
H E A T  T R A N S F E R  I N  Z - S H A P E D  H E A T  E X C H A N G E R S  

A.  M.  T i k h o n o v  UDC 536.27 

The cha rac t e r i s t i c s  of heat t r a n s f e r  in Z-shaped  heat exchangers  a re  considered.  The 
p a r a m e t e r s  de termining the t he rma l  eff iciency of such heat exchangers  a re  descr ibed ,  and 
genera l ized  re la t ionships  for prac t ica l  calculat ions a re  der ived.  The basic  resu l t s  have 
been conf i rmed by an exper imenta l  invest igat ion.  

It is v i r tua l ly  imposs ib le  to rea l i ze  in pure  fo rm the most  efficient coolant counterflow sys t em in r e -  
genera t ive  heat exchangers :  sect ions with c ross f low inevitably appear  in places  where the working medium 
is supplied as a resu l t  of s t ruc tu ra l  r equ i rements  (the so -ca l l ed  Z-shaped  heat exchanger) .  

In heat exchangers  of s ta t ionary  gas - tu rb ine  plants with long channels (of the o rder  of seve ra l  
me t e r s ) ,  these sect ions have a re la t ive ly  smal l  extent,  so that the i r  effect on the heat t r a n s f e r  p roces s  is 
usual ly neglected.  

In compact  heat exchangers ,  which are  used fa i r ly  widely at p resen t ,  the use of channels with smal l  
equivalent d i ame te r s  reduces  the extent of these  sect ions (their o rde r  of magnitude is 0.1-0.2 m). The 
c ross f low sect ions  in these devices can add up to a considerable  percentage  of the total heat -exchange s u r -  
face (up to 40-60%), so that  they affect cons iderably  the amount of t r a n s f e r r e d  heat.  

The resu l t s  of an investigation of heat t r a n s f e r  in Z-shaped  heat exchangers  a re  given below. 

The scheme of a Z-shaped  heat  exchanger  is shown in Figs .  1 and 3. In par t  II ,  a i r  and gas move by 
counterflow, while, in pa r t s  I and III,  they move by crossf low.  

The basic assumptions are the following: 

1) the heat exchange coefficients  in all pa r t s  a re  a s sumed  to be constant;  

2) pa r t s  I and IH have a t r i angula r  shape in the plan view, and the i r  geomet r i c  and the rma l  p a r a m -  
e t e r s  a re  equal (F' = F '" ,  k '  = k"'). 

3) the distr ibution of discharge over  the t r a n s v e r s e  c r o s s  sect ion is a s sumed  to be uniform in all 
par t s ;  

4) the coolant mixing conditions a re  cons idered  for  two ex t r eme  cases :  a) there  is no mixing of 
coolants in the c r o s s  sect ions normal  to the flow in any of the par t s ;  b) in pa r t s  I and III the a i r  
t e m p e r a t u r e  is comple te ly  equalized in eve ry  c r o s s  sect ion as a resu l t  of mixing; there  is no 
mixing of a i r  in par t  II and no mixing of gas throughout the heat  exchanger .  

System without Air  Mixing. The heat t r a n s f e r  in a Z-shaped  heat  exchanger  (Fig. 1) is descr ibed  
by a sys t em of six equations (these re la t ionships  have been der ived on the bas i s  of the heat t r a n s f e r  and 
heat  balance equations,  wr i t ten  for e l emen ta ry  a r e a s  of pa r t s  I and IiI of the heat  exchanger;  the var ia t ion  
in the t e m p e r a t u r e s  of the working media  in par t  II is de te rmined  by means  of the well-known re la t ionships  
for counterflow): 

1 8~' (1) r -r; 2M  oy" 
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Fig. 1. Calculation scheme for a Z-shaped heat ex-  
changer without a i r  mixing. 

or; 
2o~lMg Ox' ' 

T~"-- v;" = 1 ate" 
2Mg Oh"" ' 

ate'" 
' O x ' "  ' 2o~ Mg 

V ~ - - T ;  = , , ,  ( ' d - - T ~ ; )  �9 

According to [1], the eff iciency of the counterflow part  II is 

'~g'= 1 -  ~xp i(,o-1) M~'I 
5 -  o ~xp [(co - 5 )  M~'1 

for O = ] ,  

for ~ @1. 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Using a computer  to solve the sys tem of Eqs.  (1)-(6) according to the method of finite d i f ferences ,  we 
It! have found the gas and air  t empera tu re  prof i les  Tg 2 and T~t2, respect ive ly ,  and de termined the mean t em-  

t l 

pera ture  of the working media Tg 2 i' ,n ,n Tg 2dx andTa~ .i' ' ' = = Ta2 dy at the heat exchanger  outlet. The degree 
0 0 

of regenera t ion  for a Z-shaped heat exchanger  was de termined with respec t  to the t empera tu re  change of the 
working medium with the sma l l e r  water  equivalent: 

= / l - -  Tg2 for r (8) 
"q r [Ta2 for co ~ 1. 

Analysis of Eqs.  (1)-(6) shows that the degree of regenera t ion  depends on three  quantities: w, 1V[~, and 
Mg. For  convenience in comparing the eff iciency of the Z-shaped sys tem with the eff iciency of other  sys -  
t ems ,  the equivalent quantities M and M, calculated with respec t  to the pa rame te r s  of the coolant with the 
sma l l e r  water  equivalent,  were  used instead of the pa rame te r s  M~ and M~ in the final resul ts :  

/ 2M; + M;" ~or ,~.<1, (9) 
M=(co(2Mg§ for (o>/1. 

