,  a t r i p  device con- 
s i s t i n g  of a 0.02-inch-thick l a y e r  of masking 
tape  w a s  placed on t h e  aluminum nosepiece. 
The tape  extended 1/4 inch  i n  t h e  a x i a l  d i -  
r e c t i o n  and terminated a t  t h e  t r a i l i n g  edge 
of t he  nosepiece. 

RESULTS AND DISCUSSION 

The da ta  obtained included hea t - t ransfer  
r a t e s  and ve loc i ty  and temperature p r o f i l e s  
a l l  of which were time-averaged. Since f r e -  
quency w a s  not shown t o  be an independent 

only a s i n g l e  frequency of 100 cps w a s  s tudied.  
This frequency w a s  a resonant frequency of t h e  duct. It should a l s o  be pointed 
out t h a t  t he  wavelength of t h e  o s c i l l a t i o n  w a s  g rea t e r  than any c h a r a c t e r i s t i c  
dimension of t h e  t e s t  cyl inder  or  of t h e  boundary layer .  The root-mean-square 
o s c i l l a t i o n  amplitude i s  p l o t t e d  i n  f igu re  7 aga ins t  t he  time-averaged m a s s  
flow r a t e  per  u n i t  area.  
flow. These averaged about 50 and 3 percent ,  respec t ive ly .  The o s c i l l a t i o n  
amplitude w a s  s u f f i c i e n t l y  l a r g e  t o  produce a small r e v e r s a l  i n  free-stream 
flow. Flow reve r sa l  w a s  a l s o  observed i n  the  previous study and i s  described 
i n  reference 1. The reverse-flow region w a s  averaged as a p o s i t i v e  flow i n  
determining the  time-averaged flow r a t e .  

Also shown i s  t h e  turbulence t e n s i t y  of t h e  reference 

A s  pointed out e a r l i e r ,  it should be poss ib le  t o  t r e a t  t h e  cy l inder  as a 
f l a t  plate;  however, it might be expected t h a t  some cor rec t ion  would be needed 
t o  account f o r  t he  shape of t h e  lead ing  edge, e spec ia l ly  s ince  measurements 
were made so near t o  the  lead ing  edge. This, i n  f a c t ,  proved t o  be t rue ,  and a 
correct ion was made i n  a x i a l  d i s tance  t o  give an  equivalent  f l a t - p l a t e  length.  
The correct ion was determined from cons idera t ion  of t he  ve loc i ty  p r o f i l e s .  In  
t h e  reference flow, t r ave r ses  of t h e  boundary l a y e r  gave t h e  r e s u l t  shown i n  
f igu re  8, where the  r a t i o  of l o c a l  ve loc i ty  t o  free-stream ve loc i ty  
p l o t t e d  against  t he  Blasius parameter 

U/U,, i s  
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Figure 9. - Concluded. Velocity profiles. 

I n  f i g u r e  8(a), t h e  da t a  a r e  shown with the a c t u a l  axial  d is tance  from t h e  
leading edge (x = 4 in . )  used i n  t h e  computation of t h e  B l a s i u s  parameter. It 
can be seen t h a t  t h e  da ta  approximate t h e  Blasius curve but  have a d i f f e r e n t  
slope.  x = 1.78 inches,  which 
increases  t h e  experirrieiital values of 7 by a f a c t o r  of 1.5, s ince  x appears 
t o  t h e  negat ive one-half power. By adjustment of t h e  x-length as shown, very- 
good agreement w a s  obtained with t h e  Blasius p ro f i l e .  The e f f e c t i v e  x-length 
has been taken as 1 .78  inches i n  a l l  subsequent co r re l a t ion  and discussion. 

I n  f i g u r e  8(b) ,  t h e  da ta  a r e  shown p l o t t e d  f o r  

I n  f i g u r e  9(a)  a r e  shown da ta  obtained with the  boundary-layer t r i p  and i n  
t h e  re ference  flow. I n  addi t ion  t o  t h e  Blasius curve, two turbulen t  p r o f i l e s  
obtained from t h e  "universal"  p r o f i l e  r e l a t ions  a r e  shown. A t  t h e  lowest 
Reynolds number, t h e  da ta  agree with t h e  Blasius p r o f i l e .  As  t he  Reynolds num- 
ber w a s  increased, t h e  p r o f i l e s  became steeper  near t h e  w a l l  and f l a t t e r  i n  t h e  
outer  por t ions  and genera l ly  appear t o  be s i m i l a r  t o  the  turbulen t  p r o f i l e s .  
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Figure 10. - Comparison of experimental velocity profiles with "universal" velocity profile. 

