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Results  a re  p resen ted  of an exper imenta l  study of heat t r ans fe r  with s tepwise  heat addition on a flat wall. 
The exper imenta l  t empe ra tu r e  prof i les  and heat t r ans f e r  data obtained conf i rm the previous ly  suggested 
hypothesis that the conventional hea t - t r an s f e r  law is valid in this case  if the calculat ion is based on the 
d i f fe rence  of the equi l ibr ium and actual wall t empera tu re s .  

The exper imenta l  setup consis ted of a subsonic wind tunnel with rec tangular  working sect ion dimensions 
110 x 110 x 1300 ram. The air  entered the harizontal  working channel through a prof i led nozzle. The working channel 
had a horizontal  hea t - t r an s f e r  segment  consis t ing of nine b rass  plates.  The plate dimensions were  120 x 95 ram. 
T r a n s v e r s e  slots  were  provided in the plates  to prevent  longitudinal heat crossf low.  There  were  26 n i e h r o m e -  
constantan thermocouples  made f rom 0 . 2 - m m - d i a m e t e r  wire  embedded in the surface  of the plates  along the segment  
length (axially). At ce r ta in  sect ions th ree  thermocouples  were  instal led ac ross  the width of the plate. A heating 
e lement  was mounted below each plate. The hea t ing-e lement  power  could be regulated to provide  a rb i t r a ry  var ia t ion  
of the heat fluxes to the wall. The heat t r ans f e r  segment  was the rmal ly  insulated on the bottom and sides.  The 
c l ea rances  (~8 ram) between the plate  and the s ide walls of the working channel were  fil led with asbestos.  The plates  
with heating e lements  were  mounted on a sbes to s - cem en t  slabs and insulated below by a 140-ram-thick layer  of foana. 

Cal ibrat ion exper iments  were  f i r s t  conducted to study the dynamic cha rac t e r i s t i c s  of the gas flow trader 
i so the rmal  conditions. The tes ts  were  made with air  flow over  the plate with ve loc i t ies  W 0 = 20-120 m / s e c  (the 
Reynolds number  was R x = 4.105 - 5 "  106). A total head tube and a stat ic  p r e s s u r e  pickup w e r e  used to m e a s u r e  the 
velocity.  The total  head tube has a r ec t angu la r  sect ion with height 0.5 mm and width 1.5 mm. The tube wall thickness 
is 0.1 ram. The p r e s s u r e  was r eco rded  on an MMN c i s t e rn  m i c r o m a n o m e t e r  at low speeds,  with a U-tube water  
m a n o m e t e r  being used at high ve loc i t ies .  The m e a s u r e m e n t s  showed good uniformity of the veloci ty  fields at the 
en t rance  to the working channel (velocity nonuniformity did not exceed 3%). The veloci ty  var ia t ion  along the channel 
axis was about 2%. The veloci ty  p rof i l es  in the boundary l ayer  were  also measu red  in the course  of the dynamic study. 
The values of the local f r ic t ion coefficient  cf were  de termined  f rom the veloci ty  prof i les  measured  by the Clauser  
method [1, 2]. The exper imenta l  resu l t s  agreed to within 5% with the calculated value of the local  f r ic t ion coefficient ,  
de te rmined  using the formula  [3] 

0.0256 
c/-- R**0.~5 (1) 

where  R** is the Reynolds number based on the momentum thickness  5"*.  This indicates the p r e s e n c e  of a developing 
turbulent  boundary l ayer  on the plate.  

Exper iments  were  then conducted to de t e rmine  the heat losses ,  which amounted to ~15% of the total amount of 
heat supplied to the wall. 

The the rmal  cal ibrat ion exper iments  involved de te rmina t ion  of the heat t r ans fe r  coeff icient  on the smooth plate.  
The tes ts  w e r e  conducted under q u a s i - i s o t h e r m a l  conditions with constant wall t empe ra tu r e  and with constant heat 
flux at the wall. In the exper iments  the wall t e m p e r a t u r e  var ied  in the range  t w = 70-150 ~ C and the the rmal  fluxes 
amounted to qw = 3000-10,000 k c a l / m  2 �9 h. The main flow t empera tu r e  was t 0 = 20-60 ~ C. The air  flow veloci ty  
var ied  in the range W 0 = 10-125 m / s e c  (R x = 2.5" 105-6 .  106). The Stanton number S was de termined  f rom the 
quanti t ies measu red  in the exper iments  (heat ing-e lement  power,  wall and undisturbed s t r e a m  t e m p e r a t u r e s ,  
undisturbed flow velocity).  In this calculat ion a co r rec t ion  (4-9%) was made for nonisothermiei ty  and account was 
also taken of the radiat ion heat losses ,  which did not exceed 4% of the magnitude of the convect ive heat flux. The 
exper imenta l  point sca t t e r  was :~10%. The mean curve  sat isfying the exper imenta l  points is descr ibed  by the formula  

