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F O R C E D  C O N V E C T I O N  IN A P L A N E  C H A N N E L  

W I T H  R E C E S S E S  

Y u .  A .  G a v r i l o v ,  G.  N .  D u l ' n e v ,  
a n d  A .  V .  S h a r k o v  

UDC 536.253 

An approx imate  method is suggested for  es t imat ing  the coefficient  of convective heat  exchange 
in fluid flow in a f lat  channel with r ec t angu la r  r e c e s s e s  in the walls .  

We will consider  convective heat  exchange in s teady,  f o r m e d ,  fluid flow in a f lat  channel with r ec t angu-  
l a r  r e c e s s e s  in the walls  (Fig. 1). These  r e c e s s e s  a re  identical ,  a re  equally spaced apa r t ,  and have d imen-  
sions B and H commensu ra t e  with the width h of the channel. The convective hea t -exchange  coeff icients  a re  
to be de te rmined .  

We could not find the solution to such a p rob lem in the l i t e r a t u r e ,  although much attention is paid to the 
effect  of roughness  on heat  exchange.  Sandy roughness  has been invest igated in re la t ive ly  g rea t  detail  [1]. 
There  a re  r e p o r t s  where  roughness  d i f fer ing f r o m  the sandy kind is considered.  Fo r  example ,  vor tex  flow in 
smal l  r e c e s s e s  is studied in [2]. The i r  d imensions  a re  smal l  in compar i son  with the channel width, and they 
have a lmos t  no ef fec t  on the c h a r a c t e r  of the main fluid flow. A c o a r s e r  roughness  in the f o r m  of a sp i ra l  
p ro tuberance  of Nichrome wi re  on the inner sur face  of a round pipe is adopted in [3]. The height of the p r o -  
tuberance  is about one-tenth the pipe d iamete r .  The exper imenta l ly  der ived  dependence for  calculat ing the 
convective hea t -exchange  coefficient  is valid for  the pa r t i cu la r  case .  A set  of emp i r i ca l  equations for  concre te  
f o r m s  of su r f aces  in heat  exchangers  is given in [4, 5]. Data of an exper imen ta l  investigation of convective 
heat  exchange in l am i na r  and turbulent  a i r  flow in a channel with the geomet r i ca l  p a r a m e t e r s  B = 13 ram,  D = 
15 m m ,  H = 5 m m ,  and h = 1-10 m m  are  p resen ted  in [6]. In addition to t r a n s v e r s e  r e c e s s e s ,  the walls  a lso  
had longitudinal r e c e s s e s .  The exper imenta l  r e su l t s  for  these channels were  genera l ized  in the fo rm of c r i -  
t e r ia l  dependence Nu = f(Re). 

The longitudinal flow of a s t r e a m  over  a su r face  with a single r e c e s s  or  p ro tuberance  is analyzed in a 
number  of r e p o r t s ,  such as [7-11]. A s implif ied flow model is chosen in this case  and one or  ano ther  approx i -  
mate  solution of the p rob l em  is given in accordance  with the adopted assumpt ions .  In [12] the flow model is 
extended to a sur face  with p ro tube rances  a r r anged  in a s e r i e s .  

T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 5, pp. 812-819, N o v e m b e r ,  1978. Or ig i -  
nal a r t i c le  submit ted October  5, 1977. 
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Fig .  1. A channe l  wi th  r e c t a n g u l a r  r e c e s s e s .  

In the  p r e s e n t  r e p o r t  a s i m i l a r  flow m o d e l  i s  a dop t e d  to  a n a l y z e  the h e a t  exchange  in a f l a t  channel, fo r  
which  the wa l l  p r o f i l e  is  c l o s e  in f o r m  to tha t  of the  s u r f a c e  c o n s i d e r e d  in [12], and i s  r e p r e s e n t e d  in F i g s .  1 
and 4. The  func t ions  ob ta ined  for  the s i m p l i f i e d  flow m o d e l  a r e  r e f i n e d  on the b a s i s  of e x p e r i m e n t a l  i n v e s t i g a -  
t i ons  and a m e t h o d  is s u g g e s t e d  fo r  c a l c u l a t i n g  the a v e r a g e  h e a t - e x c h a n g e  coe f f i c i en t  fo r  f l a t  channe l s  wi th  
p r o t u b e r a n c e s .  