Prof i l e s  i n  o s c i l l a t i n g  flow without and with t h e  boundary-layer t r i p  are 
shown i n  f igures  9(b) and ( c ) ,  respect ively.  These da ta  do not  follow t h e  
Blasius p ro f i l e  and resemble those obtained i n  t h e  reference flow with t h e  
boundary-layer t r i p  ( f ig .  9 ( a ) ) .  

One may inqui re  i f  t h e  p r o f i l e s  t h a t  deviate  from t he  laminar p r o f i l e  are 
representa t ive  of tu rbulen t  p r o f i l e s .  Turbulent p r o f i l e s  are usua l ly  repre-  
sented by t h e  universa l  p r o f i l e  i n  which the  b m d a r y  l aye r  i s  divided i n t o  
three regions according t o  t h e  viscous proper t ies  of each. 

I n  the laminar sublayer adjacent  t o  the  w a l l  y+ 5 5, t h e  r e l a t i o n  i s  

( 3 )  
+ u+ = y 

where 

+ u 1  u = - -  

uw e 
and 

and Cf i s  t he  l o c a l  coe f f i c i en t  of sk in  f r i c t i o n .  

In  t h e  t r a n s i t i o n  l aye r  f o r  5 < y+ < 26 ( re f .  5) 

U+ Q 11.5 l o g  y+ - 3.05 
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and i n  the  turbulen t  core f o r  y' > 26 

U+ = a log y + + b  (5) 

where the  values of a and b depend upon the i n v e s t i g a t o r  and have been 
var iously determined as follows: 

I n  order t o  compare the  experimental p ro f i l e s  with the  universa l  p r o f i l e ,  
t he  l o c a l  c o e f f i c i e n t  of skin f r i c t i o n  needed t o  normalize the  da ta  was  com- 
puted, by using experimental values of t he  Reynolds number, according t o  the  
r e l a t i o n  f o r  a turbulen t  boundary layer  (ref.  7) 

';f -0.2 - = 0.0296 Rex 2 

The r e s u l t  i s  shown i n  f igure  10, where U+ i s  p l o t t e d  against  y+- Also 
shown a re  t h e  curves represented by the foregoing semiempirical r e l a t ions .  
Within the  spread of the  data ,  t he re  appears t o  be no d i s t i n c t i o n  among the  
p r o f i l e s  t h a t  can be a t t r i b u t e d  t o  the  flow conditions. 
the  lowest Reynolds number of 2.69~10~ i n  the reference flow, deviates  from the  
o thers  because it i s  much c loser  t o  laminar flow. While the  experimental pro- 
f i l e s  do not agree p e r f e c t l y  with t h e  l i t e r a t u r e  curve, there  appears t o  be 
s u f f i c i e n t  s i m i l a r i t y  t o  warrant the  conclusion t h a t  they a r e  t y p i c a l  tu rbulen t  
p ro f i l e s .  
appears t o  be the  inducing of ea r ly  t r ans i t i on  t o  turbulen t  flow. 

One p r o f i l e ,  t h a t  a t  

From t h e  ve loc i ty  p ro f i l e s ,  the primary e f f e c t  of flow o s c i l l a t i o n  

Figure 11 shows the  temperature p ro f i l e s  i n  t h e  same sequence of flow con- 
d i t i ons  shown fo r  the  ve loc i ty  prof i les .  
t o  t he  v e l o c i t y  p ro f i l e s .  
lowed the  Blasius curve when the  x-length correct ion,  previously discussed, 
was  appl ied giving addi t iona l  support t o  t h i s  correct ion.  

The temperature p r o f i l e s  a r e  similar 
For the  reference flow with no t r i p ,  t he  da ta  f o l -  

A un iversa l  temperature p r o f i l e  w a s  calci-ilated f o r  the  turbulen t  boundary 
l aye r  according t o  t h e  assumptions and procedure of reference 5 and i s  presented 
i n  f igu re  1 2 .  The experimental p r o f i l e s  expressed 
temperature @ a r e  also presented. Experimental 
t h e  d e f i n i t i o n  

i n  terms of a dimensionless 
values of T" axe given by 

cc 

( 7 )  
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(a) Steady-state flow. 
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(b) Oscillating flow. 

Figure 13. - Heat-transfer data. 
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where sk in  f r i c t i o n  w a s  ca lcu la ted  from the r e l a t i o n  Qreviously given (eq. 
and the  Stanton number w a s  ca lcu la ted  from t h e  r e l a t i o n  

(6 ) )  

The r e s u l t s  shown i n  f igu re  1 2  show r e i a t i v e l y  good agreement. with the  theore t -  
i c a l  curve. 