s0 = 0.0184 RT*-o.25 (P = 0.71) (2) 
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where  R~* is the Reynolds number  based on the energy thickness.  This re la t ion corresponds  to the formula  obtained 
as a resu l t  of analysis  of all the exper imenta l  data on convect ive heat t r ans fe r  on a plate and in a tube, presented  in 
[3], and also to the Seban formula,  used in [5]. 

Exper iments  were  then conducted with stepwise heat addition. The heat-input scheme is shown in Fig .  1. All  
the exper iments  were  conducted with two thermal  steps.  The length of the steps was 360 and 240 ram. In Fig .  1 
curve  1 is  for  calculat ion with fo rmula  (2), the exper imenta l  points 2* (0.3, 20.4), 3 (0.5, 76.9), 4* (1.0, 121.5), 5* 
(3.1, 9.9), 6 (6.5, 14.9), 7 (6.7, 15), 8 (6.7, 15A), 9 (3.5, 35.0), 10 (3.5, 38.5), 11 (2.8, 78.8) cor respond  to the specif ic  
heat flux ra t ios  qwt/qw2 (first  va lues  in the parentheses)  and the a i r  flow ve loc i t i e s  W 0 m / s e e  (second values  in pa ren-  
theses) .  The exper iments  marked  with an a s t e r i sk  were  conducted with an adiabatic segment  0.24 m long between the 
steps.  The exper iments  were  pe r fo rmed  in two s tages .  Ini t ial ly heat was supplied only to the f i r s t  step qwl. In this 
case the second step, where  qw2 = 0, was the rmal ly  sc reened  f r o m  the f i r s t  step. The t empe ra tu r e  on the adiabatic 
wall T~v , or  the so -ca l l ed  "equ i l ib r ium"  tempera ture ,  was measu red .  The measu red  equi l ibr ium tempera tu re  c o r r e -  
sponded to the calculated values  obtained using the formula  [6] 

Tw* -- To / x -- xo -o.a = ~t + ~5.5 --s ) Iv" K] <3) 

Here  x 0 is the length of the heated segment,  T~r is the t empera tu re  at the end of the heated segment.  Then heat 
was supplied to the second step and the wall t empera tu re  T w was measu red  in the sc reen  zone. The data f rom the 
exper iments  with stepped heat addition were  analyzed in two ways. 

1. The Stanton number in the sc reen  zone was determined f rom the di f ference between the wail and undisturbed 
s t r eam t empera tu re s  (T w - To). We see  f rom compar ison of the exper imenta l  points with the curve  in Fig. 1 that 
only those exper iments  in which the thermal  flux ratio qw/qw2 < 1, or  in which the re  is an adiabatic segment  between 
the steps,  a re  in sa t i s fac tory  agreement  with the curve.  In such exper iments ,  owing to the smal l  heat flux in the f i r s t  
step and the p r e s e n c e  of the adiabatic segment  ahead of the second step the equi l ibr ium wall t empera tu re  T*  is c lose  
to the undisturbed s t r eam t empera tu r e  T O . In those exper iments  in which the initial heat flux exceeds the following heat 
flux the exper imenta l  points deviate f rom the curve.  This deviation inc reases  with inc rease  of the rat io qwl/qw2. The 
max imum deviation of the points f rom the curve  (up to 2.5 t imes) is observed  in the exper iments  with the l a rges t  heat 
flux rat io (qwl/qw2 ~ 6.7). Thus, we see  f rom this f igure that the heat t r ans fe r  law in the form of (2) cannot be used 
for  the case  of s tepwise  heat addition if the heat t r ans fe r  coefficient  is calculated using the d i f fe rence  (T w - To). 
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Fig. 1 

