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Results are presented of an experimental investigation of heat transfer on a plate in turbulent 
flow of air, by the method of regular thermal regime. Formulas are given for calculating 

local and average heat-transfer coefficients, reflecting an improvement in the relations cur- 

rently used. 

Experimental data [i] on heat transfer on a heat plate with longitudinal flow of air show evidence of 

the existence of an unstable regime in the region RexI < I00,000, in which the distribution of local heat- 

transfer coefficients along the surface has quite a complex, and at first sight a random, nature. Since the 

experiment in [I] was performed on a relatively short plate, the variation in the heat-transfer law for Rex1 

< i00,000 could be a consequence of two quite different phenonema. There is no doubt that the nature of 

the heat transfer in the entrance section is dictated to some extent by the shape of the entrance, even if the 

boundary layer is assumed to be turbulent everywhere. However, under conditions of developed turbulent 

motion of an air stream, near the leading edge of the plate a laminar boundary layer can exist, which is 

unstable at the stagnation point, and later undergoes transition to a turbulent boundary layer [2]. Unfortu- 

nately, the results given in [i] do not afford a sufficiently clear answer to the question as to which of the above 

factors plays the dominant part in generating the transition. 

In the work described in this paper an investigation of heat transfer on a plate in a hydrodynamically 

stabilized boundary layer flow is accompanied by a special series of tests to establish the region of action 

and the nature of the entrance effects. The tests were performed in a closed low-head wind tunnel, which 

has been briefly described earlier in [3]. Figure 1 shows a schematic of the working section of the wind 

tunnel. The collector 1 has four plates forming a square channel of section 280 • 280 mm 2, in which the 

shaped inserts 2 are located. The inserts reduced the cross section to 140 • 280 mm 2. At the beginning 

of the working section there is a pressure tap 3, connected to a standard type MMN micromanometer, and 

a type ETAM-3A hot wire anemometer, 4. The thermocouple 5 and a mercury thermometer are used to 

control the stream temperature. Nonuniformity in the velocity field in the central part of the working sec- 

tion, limited to dimension 250 • 250 ram, was no more than 0.5%. 

The experimental Textolite plate of length 300 mm and width 220 mm was mounted vertically on the 

bracket 7. The bracket passed through a cutout in the top plate of the working section and was fixed to the 
support plate 6, which was isolated from the top plate with soft felt, at the points of contact. Horizontal 
movement of the lower part of the plate was eliminated by the rod, 8, sliding in the guide rings 9. The total 

plate was made up of several carefully fitted parts. 

The heat-transfer coefficients were measured using the method of regular thermal regime of the 

first kind on the plates with an identical rectangular entrance of thickness 5 = 5 mm (plate No. i) and thick- 

ness 5 = 12 mm (plate No. 2). By way of example, Fig. 2 and Table 1 show the construction, orientation, 

and technical parameters of the c~ calorimetric plate No. 2, composed of five parts (50 mm + 50 mm+ 50 

mm + 25 mm + 125 ram). 

Calorimeters Nos. i, 2, and 3, each of size 8 • 15 • 2 mm 3, were mounted flush with the surface in 

Section I of this plate. The felt thermal insulation in which the calorimeters were buried was isolated from 

the flow by aTextolite plate of thickness 0.7 ram. 
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TABLE 1. T h e r m o p h y s i c a l  C h a r a c t e r i s t i c s  of the C a l o r i m e t e r s  of 

P la te  No. 2 

Calorimeter Heated 3 
. imngth X-10, INO, Im 

7,92 
7,96 
7,96 
8,03 
8,07 
8,10 

30,0 
30, 0 
30, 0 

Calorimeter 
material 

st. 35 
st. 35 
St. 35 
St. 35 
St, 35 
St, 35 
Lead 

St. 35 
St. 35 

Mass of 
calorimeter 
M, 103, kg 

18,49 
18,41 
18,43 
18,25 
19.16 
19,23 

124,30 
84,38 
35, 30 

Heat transfer 
area H. 10 a, 
r n  2 

1,170 
1,175 
1,175 
1,204 
1,210 
1,215 

18,00 
18,00 
9,00 

C alorimetric 
constant Mck2 
/H �9 10-% J/m 
deg 

7, 59 
7, 51 
7,52 
7,26 
7,57 
7,58 
9,09 

22,47 
18,80 
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Fig .  1. Schemat ic  of wind tunne l  work ing  s ec t i on .  