The  a v e r a g e  convec t i ve  h e a t - e x c h a n g e  c o e f f i c i e n t  is  d e t e r m i n e d  by the equa t ion  

(B ---D) Nu --: BNu~ --  D . ~  o. (1) 

H e r e  each  of the n u m b e r s  ~ ,  ~-'~B, and ~-~D p e r t a i n s  to s e c t i o n s  of the channel  wi th  l eng ths  B + D, B ,  and D, 
r e s p e c t i v e l y ,  and deno t e s  the d i m e n s i o n l e s s  c o m p l e x  

L 

X-u ~de"  d e =  2h: ~ q ,  A~-=_ 1 (' - ~- - ,  . . . .  - -  ( t .  - -  t )  d x .  ( 2 )  
i. A t L t 

I 

The  quan t i t y  Nu D wi l l  be c a l c u l a t e d  with  the a id  of the a p p r o x i m a t e  func t ions  ob t a ined  in [13], which  a l low 
fo r  the e f f ec t  of the i n i t i a l  s ec t i on  lH of hea t  e x c h a n g e  in a f l a t  channe l  with smoo th  w a l l s .  We wi l l  t h e r e f o r e  
a s s u m e  tha t  the d i s t a n c e  D be tween  the r e c e s s e s  is  g r e a t e r  than the channe l  width  h,  and a s e c t i o n  D can be 
t r e a t e d  as  a p lane  channel  with smoo th  w a l l s .  The  equa t i ons  p r e s e n t e d  in [13] c o n s i s t  of func t ions  of the type  
Nu = NU(/H), in which the quan t i ty  l H is the a r g u m e n t  and i s  c a l c u l a t e d  fo r  u n i f o r m  v e l o c i t y  and t e m p e r a t u r e  
p r o f i l e s  of the s t r e a m  a t  the channe l  e n t r a n c e .  In the c a s e  u n d e r  c o n s i d e r a t i o n  the va lue  of l H wi l l  l a t e r  be 
c o r r e c t e d  wi th  a l l o w a n c e  for  the p r e s u m e d  v e l o c i t y  and t e m p e r a t u r e  p r o f i l e s  of the s t r e a m  a t  the  e n t r a n c e  to 
the smoo th  s e c t i o n  D of the channel .  

To e s t i m a t e  Nu B we use  the flow m o d e l  f r o m  [7-12] ,  the  r e s u l t s  of the i n v e s t i g a t i o n  in [7], and the s i m -  
p l i f i ed  s c h e m e  of a f looded  j e t  [1,t-18]. In s e c t i o n  B of the  channe l  one can d i s t i n g u i s h  t h r e e  zones  [7, 8]: a 
zone of c i r c u l a t i o n  flow (the r e c e s s ) ,  a zone of j e t  f low,  and an i n t e r m e d i a t e  zone .  We wi l l  c o n s i d e r  the flow 
p r o p e r t i e s  in each  of t h e m .  

The  p a r a m e t e r s  of a f l a t  f looded  j e t  which  f lows out  of a s l o t  wi th  a width  h a r e  known f r o m  the t h e o r y  of 
j e t  f lows [1, 14, 15]. A s i m p l i f i e d  d i a g r a m  of a j e t  in f r e e  s p a c e  is  p r e s e n t e d  in F ig .  2. In the in i t i a l  s ec t i on  
l 0 of the j e t  in i t s  c e n t r a l  p a r t  (the c o r e  of the je t )  the p a r t i c l e  v e l o c i t y  r e m a i n s  the s a m e  as  a t  the  e x i t  f r o m  
the s lo t .  I ts  s i z e  is  

l 0 -- 5h. (3) 

The  b o u n d a r y  l a y e r  o c c u p i e s  the r e s t  of the j e t .  The  t h i c k n e s s  6 of i t s  i n n e r  p a r t  a t  x < l 0 is  rough ly  e s t i m a t e d  
f r o m  the equa t ion  [1, 15] 

6 .... 0.1 x. (4) 

In [17, 18] i t  is  shown tha t  the c o n c l u s i o n s  d r a w n  fo r  a f r e e  j e t  a r e  a l s o  p r a c t i c a l l y  r e t a i n e d  for  a j e t  
p r o p a g a t i n g  in a conf ined s p a c e .  