2. The heat t r ans f e r  coefficient  was calculated f rom the di f ference of the actual and equi l ibr ium wall t e m p e r a -  
tu res ;  in this case  

q~ (4) 
Sa = ";oWo%o (T~  - -  Tw* ) 

In this analysis the exper imenta l  data on heat t r ans fe r  in the sc reen  zone for s tepwise heat addition a re  shown in 
Fig. 2, in which the notation is the same as in Fig. 1. Here  Sa0 is the exper imenta l  value of the Stanton number,  
reduced to standard conditions, 

Here  
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2 ~ Tw 
~ Y t = ( ~ )  , * * - -  T w .  , (P(z, x0)----(x_--zx0) ~ 

~'t accoun t s  fo r  the in f luence  of n o n i s o t h e r m i c i t y  on the hea t  t r a n s f e r  [3]; ~v(x, x 0) accounts  fo r  the in f luence  of the  
p r e v i o u s l y  ac t i va t ed  s e g m e n t  on the  hea t  t r a n s f e r  [3, 4]; x 0 is  the p r e a e t i v a t e d  s e g m e n t  of the  second  s tep .  The 
Reyno lds  n u m b e r  was a lso  ba sed  on the d i f f e r e n c e  of the ac tua l  and e q u i l i b r i u m  wal l  t e m p e r a t u r e s :  

( R T  **)a = gC:~oii ( T  w - -  Tw* ) qwdx 
xo 

(6) 

We s e e  f r o m  the f i g u r e  that the e x p e r i m e n t a l  da ta  a g r e e  s a t i s f a c t o r i l y  with ca l cu la t ion  with (2). The  e x p e r i m e n t a l  
po in t  s c a t t e r  is ~=15%. F o r m u l a  (2) wi l l  a l so  be  va l id  f o r  s t e p w i s e  hea t  addi t ion if the hea t  t r a n s f e r  coe f f i c i en t  is ba sed  
on the  d i f f e r e n c e  (T W - T~v ). 

Fig.  2 

In conducting experiments on staged heat addition the temperature profile in the boundary layer in the screen 

zone was also measured. The measurements were made with air flow velocity W 0 = 21 m/sec and the heat flux ratio 
for which maximum deviation of the heat transfer experimental points from the calculated value is observed (Fig. i). 
This'condition was repeated twice at different times. These experiments are plotted separately in Fig. 3 (filled and 

open symbols). Here the experimental points 2 (6000, 20.9) and 3 (3300, 39.4) correspond to constant heat fluxes 

qw kcal/m2" h (first values in the parentheses) and flow velocities W 0 m/sec (second values in the parentheses); the 
points 4, 5, 6, and 7 correspond to the values Ax = 0.036, 0.083, 0.204, and 0.278 m for qwi/qw2 ~ 6 and W 0 = 21 
m/sec; the measured section distance Ax was reckoned from the beginning of the second step. Figure 3 shows the 
dimensionless temperature profile, constructed in two ways: In Fig. 3A the dimensionless profile was constructed so 
that the excess temperature in the boundary layer is referred to the difference of the wall and undisturbed stream 

temperatures. In this instance the energy thickness in the dimensionless group Y = y/5~* was defined as 

$ 

~T**~ip~Wo{ T - - T o \  
o 

(7) 

Figure 3 shows the temperature distribution in the boundary layer following the i/7-th-power law in the form 
of the curve 

T - -  To 
0 - -  Tw _ To -- i --  0.715Y%, Y = y/ST** 

A significant disagreement of the experimental results with this curve is observed. Also plotted here are the 
experimental data for T w = const, which are in good agreement with the calculated profile. In Fig. 3B these same 

experimental data for stepwise heat addition were analyzed so that the excess temperature was referred to the 
difference between the actual and equilibrium wall temperatures. In this ease the energy thickness in the 

= /'5"*" d i m e n s i o n l e s s  c o m p l e x  Ya Y ( T )a was def ined  as 

p W  T - - T *  
(ST**)a = ~ ( Tw = ~w-*)dy (8) 

where T* is the temperature at the boundary layer point in question in the absence of heat flux on the wall. 
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We see from the f igure that the experimental  points agree sat isfactor i ly  with the t empera tu re  dis t r ibut ion curve 
in the boundary layer  following the 1/7- th-power  law. 

The author wishes to thank A. I. Leont 'ev,  ]~. P. Volchk0v, and E. G. Zaulichnii  for guidance and ass i s tance  
in this study. 
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