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The performance of cross flow heat exchangers with a nonuniform velocity distribution in 
the gaseous (air) heat carrier is analyzed. Design formulas are derived for determining 
the thermal load under conditions of a uniform and a nonuniform velocity distribution re- 
spectively. 

The need for a study of crossflow heat exchangers with mixing in the liquid and with a nonuniform 
velocity distribution in the gas (air) arises from the wide range of their technical applications (e.g., in ra- 
diators of various type vehicles). 

Many studies have dealtwith methods of designing heat exchangers, but only in a few of them was the 
erossflow ease considered. In [i] was shown a mathematical model with an analytical solution for a heat 
exchanger with crossflow but without mixing in the heat carriers. In [2] the analytical solution for this case 
is given but not in complete form. There the calculations of crossflow heat exchangers with mixing in one 
but without mixing in the other heat carrier yield sometimes appreciable deviations from test data. The 

effect of a nonuniform velocity in one of the heat c a r r i e r s  on the per formance  of the heat exchanger is not 
considered in [1] and [2]. The reduction in the heat dissipating capacity of a heat exchanger with a nonuni- 
form velocity distribution (nonuniform flow ra tes  in the tubes) is determined in [3] but only for the case of 
a paral le l  flow. 

We will consider  the case of crossf low where one of the heat c a r r i e r s  (the liquid) is mixing, i.e., has 
the same weighted mean tempera ture  over a section while the other heat c a r r i e r  (the gas s t ream) is not. 
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Fig. i. Schematic diagram representing the temperature 
variations in the heat carriers. 
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Fig. 3 

F ig .2 .  Curves  of e =f (NTU,  WG/WL): 1) WG/W L = 0.05; 2) 
0.1; 3) 0.2; 4) 0.3; 5) 0.4; 6) 0.5; 7) 0.6; S) 0.7; 9) 0.8; 10) 0.9; 
11) 1.0. 

Fig. 3. Distr ibution of re la t ive  veloci ty  v* = v ~ / ~  along the 
height of a heat  exchanger :  1) pG-vG = 5 kg /m 2 . s e c ;  2) 8 kg 

- -  - -  2 / m  2 . see ;  3) 11 kg /m 2 . s ee ;  4) 14 kg/m . s ee .  Height x (ram). 

We will cut the heat exchanger  with para l le l  planes perpendicular  to its f ront  surface  and passing 
through the axes of  tubes adjoining the front  sur face .  The cooling a rea  contained between the cutting planes 
consis ts  of the finned tube su r faces .  

In o rder  to simplify the calculations,  we will replace  a finned tube of the heat exchanger  by a r e c t -  
angular  tube having the same sur face  a rea  as well as the same active sect ion a rea  on the gas side and on 
the liquid side r e spec t ive ly  as a r ea l  finned tube adjoining the front  sur face .  

We will also adopt the p rocedure  - c lass ica l  by now - of averaging the flow cha rac t e r i s t i c s  and thus 
also the heat t r an s f e r  coeff icients  and the heat t ransmi t t iv i t ies  over  the surface  or pa r t  of it. 

In our a r rangment  shown in Fig.  1 the quantity of heat passing through a surface  e lement  is descr ibed  
by the following equation in re la t ive  coordinates:  

dQ = kF It L (x*, y*) - -  tG(x* , y*)] dx*dy*. (1) 

The t empera tu re  of the liquid will d rop  here  by (St L (x*, y*) /ax*)dx*,  ~vhile the gas t empera tu re  will 
r i s e  by (0tG(x*, y*) /Sy*)dy* .  