The  flow of a f luid ba th ing  a s u r f a c e  wi th  a r e c t a n g u l a r  r e c e s s  (Fig .  3a,  b, c) is  d i s c u s s e d  in [7, 8]. C i r -  
cu la t ion  f low,  which is  c o n f i r m e d  by s m o k e  p h o t o g r a p h s ,  f o r m s  in a r e c e s s .  If one of the d i m e n s i o n s  B o r  H 
of the r e c e s s  e x c e e d s  the o t h e r  by s e v e r a l  t i m e s ,  then s e c o n d a r y  c i r c u l a t i o n  f lows f o r m .  The  t e m p e r a t u r e  t o 
Of the f lu id  in the r e g i o n  of the r e c e s s  i s  c l o s e  to u n i f o r m .  The a v e r a g e  t e m p e r a t u r e  tw of the wa l l  of the 
r e c e s s  i s  connec t ed  wi th  t~r and t o by the d e p e n d e n c e  [7] 
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Fig. 2. Simplified d iagram of a f ree jet. 
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Fig. 3. Fluid flow in the region of a 
rec tangular  r ecess .  

to--t= _ ,4 1 +  (5) 
"Fw_ t "  

where A is an empir ica l  coefficient; A = 2 for laminar  and A = 3 for  turbulent fluid flow. 

To solve the stated problem we will use the experimental ly  confirmed dependence (5) and supplement 
the flow model in accordance  with [10]. 

The flow in the region of a r e c e s s  in the channel will be treated as a plane flooded jet flowing out of a 
slot with a width h into the r ece s s  (h + 2H) and, as shown in Fig. 1, the intermediate zone will be divided into 
two par ts  by thickness:  upper and lower. The lower par t  of the flow is adjacent to the vor t ical  core in the r e -  
cess.  In this par t  the flow turns downward near  the back r im of the r eces s  and curls  into a vortex.  The upper 
par t  of the flow (as well as the fluid par t ic les  penetrat ing into it f rom the vort ical  core) fo rms  a boundary r e -  
gion of flow at the entrance to the smooth section D of the channel. As a resul t ,  a boundary layer with a 
leveled tempera ture  and velocity profile fo rms  in this section; in accordance  with (4) at x = B its thickness ,x 
is 

A = 6 Ix=~ = O, I B. (6) 

Since dependence (4) is valid only in the initial section of the jet  (x < 10) , a l imit  emerges  to the dimensions B 
and H of the channel, v iz . ,  the dimension B must  not significantly exceed the value of l0 and, in accordance 
with (3), 

B < 5h, (7) 

or  else the model adopted above will not be observed,  

F u r t h e r m o r e ,  the scheme of the jet  changes ff its outer boundary touches the bottom of the recess .  In 
o rde r  to prevent  this, we l imit  the dimension H: 

H .>  O. I B. (8) 

Now let us apply the dependence (5) to the flow model under consideration. For  this we must  change 
f rom the tempera ture  t~ to the tempera ture  tax along the channel axis averaged over  the section ]3. We a s -  
sume that the s t ruc ture  of Eq. (5} is retained in this case ,  i .e . ,  

t o - -  tax _ 1 1 (9) 

1 +  H- -}w - -  tax lfl-A [/ / /  B 

We make one more  assumption:  on the left-hand side of Eq. (9) the average tempera ture  tax in the section 
0 -< x -< B can be replaced by the a v e r a g e - m a s s  tempera ture  Ea of a flooded jet  in this section,  i .e. ,  

t ~  t~ - -  ~ = t~ ---t------~ a (10) 
-~= -tax -~=-Ta A? 
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Fig.  4. Schemat i c  d i a g r a m s  of tes t  channe ls :  a) No. 1; b) Nos.  2 -9 ;  c) Nos .  10 and 11. 