C a l o r i m e t e r s  Nos.  4, 5, and 6, a l so  of s ize  8 • 15 • 2 m m  3, moun ted  in a cas t  b lock of po lyu re thane  
foam p l a s t i c  P U - 3 ,  were  loca ted  in the second  sec t ion .  Sect ion  III con ta ined  c a l o r i m e t e r s  Nos.  7 and 8, 
suppor t ed  and in su l a t ed  with fe l t ,  hav ing  two hea ted  edges ,  and of s ize  30 • 30 • 12 m m  ~, and a l so  c a l o r i -  
m e t e r  No. 9, of s i n g l e - s i d e d  fo rm ,  of s ize  30 • 30 • 5 m m  ~. 

Al l  the c a l o r i m e t e r s  had a hole of d i a m e t e r  0 .3-0 .4  m m ,  in which  C h r o m e l - C o p e l  t h e r m o e o u p l e s ,  
wi th  wi re  d i a m e t e r  0.12 r am,  were  fas tened  with Rose  m e t a l .  The t he rmocoup le  w i r e s  w e r e  brought  out 
th rough  the p la te  body and the suppor t ,  and  w e r e  d i f f e r e n t i a l l y  connec ted  th rough  a swi tch  to the r - '  
mocoup le  5, loca ted  in the wind tunne l  s t r e a m .  A type M 17/5 m i r r o r  g a l v a n o m e t e r  was  used  to m e a s u r e  
the d i f f e r en t i a l  t he rmocoup le  emf .  

P l a t e  No. 1, s i m i l a r  in  s t r u c t u r e  to p la te  No. 2, had s e ve n  d o u b l e - s i d e d  oz c a l o r i m e t e r s  of s ize  20 
• 20 • 5 m m  a. 

The sequence  of o p e r a t i o n s  du r ing  a t e s t  was as  fo l lows.  The p la te  was  wi thd rawn  f r o m t h e  wind tunne l  
u s i n g  the suppor t  p l a t e ,  and  each  of the c a l o r i m e t e r s  was  r ap id ly  hea ted  (over 3-5  sec)  to 18-20~ above the 
s t r e a m  t e m p e r a t u r e ,  due to con tac t  with the ho t t e r  body.  A f t e r  the p la te  was  i n s e r t e d  in the exposed  p a r t  
of the r i g ,  and the o v e r h e a t  t e m p e r a t u r e  was r educed  to ~ = 10~ a r e c o r d  was  made  of the change of e x -  
c e s s  c a l o r i m e t e r  t e m p e r a t u r e  with t ime ,  ~ = f(l"), as is u sua l ly  done in  e x p e r i m e n t s  with r e g u l a r  r e g i m e .  
Then  the cool ing ra te  was  m e a s u r e d  f rom a g r a ph  of l n ~  = f(T). The t e m p e r a t u r e  of the inc iden t  s t r e a m  
was  m a i n t a i n e d  at  the l eve l  tflo w = 18-20~ and 48-52~ 

l n ~ - -  ln~ i m = deg-1. (1) 
"[$ ~ T 

It was  conven i en t  to conduct  the e x p e r i m e n t  with the s a m e  e x c e s s  t e m p e r a t u r e  r a n g e .  T h e n  for  ~- = 0, In~  0 
= cons t ,  and for  T = ~'t, l n~ l  = c o n s t , a n d  Eq,  (1) takes  the fo rm 

const 
rn -- deg-1. (2) 

T i 
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F i g .  2. C o n s t r u c t i o n  of ez c a l o r i m e t r i c  p l a t e  No.  2 [I-III)  s e c -  
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Fig. 3. Distribution of heat-transfer coefficient along 

the  p l a t e  l eng th  (ram).  [a) P l a t e  No.  1, 6 = 5 m m ;  b) 
p l a t e  No.  2, 5 = 12 r a m ] :  1) 2 m / s e c ;  2) 10; 3) 20; 4) 
50; 5) 80 m / s e c .  