The quantity of heat which the liquid loses and the gas gains i s  

dQ = Wav*dx* O~ (x*, y*).@,, 
Oy* (2) 

dQ = - -  WGdY* OtL (x*, g*) dx*. 
Ox* 

Equating (2) and (3) to (1) and assuming that 

t~ (x*, v*) = tL (x*), (3) 

in accordance  With the stipulation that the liquid mixes ,  we obtain two equations: 

OtG (x*, y*) + ~NTU tG(x., y,) = NTU~__ t L (x*), (4) 
Oy* v* 

dt L. (x*) _ NTU W.. G ItT. ( x * ) -  tG(x*, Y*)l. (5) 
dx* wL 
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TABLE i. C o m p a r i s o n  be tween  Values of Q Calcu la ted  by  (11), (12) 
and Tes ted ,  with a Uni fo rm and with a Nonuniform Veloc i ty  D i s t r i -  
but ion in the Gas (Air) S t r e a m  

W L 

W/deg 
WG, W/deg 

p~ G, kg 

/ m  z �9 sec 

14,0 
lI,O 
8,0 
5,0 

14,0 
11,0 
8,0 
5,0 

3240 967 
3240 760 
3240 553 
3240 345 
2790 967 
279O 760 
2790 553 
2790 345 

Q with a uni- [ Nonuniform velocity distribution 
form ~ ,. ~ ~ - 
velocity [Qtest, W Qcalc' W mscrepancy, 
d~ib_ut.to n wi. - . . . . .  .~o_ 

T 

44000 ] 3~700 35000 4,75 
40200 ~ 33800 31950 5,7 
34000 | 28650 27200 5, l 
25500 | 20500 19500 4,83 
39800 / 35000 33200 5,0 
36000 31400 29700 5,5 
30000 26100 24600 5,8 
23400 t 21000 19800 5,8 

Solving Eq. (4) with the ini t ial  condi t ions  y* = 0, tG(x*  , y*) = tG(x* , 0), i .e . ,  a t  the gas  t e m p e r a t u r e  
at  the e n t r a n c e  to the hea t  exchanger ,  we find the t e m p e r a t u r e  drop  be tween  the hea t  c a r r i e r s  a long the 
su r f ace  of the f ic t i t ious  tube:  

tL (X*) - - tG(x* ,  y * ) = e x p (  N T U  y ,  ) 
- -  v---7- * It L (x*) - -  tG(x*,  o)1, (6) 

I n s e r t i n g  (6) into (5) and so lv ing  the r e s u l t a n t  equat ion with tG(x*  , 0) = cons t ,  with the ini t ia l  t e m -  
p e r a t u r e  drop  be tween the hea t  c a r r i e r s  at  the en t r ance  equal to t L ( 0 ) - t G ( x * ,  0) = At0, we f inal ly  have 

x* 

Jo W L \ v* , " (7) 

I n s e r t i n g  (7) into ~) and in t eg ra t ing  over  x*, y* will  y ie ld  the heat  d i s s ipa t ing  c a p a c i t y  (the t h e r m a l  
load) of  one f ic t i t ious  tube.  

0 0 0 

When the weighted  ve loc i ty  of  a i r  is un i fo rm  along the en t i r e  tube (or a tube segment )  and thus NTU 
= cons t  with v* ; 1, Eq. (8) then b e c o m e s  

1 

D 

Changing  v a r i a b l e s  unde r  the in t eg ra l  in (9) 

- -  NTU W6 exp (-- NTUy*)  = ~ 
WL 

and cons ide r i ng  that  Q = AtLWL,  we obtain with A t L / A t  o = ~ �9 

- -  NTU W6 
w L 

AlL ~. 1 1 ~ exp~.d~. 
e ~ At---~ N T U  ,~ 

(lO) 

NTU WG exp (-- NTU) 
vrr. 

E x p r e s s i o n  (10) wil l  now be  r e w r i t t e n  us ing  the symbo l s  fo r  i n t eg ra l  exponent ia l  f tmctions:  

~ =  ~ _  . WL [ WL . (~)  
N T U  

In F ig .  2 a r e  shown the values  of  e within the r anges  of NTU and W L / W  W which a r e  m o s t  typ ica l  of 
heat  e x c h a n g e r s  for  va r ious  veh ic l e s .  
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The heat  d iss ipat ing capaci ty  or  the t he rma l  load of a device with a given nonuniform veloci ty  d i s t r i -  
bution in the gas (air) s t r e a m  can be de te rmined  f rom formula  (8). Within sufficient  accu racy  for all p r a c t i -  
ca l  pu rposes ,  however ,  the fo rmula  for  the t h e r m a l  load 

Q = eat0WL (12) 

with (11) applies  to equal f ronta l  su r face  segments ,  and the weighted veloci ty  of the gas  before  reaching  
those frontal  segments  is ca lcula ted  conventionally on the ba s i s  of a r ec tangu la r  a r ea  equivalent  to the given 
section area. 