On the bas i s  of Eqs.  (2), (9), and (10) we wr i t e  the e x p r e s s i o n  fo r  the a v e r a g e  h e a t - e x c h a n g e  coeff ic ient  ~B in 
the sec t ion  B: 

~ =  q = qK = 1 

- / (  ~---)a t0--  t a ; K (11) 
A 1-/- 

By defini t ion the loca l  h e a t - e x c h a n g e  coef f ic ien t  a, D at  x = 0 is 

q 
%i~=o=%o t ~ - - 5  a ,=0" 

We note that at x = 0 the temperature of the boundary of the jet must equal the temperature t o of the core, since 

the th ickness  h'  of the i n t e rmed ia t e  l a y e r  equals  z e r o  at  this point.  Suppose that  the th ickness  of the boundary  
l a y e r  is a l so  equal  to z e r o  at  the r i m ;  then tw = to at  x = 0 and eD0 can be r e p r e s e n t e d  in the f o r m  

q 
aDO = tO - -  ta (12) 

while (11) can be r ewr i t t en  as  

We in t roduce  the a v e r a g e  N u s s e l t  n u m b e r  in the sec t ion  B and the loca l  N u s s e l t  n u m b e r  at  x = 0, 

N u ~ -  a~i~ aooh 
}. ; Nu~176 = Z ' 

and we e s t ab l i sh  the connect ion between them on the bas is  of (11) and (12): 

(13) 

.~us - NUo0 --" | "A- ~ 2. (14) 

It was  indicated  that  1.4 -< J-A-- < 1.8 in Eq. (5), but in (14) the value of 4~ is taken as  equal to two. Some o v e r -  
s t a t emen t  of the value of the f ac to r  v~- 'par t ia l ly  c o m p e n s a t e s  for  the e r r o r  due to the a s sumpt ion  (10) and gives  
be t t e r  a g r e e m e n t  with the e x p e r i m e n t a l  data.  

So, on the bas i s  of (1) and (14), the solut ion of the p r o b l e m  is r educed  to the s e a r c h  for  the loca l  and 
a v e r a g e  Nusse l t  n u m b e r s  NUD and NUD in the smooth  sec t ion  D of the channel.  F o r  this one m u s t  know the 
t e m p e r a t u r e  and ve loc i ty  d i s t r ibu t ion  of the flow at the e n t r a n c e  to this sec t ion.  This  d is t r ibu t ion  will  be 
nea r ly  un i fo rm if the boundary  l a y e r  ,._x f i l ls  the en t i re  c r o s s  sec t ion  and,  on the bas i s  of (6), 

_\ 0.1 B 0.5 h. (15) 

Then  the va lues  of Nu D and Nu D a r e  d e t e r m i n e d  through the equat ion f r o m  [13]. 

If condit ion (15) is not sa t i s f i ed ,  i .e . ,  ~ < 0.5 h,  then in the cen t r a l  p a r t  of the en t r ance  c r o s s  sec t ion  the 
ve loc i ty  and t e m p e r a t u r e  prof i le  c o r r e s p o n d s  to o r  is c lose  to the p rof i l e  for  s tab i l ized  flow. As a r e s u l t  of 
the s tab i l iza t ion  the hea t  exchange will  take p lace  ove r  a s m a l l e r  length l h of the init ial  sec t ion (Fig. 1) than 
the length l H with the condit ion (15). 

Adopt ing  a p ropo r t i ona l  dependence  between l H and l~ ,  

0.5tz 1,: 
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TABLE i. 