The hea t - t ransfer  r e s u l t s  a r e  shown i n  f igu re  13, where Stanton number i s  
p lo t t ed  aga ins t  Reynolds number. 
t i o n  given by 

For laminar heat  t r a n s f e r  t h e  Blasius  r e l a -  

i s  shown f o r  comparison. For tu rbulen t  flow, t h e  r e l a t i o n  given previously 
( e s -  (8)) and 

a r e  shown. 
w a s  taken as t h e  corrected length derived from t h e  ve loc i ty  p r o f i l e s  and 
xo = x - xht ,  where xht  
urement. 

s t a t e  flow. 
experimental Stanton numbers by 3 percent f o r  t h e  turbulen t  case and 9 percent  
f o r  t h e  laminar case. 

For t h e  unheated s t a r t i n g  length f ac to r s ,  given i n  reference 8, x 

i s  the  a c t u a l  heated length  up t o  the  po in t  of meas- 
The turbulen t  f a c t o r  w a s  applied t o  a l l  t h e  da ta  i n  o s c i l l a t i n g  flow 

and t o  those  da ta  a t  Reynolds numbers la rger  than 5x10 4 i n  t h e  t r i pped  steady- 
Numerically, t h e  use of these f a c t o r s  amounted t o  reduct ion of t h e  

Good agreement with the  Blasius r e l a t i o n  w a s  found f o r  t h e  laminar heat-  
t r a n s f e r  da ta  ( f ig .  13(a)).  
served t o  s tar t  i n  t h e  reference flow a t  a Reynolds number of about lo5. 
t i o n  of t h e  t r i p  caused t r a n s i t i o n  t o  s tar t  a t  a Reynolds number of about 
3X104. I n  t h e  o s c i l l a t i n g  flow without t h e  t r i p ,  t r a n s i t i o n  appears t o  have 
s t a r t e d  a t  a Reynolds number of about lo4 ( f i g .  1 3 ( b ) ) .  
t i o n  w a s  complete a t  t'ne lowest 3eyndds number s tudied.  
with e i t h e r  curve exact ly ,  f a l l i n g  below both curves a t  t he  higher Reynolds 
numbers; however, t h e  da ta  obtained with t h e  t r i p  agree with those obtained 
without t h e  t r i p .  

Without a boundary-layer t r i p ,  t r a n s i t i o n  w a s  ob- 
Addi- 

With t h e  t r i p ,  t r a n s i -  
The d a t a  do not agree 

CONCLUDING REMARKS 

From t h e  t h r e e  kins  of data,  heat  t r a n s f e r  and ve loc i ty  and temperature 
p r o f i l e s ,  it appears t h a t  t h e  e f f e c t  of t h e  flow o s c i l l a t i o n  w a s  t o  produce 
t r a n s i t i o n  t o  turbulen t  flow. "he use of sound t o  produce t r a n s i t i o n  has been 
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reported i n  t h e  l i t e r a t u r e  a t  l e a s t  as early as 1948 ( ref .  9 ) .  
and heat- t ransfer  da t a  o6tained i n  t h i s  study with flow o s c i l l a t i o n s  could not 
be distinguished from those obtained i n  t h e  reference flow with a boundary- 
layer t r i p .  In  t h i s  case t h e  o s c i l l a t i o n s  perhaps could be considered more 
e f f e c t i v e  than the  p a r t i c u l a r  boundary-layer t r i p  used i n  inducing t r a n s i t i o n .  
I n  a recent study of t h e  e f f e c t  of l o c a l i z e d  sonic e x c i t a t i o n  of a laminar 
boundary layer  it w a s  a l s o  concluded t h a t  t h e  e s s e n t i a l  e f f e c t  w a s  premature 
t r a n s i t i o n  t o  turbulent  flow (ref.  10). 
Reynolds number decreased with t h e  amplitude of t h e  flow o s c i l l a t i o n  while ap- 
pearing t o  be independent of o s c i l l a t i o n  frequency ( r e f .  11). 