B e c a u s e  the quan t i ty  ~0 - ~ 1  w a s  r e l a t i v e l y  
s m a l l ,  and c o n s t a n t  f r o m  t e s t  to t e s t ,  the hea t  
d r a i n  to the i n s u l a t i o n  can  be d e s c r i b e d ,  wi th  s u f -  
f i c i en t  a c c u r a c y ,  by s o m e  c o n t a c t  t h e r m a l  r e -  
s i s t a n c e  1 / a i n s ,  r e f e r r e d  to the a r e a  of  c o n t a c t  
be tw e e n  the c a l o r i m e t e r  and i n s u l a t i o n .  Then  the 
coo l ing  r a t e  is  r e l a t e d  to the h e a t - t r a n s f e r  c o e f -  
f i c i e n t s  by the e x p r e s s i o n s  [6]: 

m= (ak+ar)H-~ainsHins~ deg-l~ (3) 
MCk 

ak= mMCk - Him q~H ctim-H - -- c~r W/m z. deg. (4) 

The  q u a n t i t i e s  ~ and C~ra d w e r e  c a l c u l a t e d  
f r o m  [4] and [7], and the va lue  of the c o r r e c t i o n  
r d id  not  go ou t s ide  the r ange  0 .96-1 .0 .  The  s p e -  
c i f i c  hea t  of s t e e l  was  t aken  to be c k = 46 0 J / k g  
. deg  and that  of  c h e m i c a l l y  p u r e  l e a d  as  c k = 130 
/ k g  "deg [11, 12]. The  h e a t - t r a n s f e r  c o e f f i c i e n t  
a in  s was  d e t e r m i n e d  by c a l i b r a t i o n  t e s t s  in which  
the c a l o r i m e t e r  s u r f a c e s  n o r m a l l y  coo l ed  by the 
a i r  s t r e a m  w e r e  c o v e r e d  by fe l t  o r  f o a m - p l a s t i c ,  
a p p r o p r i a t e l y .  By t r e a t i n g  the c a l i b r a t i o n  c u r v e  
in s e c t i o n s  we w e r e  ab le  to f ind the a v e r a g e  c o o l -  
ing r a t e  m i n  s in the r a n g e  ~- = 0, ~- = T1, and t h e r e -  
f o r e  

_ _ minsMCk 
t~in s- ~ W/m z. deg. (5) 

*~ | "'IIIS 

E q u a t i o n  (5) a g r e e s  q u a l i t a t i v e l y  wi th  the r e s u l t s  of a t h e o r e t i c a l  a n a l y s i s  of hea t  l o s s e s  made  in [8]. 

I t  c an  be s e e n  f r o m  T a b l e  2, which  g i v e s  ~ ins  fo r  c a l o r i m e t e r  No. 5 of  p l a t e  No. 2 as  a func t ion  of 
t e s t  t i m e ,  that  the r e l a t i v e  p a r t  p l a y e d  by hea t  d r a i n  r a p i d l y  d r o p s  wi th  d e c r e a s e  of ~'1" The cond i t ion  wi th  
~-1 = 80 s e c  and the l e a s t  f a v o r a b l e  r a t i o  ~ i n s / ( a k  + C~rad) r e f e r s  to the c a s e  of n a t u r a l  c onve c t i ve  coo l ing  of  
the c a l o r i m e t e r .  F o r  a s t r e a m  v e l o c i t y  w > 25 m / s e c  the t e s t  d u r a t i o n  d e c r e a s e d  to ~- < 20 s e c ,  and the 
hea t  t r a n s f e r  to the i n s u l a t i o n  d id  not  e x c e e d  10% of the b a s i c  m e a s u r e d  v a l u e .  
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TABLE 2. Hea t -Trans fe r  Coefficient Cqn s as  a Function 
of Time 

�9 1, sec 10 20 30 40 50 60 80 

Uins, W/mZ.deg 20,0 19,2t18,8 18,5 18,2[ 17,9 17,3 

0,940 ~ns,/(C~k+ar) /0,047/0,109 0,158 0,228 0,308 0,590 

The s t r eam velocity var ied in the range w = 0.5-90 m / s e e  at a turbulence level not exceeding 3-4%. 