5.4 
Geometr ical  P a r a m e t e r s  of Channels with h = 

Channel Geometrical dimensions, mm 
No. B D H b d 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

8,0 
8,0 
8,0 
1,5 
1,5 
1,0 
9,0 

19,5 
1,5 
8,0 

II,0 
12,0 
11,0 
20,0 
20,0 
1,5 
1,5 
1,5 

20,0 
12,0 

4,0 
6,0 
2,0 
4,0 
6,0 
6,0 
6,0 
4,0 
4,0 

4,0  
8,0 

m 

m 

15,0 
12,0 

Nu 

32 

2~ 

IB 

8 

0 2000 4000 8000 8000 Re 

Fig. 5. Experimental  resu l t s :  1) Channel No. 1; 
2) No. 5; 3) No. 6; 4) No. 2; 5) No. 10; 6) No. 3; 7) 
No. 4; 8) No. 7; 9) Nos. 8 and 9; 10) No. 11. 

with aHownace for  (6) we obtain 

B z;; = 0.2 ~ - t . .  (16) 

We use this value of l~ instead of l H for A < 0.5h to calculate Nu D and Nu D through the equations f rom [13], 
where the quantity IH is the argument.  

In o rde r  to allow for  the effect of the conditions at the channel entrance on the heat exchange, we find the 
Nussel t  number Nusm in a channel with smooth wails for the corresponding x coordinate.  Then we replace 
Nu~ by Nusm in the equations f rom [131. To calculate the average Nussel t  number N-'u over  the entire extent 
of a channel with r e c e s s e s ,  we must  replace the quantity Nu~ f rom [13] by the average Nussl t  number N'-~sm 
for  a smooth channel. Such a replacement  lets us allow for the variat ion of the flow velocity and tempera ture  
profile along the channel when not disturbed by r ece s se s .  

To sum up, Eqs. fl), (14), (16), and the equations f rom [13] allow us to es t imate  the convec t ive-hea t -ex-  
change coefficient in a channel with rec tangular  r eces ses .  

The proposed method of es t imat ing lq~ does not have a r igorous foundation. The calculating equations 
are  ext remely  simplified owing to a number  of assumptions and a p r io r i  suppositions. But a calculation of the 
average convective heat-exchange coefficient gave sa t i s fac tory  agreement  with the resul ts  of an experiment  in 
[6]. In addition, we measured  the average  heat-exchange coefficients ~0 and ~ (or the c r i te r ia  Nu 0 and N--~), 
normal ized to the initial and mean- f low-ra te  t empera tu re  difference as a function of Re with a constant channel 
wall tempera ture .  The measu remen t  e r r o r  did not exceed 5% for  ~t 0 and 9% for ~. In the tes ts  the Reynolds 
numbers  were  varied in the range of 5.102 -< Re -< 104. The investigations were  conducted in the entrance s e c -  
tions of flat channels 200 rnm long and 150 mm wide; the profi les  of the hea t - t r ans fe r  surfaces  of the channels 
and their  geometr ical  pa r ame te r s  a re  presented in Fig. 4 and in Table 1 [19]. The resul ts  of the investigations 
are  presented in Fig. 5; curve 1 per ta ins  to a smooth channel; the resul ts  of the calculations through the equa-  
tions of [13] agree well with the tests .  We adduce some general  conclusions.  
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At Re > 3000 the r e c e s s e s  intensify the heat  exchange and one cannot use the equations for a smooth 
channel with the equivalent d iameter  introduced into them. The e r r o r  in such a calculation exceeds 100% for 
large Re ~ 104. 

Despite the increase  in the hea t - t r ans fe r  surface area of channels with r e c e s s e s ,  at Re < 2000 the hea t -  
exchange intensity does not differ f rom that for smooth channels with the same d e . For  channels differing 
only in the depth H of the r eces se s  (Nos. 2-6) an increase  in H > 2" 10 -3 m has an unimportant  effect on the 
heat-exchange intensity. 

A compar ison of the resul ts  of the calculation of [Tfi through Eqs. (1), (14), and (16) and the values of N-u 
for  smooth channels with the measuremen t  data leads to the following recommendat ions.  