The p r o f i l e s  

In another study t h e  t r a n s i t i o n  

Since t h e  i n t e r e s t  i n  flow o s c i l l a t i o n s  stems l a r g e l y  from the  e f f e c t s  ob- 
served i n  rocket chambers during combustion i n s t a b i l i t y ,  one may speculate  con- 
cerning the r e l a t i o n  of t hese  results t o  t h e  increased heat  t r a n s f e r  and cham- 
ber burnout occurring during combustion i n s t a b i l i t y .  Generally chamber burnout 
seems t o  occur on the  i n j e c t o r  f ace  or  i n  t h e  v i c i n i t y  of t h e  i n j e c t o r  where 
v e l o c i t i e s  are normally f a i r l y  s m a l l .  
important because burnout occurs more with t h e  t r ansve r se  mode than with t h e  
longi tudinal  mode. In t h i s  circumstance, it seems l i k e l y  t h a t  t h e  t r ansve r se  
o s c i l l a t i o n  could produce a l a r g e  increase i n  the  average v e l o c i t y  a t  t h e  in -  
j e c t o r  thus increasing t h e  heat- t ransfer  r a t e ,  as wel l  as changing t h e  hea t -  
t r a n s f e r  process from laminar or  perhaps even f ree  convection t o  turbulent .  An 
increase of s eve ra l  times might be expected under such circumstances. The 
long i tud ina l  mode has a v e l o c i t y  node a t  t h e  i n j e c t o r  and the re fo re  causes 
l i t t l e  increase i n  heat  t r a n s f e r .  

The mode of t h e  o s c i l l a t i o n  seems t o  be 

SUMMARY OF RESULTS 

Heat-transfer c o e f f i c i e n t s  and v e l o c i t y  and temperature p r o f i l e s  were 
measured on a cyl inder  i n  p a r a l l e l  flow i n  both a steady and an o s c i l l a t i n g  
flow. A laminar boundary l a y e r  and laminar hea t  t r a n s f e r  were obtained i n  t h e  
steady flow. Ey t h e  add i t ion  of a boundary-layer t r i p  t r a n s i t i o n  t o  tu rbu len t  
flow was obtained. For t h e  unsteady case, t h e  o s c i l l a t i o n  frequency w a s  
100 cps and the  root-mean-square amplitude w a s  about 50 percent  of t h e  mean 
flow r a t e .  The resul ts  may be summarized as follows: 

1. I n  the reference flow without o s c i l l a t i o n s  and without boundary-layer 
t r i p ,  t h e  Blasius r e l a t i o n s  f o r  hea t  t r a n s f e r  and temperature and v e l o c i t y  pro- 
f i l e s  were i n  good agreement with t h e  data.  

2. Addition of a boundary-layer t r i p  induced t r a n s i t i o n  t o  tu rbu len t  flow 
with t h e  da ta  co r re l a t ed  by usual hea t - t r ans fe r  r e l a t i o n s  and t h e  un ive r sa l  ve- 
l o c i t y  and temperature p r o f i l e s .  
based on 

Trans i t i on  s t a r t e d  a t  a Reynolds number, 
x-length, of about. 3~10~. 

3. With flow o s c i l l a t i o n s ,  t h e  d a t a  were i n  agreement with t h e  t h e o r e t i c a l  
Addi- t u rbu len t  heat- t ransfer  r e l a t i o n s  and temperature and v e l o c i t y  p r o f i l e s .  

t i o n  of t h e  boundary-layer t r i p  introduced no fur ther  changes except t h a t  t h e  
t r a n s i t i o n  Reynolds number w a s  f u r t h e r  reduced. 
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4. The d a t a  from a l l  th ree  types of measurement support t he  conclusion 
t h a t  t h e  increased hea t - t ransfer  coef f ic ien t  w i t h  o s c i l l a t i o n s  i s  caused by the  
induced t r a n s i t i o n  from laminar t o  turbulent  flow. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, August le, 1964 
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APPrnIX - SYMBOLS 

c f skin friction 

E nonlinearized output of hot-wire anemometer, volts 

EO nonlinearized output of hot-wire anemometer without airflow, volts 

P 

K constant, voltsZ/[lb/(sq ft) (sec)]1/2 

k 

linearized output of hot-wire anemometer, volts4 

thermal conductivity, Btu/(hr) (ft) (OF) 

Pr Prandtl number 

heat flux, Btu/(hr) (sq ft) qc orr 

Rex Reynolds number 

St Stanton number 

T temperature, OF 

Tw wall temperature, OF 
$fP Tw - T T+ dimensionless temperature, 

U velocity (x-direction) , ft/sec 
St Tw - T, 

dimensionless velocity, - u 1  

@T 
vt 

X distance along cylinder measured from effective leading edge, ft 

Xht heated length along cylinder, ft 

XO unheated starting length, ft 

Y distance normal to cylinder surface, ft 

Y+ , / C T  dimensionless y-distance, 

rl Blasius parameter, y 

c1 viscosity, lb/( ft) (sec) 

P density, lb/cu ft 
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Subscripts :  

r m s  r o o t  mean square 

00 f r e e  stream 

Superscr ipt  : 

(-) average value 
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