Analysis  of the distribution of the convective hea t - t r ans fe r  coefficient along the plate length at con-  
stant velocity shows that in the neighborhood of the leading edge the heat t ransfer  is higher,  and depends 
appreciably on the extent of the adiabatic forward section. Downstream the resul ts  of the ca lo r imet ry  
were repeatable,  and at the end of the washed surface,  where the boundary l ayer  separa tes  f rom the plate,  
an "outlet" effect was generated,  and the hea t - t r ans fe r  coefficient again increased.  

st  Figure 3 shows typical curves  of C~k/C~ k = f(L). The distribution of relative heat t ransfer  intensity 
over  the initial section of plate No. 1 was the same over  all the velocity range investigated. Only in the 
region where w < 3 m / s e c ,  was the curve C~k//c~t = f(L) gradually changed in shape, degenerating to the 
s t ra ight  line a k / a ~  L = 1, as w --  0. The absence of any indication of transit ion is evidence that the bound- 
a ry  layer  is in a homogeneous turbulent state at the initial section, or,  more  co r rec t ly ,  that it has been 
instantaneously rendered turbulent at the leading edge. 

On plate No. 2, a deter iora t ion of the aerodynamic quality of the profile led to separat ion of the wall 
flow, accompanied by a discontinuous increase in the hea t - t r ans fe r  level. 

The repeatabili ty of the measured  resul ts  at some dis tance f rom the leading edge is an indication that 
the flow in the boundary layer  is hydrodynamical ly stabilized. In what follows we discuss  only data relat ing 
to this region.  The experimental  data were corre la ted  on the basis of the relat ion St = e r e  -n. Initially 
the average hea t - t r ans fe r  coefficient over  the surface H was considered localized at the ca lo r imete r  center ,  
and the Reynolds number was r e fe r r ed  to the coordinate X 1. Figure 4A shows the test resul ts  reduced in 
this way. Also shown are the data of [1], obtained with Rex1 ~ 100,000, and curve I calculated f rom Eq. 
(6), equivalent to Eq. (7) of [1], 

Stx, = 0.0364 Rex~ "2 , (6) 

Nux, = 0.0255 P,e~ s : (7) 

In agreement  with Eq. (6) at Rex1 > 20,000, the experimental  points are  located along a smooth curve whose 
slope gradually changes with reduction of Reynolds number .  

Although the compar i son  made in Fig. 4A confirms the resul ts  of [1] as a whole, the validity of the 
compar i son  is i tself  doubtful. There is no physical ly valid justification for identifying the mean h e a t - t r a n s -  
fe r  coefficient with the local value at the ca lo r imete r  center .  If the surface is divided, going downstream, 
into a number  of short  independent segments ,  the average hea t - t r ans fe r  coefficient is at least  13% above the 
local value at the center ,  within the f i rs t  segment.* The possibil i ty that sys temat ic  positive e r r o r s  are in- 
troduced in ca r ry ing  out tests  by the above method has been noted by a number of authors who have used 
elongated ca lo r imete r s  [10, 13]. 

The measured  resul ts  are  shown in Fig. 4B in the form of the corre la t ion  logSt X = f( logRex) ,  usual 
for  average hea t - t r ans fe r  coefficients.  Curve 2 was calculabed f rom the mean hea t - t r ans fe r  equation, 
Eq.  (8), which, like Eq. (6), is based on the data of [1]. In the region Re X = 20,000-120,000 the exper i -  
mental  points lie 10% below curve 2: 

Stx = 0.0457 Re~ ~ (8) 

Figure 4B also shows the summary  relat ions f rom [13], in which an isothermal  plate of length 1650 
m m  was investigated. In [13] a relat ion for  local heat t ransfer  was assumed:  

r ~  ^-0.2p.0.4/"r' / , 7  ~ "tO ,4  
Stx~= 0.0296~cx, " t 1w/glow' " (9) 

*The e r r o r  is reduced to 4-5% in the second and third segments ,  but it can be neglected only at a distance 
of 150-200 mm from the s tar t  of the heated section. The calculations are  based on the assumption that n = 0.2. 
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Fig.  4. Resu l t s  of c o r r e l a t i o n  of tes t  da ta  on heat  t r a n s f e r  on 
the p la te  in the h y d r o d y n a m i c a l l y  s tab i l i zed  reg ion :  1) f r o m  
E q .  (6); 2) Eq .  (8); 3) Eq .  (10), 4) Eq .  (11); 5) Eq .  (13); a) 
c a l o r i m e t e r s  of s ize  8 x 15 x 2 ram;  b) 20 x 20 x 5; c) 30 
x 30 x 12 and 30 x 30 x 5 ram;  d) tes t  da ta  of [1]. 