The proposed calculating scheme is not applicable for channels in which D << B (such as channels Nos. 8 
and 9), in which case the faces D cannot be t reated as sections of smooth walls,  which is assumed in the model. 

For  channels with only t r ansve r se  r e c e s s e s  with B -< D the proposed method leads to good agreement  
with experiment.  For  channels with longitudinal and t ransverse  r e c e s s e s  (such as 10 and 11) the proposed 
scheme can be set at the basis of the calculation of Nu, but in this case one must  calculate the length lh f rom 
the equation 

~ I,~, C}C-~b.d-~2 (17) 

while the equivalent hydraulic diameter must be calculated with allowance for the longitudinal recesses. 

The disagreement between the calculated and test data does not exceed 20~ in this case. 

x 
B and H 
D 
h 

de 
l0 
lit 
6 
A 
q 

k 
U 

Re and Nu 
t and t w 

N O T A T I O N  

is the longitudinal coordinate; 
are the width and depth of a r c ce s s ;  
~s the distance between r ece s se s ;  
is the distance between channel walls;  
is the equivalent hydraulic d iameter  of channel; 
is the length of initial section of jet; 
is the length of initial section of stabilization of heat exchange; 
~s the thickness of boundary layer  of jet; 
is the thickness of flow with a uniform temperature  and velocity;  
is the average heat-flux density normal ized to the channel dimension B + D; 
is the convective heat-exchange coefficient; 
is the thermal  conductivity of fluid; 
Is the average flow velocity; 
are the Reynolds and Nussel t  numbers;  
are the a v e r a g e - m a s s  tempera ture  of fluid and wall tempera ture  for the chosen channel c ross  s ec -  
tion. 

I n d i c e s  

upper bar 

sm 
B, D 
ax 
0 

is the average value; 
is beyond the l imits of the initial section; 
is the channel with smooth walls;  
are for channel sections B or  D; 
is the jet axis; 
is the heat-exchange coefficient or c r i te r ia  normalized to the initial t empera ture  difference. 
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I N F L U E N C E  OF THE A S P E C T  R A T I O  AND D I A M E T E R  

OF THE P R O B E  F I L A M E N T  OF A 

T H E R M O A N E M O M E T E R  ON ITS R E A D I N G  

E.  U. R e p i k ,  A. S. Z e m s k a y a ,  
and  V. N. L e v i t s k i i  

UDC 532.526.4:551.508.5 

The results are presented of an experimental investigation of the Influence of the aspect ratio 
of the probe filament of a thermoanemometer and of the absolute value of its diameter on the 
magnitude of the heat losses from the probe filament to the holders when measuring the average 
velocity of a gas stream. 

The use of a thermoanemometer to measure the average velocity of a gas stream is possible only in the 
case when the dependence of the heat emission of the probe filament of the thermoanemometer on the physical 
parameters of the stream and its geometrical dimensions is known. An exact determination of the heat-ex- 
change law of a filament by theoretical means under the actual conditions of flow over it does not seem pos- 
sible, which leads to the necessity of using calibration equations in practical measurements. 

The heat exchange between a filament and a gas stream for infinitely long filaments was studied experi- 
mentally by Collis and Williams [1], who suggested the equation 

where 

Nu (Tm ~-0,7 ~ 0.24 ,L 0.56Re TM, (1) 

V 2 Ud T:~ § T~ 
" Re w -- ; Tm := 

Nu = a)~tIATRw ' vm 2 

Filaments of finite length are used in practical measurements, which leads to the necessity of introduc- 
ing corrections to the heat-exchange law (1) allowing for the heat loss from the proble filament to the probe 
holders. In recent years the efforts of experimenters have been directed toward the establishment of that 
minimum admissible relative filament length (//d)adm for which the measurement error due to the finite fila- 
ment length is unimportant or can be neglected in practical measurements. The available test data [1-4], how- 
ever, are in poor agreement with each other, which hinders their practical use. For example, in [1] it is 
recommended to use filaments with (I/d)ad m -- 2000, in [2] (//d)adm --- 700, while in [3] (//d)adm -> 400. In [4], 
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