After Q has been determined for i, 2,3 ..... n frontal surface segments, the thermal load of the en- 
tire heat exchanger is represented as the sum 

X Q = Q I + Q ~ + Q 3 + "  " '+Q , ~ .  (13) 

For  i l lus t ra t ion,  we show in Fig. 3 the d is t r ibut ions  of re la t ive  veloci ty  in the a i r  s t r e a m  ahead of the 
r ad i a to r  front  ill some  typical  vehic les .  

In Table 1 a re  shown tes ted  and calculated values of the heat  d iss ipat ing capac i ty  of a r ad ia to r  at  
var ious  mean  veloci t ies  of a i r  ahead of the r ad ia to r  f ront  un i formly  and nonuniformly dis t r ibuted (accord-  
ing to Fig.  3). 

The data in Table 1 indicate that a nonuniform veloci ty  dis t r ibut ion in the gas  (air) m a y  cons iderab ly  
reduce  (by up to 16% in our ease) the heat  exchanger  p e r f o r m a n c e ,  the d i f ference  between calculated and 
m e a s u r e d  values not exceeding 5.8% he re .  

I t  mus t  be emphas ized  that,  when NTU = 1, fo rmula  (10) yields  values for the t h e r m a l  eff ic iency of a 
heat  exchanger  with a un i form t e m p e r a t u r e  dis t r ibut ion in the heat  c a r r i e r s  which differ  apprec iab ly  f rom 
the data in [2]. For  instance:  ~ = 0.517 accord ing  to (11) and 0.540 according to [2] when W G / W  L = 1 and 
NTU = 1.5, ~ = 0.431 according  to (11) and 0.630 according  to [2] when WG/W L = 1 and NTU = 5. 

The preceding  ana lys i s  shows that in the design of heat  exchangers  one should take into account the 
f ea tu res  of thei r  makeup and calcula te  thei r  t he rma l  load on the bas i s  of a nonuniform veloci ty  dis t r ibut ion 
in the gaseous  heat  c a r r i e r .  F o rm u l a s  (8), (11), (12), and (13) can be used in this case .  When the veloci ty 
dis t r ibut ion is uni form,  heat  exchanger  calculat ions by  fo rmulas  (11) and (12) a re  quite s imple .  

x* = x / l ,  y* = y /h  

fL 
l L 
h = f L / / L  
l 

l G 
PGVG , PLVL 
v G 
VG 
v* = VG/V G 
k 
F 

CG, c L 
WG, WL 
NTU = kF /W G 

N O T A T I O N  

a re  the re la t ive  coordina tes ;  
is the a r e a  of act ive sect ion in the liquid s t r e am;  
is the width of effect ive sect ion in the liquid s t r e a m ;  
is the equivalent  depth of tube; 
is the length of tube; 
is the f rontal  tubing pitch; 
a r e  the weighted veloci ty  of the gas  and of the liquid respec t ive ly ;  
is the local  gas velocity;  
is the mean  gas  veloci ty  along a tube; 
is the re la t ive  local  gas velocity;  
is the h e a t - t r a n s f e r  coefficient;  
is the su r face  a r e a  of a finned tube on the gas  side of the heat  t r ans f e r ;  
a r e  the specif ic  heat  of the gas  and of the liquid respec t ive ly ;  
a r e  the wa te r  equivalent  of the gas and of the liquid respec t ive ly ;  
is the num ber  of heat  t r a n s f e r  uni ts .  
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