By in t roduc ing  P r  = 0.71 and a value for  the t e m p e r a t u r e  f ac to r  T s t / T f l o  w ~ 1.1 equal to that  in [13], 
we a r r i v e  at  the e x p r e s s i o n  (curve 3): 

SIx, = 0,0325 Rex~ 2 . (10) 

C o r r e s p o n d i n g l y ,  fo r  the m e a n  va lues  (curve 4) 

S t x =  0.04i0 Rex ~ . (11) 

The  d ive rgence  of the tes t  da ta  f r o m  Eq.  (11) in the reg ion  of Reynolds  n u m b e r  g r e a t e r  than 20,000 does not 
exceed  4-2%. F o r  Re X < 20,000 the e xpe r i men t a l  data  can  be app rox ima ted ,  to an a c c u r a c y  of *5%, by the 
equa t ion  

Re~ 3 
Six = 1.93 (igRex)~, l . (12) 

We conve r t  to a r e l a t i on  fo r  local  heat  t r a n s f e r  by d i f fe ren t ia t ing  Eq.  (12) 

Stx,=Stx=x,+XStx=x~=l.93 Re~ [1.3 2,6 ] (13) 
(lgRex,) 6A lgRex, �9 

Curve  5 in F ig .  4B ca lcu la ted  f r o m  Eq .  (13) in the range  Rex1 = 10a-3 �9 10 ~, p r a c t i c a l l y  co inc ides  with cu rve  
3, devia t ing  f r o m  it by a m a x i m u m  of 7%. 

The a c c u r a c y  of c a l o r i m e t r y  by the method  of uns teady  t h e r m a l  condi t ions  is d e t e r m i n e d  p r inc ipa l l y  
by e r r o r s  in the cool ing  ra te  m and rain s ,  s ince  weighing of the c a l o r i m e t e r s  and d e t e r m i n a t i o n  of  the i r  
g e o m e t r i c a l  p a r a m e t e r s  can be a c c o m p l i s h e d  quite c a r e fu l l y .  In the range  of  va lues  m = 0.05-0.1 see  -~, 
p r e v a i l i n g  in the t e s t s ,  the e r r o r  in cool ing ra te  did not exceed  1.5-2.0%. The e r r o r  in the value of e k a p -  
p e a r i n g  in Eq .  (4) was  2%. The g r e a t e s t  total  e r r o r  in the expe r imen t a l  d e t e r m i n a t i o n  of  the h e a t - t r a n s f e r  
coef f ic ien t  was  ~6%. 

Tflow, tflow 
T W , t w 

N O T A T I O N  

a r e  the flow t e m p e r a t u r e ,  ~ ~ 
a r e  the c a l o r i m e t e r  t e m p e r a t u r e ,  ~ 
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excess  c a l o r i m e t e r  t empe ra tu r e ,  ~ 
t ime ,  sec ; 
c a l o r i m e t e r  cooling ra te ,  sec-1; 
convect ive h e a t - t r a n s f e r  coefficient ,  W / m  2 �9 deg; 
coefficient  of heat  t r a n s f e r  by radiat ion,  W / m 2  .deg; 
conventional h e a t - t r a n s f e r  coefficient  for  c a l o r i m e t e r  with insulation, W / m  s .deg ;  
h e a t - t r a n s f e r  coefficient  by convection in the s tabi l ized region,  W / m  z .deg; 

sur face  a r ea  for  heat  t r a n s f e r  with a i r ,  mZ; 
a r e a  of contact  of c a l o r i m e t e r  with insulation,  mS; 
c a l o r i m e t e r  m a s s ,  kg; 
specif ic  heat of c a l o r i m e t e r  m a t e r i a l ,  J / k g  "deg; 
co r r ec t i on  for  nonuniform t e m p e r a t u r e  field at the c a l o r i m e t e r ;  
ve loci ty  of a i r s t r e a m ,  m / s e c ;  
plate  th ickness ,  m;  
total c a l o r i m e t e r  length, m;  
ambient  coordinate  along heated length,  m;  
length of adiabat ic  sect ion preceding  c a l o r i m e t e r ,  m;  
Nussel t  number ;  
Stanton number ;  
Reynolds number ;  
Prandt t  number .  

1.  

2. 
3. 
4. 
5. 
6. 
7. 
8. 
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t 0 .  
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