�9 ~ =2Mg/(2Mg + Mg'). (10) 
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Fig. 2. Gas and a i r  t e m p e r a t u r e  prof i les  at the outlet 
of a Z-shaped  heat  exchanger  without a i r  mixing (co 
= 1; the solid curves  r e p r e s e n t  W~' 2 = (ta'2-tat)/(t~2 
- t a 0 ;  the dashed curves  r e p r e s e n t  Ta2 = ( ta2- ta l ) / ( tg  t 
- t a t ) ) :  1) M =1; 2) 2; 3) 4; 4) 8; 5) 15; a) M = 0 . 3 ;  
b) 0.6.  

The calculation resu l t s  a re  given in Table 1; Fig. 2 shows the most  cha rac t e r i s t i c  t e m p e r a t u r e  p r o -  
fi les a t  the outlet  of a Z-shaped  heat  exchanger .  

For  M = 0, a Z-shaped  heat  exchanger  consti tutes a pure  counterflow heat  exchanger ,  whose eff i-  
ciency is descr ibed  by re la t ionships  (7). For M = 1, the internal  boundaries  of pa r t s  I and III coincide 
(Fig. 1), which r e su l t s  in a s ing le -pass  c rossf low heat  exchanger  without coolant mExing. In this case ,  the 
r e su l t s  a re  in sa t i s f ac to ry  a g r e e m e n t  with the solution for this sys t em given in [2] (the d i sc repancy  between 
the values of Vr is less  than 0. 001). 

With r e s p e c t  to the rma l  eff iciency,  a Z-shaped  sy s t em occupies the in te rmedia te  posit ion between 
pure  counterflow (l~= 0) and s ing l e -pas s  c ross f low 0~ = 1). 

The Z-shaped  s y s t em  has  the bes t  cha rac t e r i s t i c s  for smal l  values of the ~I p a r a m e t e r :  ~I = 0.1-0.3, 
However ,  in compact  heat  exchangers ,  the rea l iza t ion of a coolant motion approaching counterflow condi-  
tions involves considerable  design diff icult ies and is the re fo re  not always poss ib le .  

As the zones with coolant crossf low expand, the value of M inc reases ,  and the s y s t e m ' s  eff ic iency 
d e c r e a s e s .  Never the le s s ,  even for large M values,  M = 0.5-0.7,  the the rma l  eff iciency of a Z-shaped 
s y s t e m  is not infer ior  to that of mul t ipass  crossf low s y s t e m s  (with two to three sect ions) ,  which makes  it 
one of the mos t  p romis ing  s y s t e m s  for heat  exchangers  with a high degree  of regenera t ion  (~?r > 0.70-0.75). 

System with Air  Mixing. In con t ras t  to the sys t em just  considered,  the a i r  t e m p e r a t u r e s  in pa r t s  I 
and III a re  a function of the a rgument  x only (Fig. 3). 

The sy s t em  of equations descr ib ing the heat  t r an s f e r  p roce s s  consis ts  of six re la t ionships :  

xdTa -k (Ta--Ta'2) dx + dTadx = co (1 - -  Ta) [I - -  exp (--2Mgx)] dx, (11) 

i - -  Tg2 = (1 - -  Ta' ) [1 - -  exp (--  2Mgx)], (12) 

(1 - -  x) dTa" =r (T'g~'" T'a") {I - -  exp [--2Mg (1 --x)]} dx, (13) 

Tg~'-- Tg;" = (T~'-- Ta") {1 - -  exp [--2Mg (1--x)]}. (14) 

Expres s ions  (5) and (6) a re  used as the fifth and sixth equations.  

Relat ionships  (11) and (13) a re  heat  balance equations,  wri t ten for e l e m e n t a r y  a r ea s  dx of pa r t s  I and 
III (Fig. 3). In these exp res s ions ,  the amount  of heat  supplied to a i r  dQ is de te rmined  by means of Eqs.  
(12) and (14), which desc r ibe  the gas  t e m p e r a t u r e  var ia t ion within pa r t s  I and III for t '  a = eonst and t~[' 
= const  at the sect ion x under considerat ion [1]. 

The sy s t em  of equations (11)-(14), (5), and (6) was solved by means of a computer ,  using the method 
of finite d i f ferences .  The methods of p roces s ing  and presenta t ion  of the resu l t s  used for  the sys tem con- 
s idered  p rev ious ly  were  also used in this case.  
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3. Calculation scheme for  a Z-shaped  heat ex-  
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The calculation r e su l t s  a re  given in Table 2 
and Fig. 4. 

For  M = 1, a Z-shaped heat  exchanger  (Fig. 3) 
is t r ans fo rmed  into a s ing le -pass  crossf low heat  ex-  
changer with mixing of one of the coolants.  The a i r  
mixing conditions constitute a specif ic  feature  of 
such a heat  exchanger .  The mixing in pa r t  I is in- 
dependent of the mixing in p a r t  III,  and the a i r  t e m -  
p e r a t u r e s  in these pa r t s  a r e  different  at  the section 
x -- coast .  For this reason ,  the ~?r value for  the 
pa r t i cu la r  case  considered above (M = 1) somewhat  
exceeds  the Vr values found in [3] for  a crossf low 
s y s t e m  with complete mixing and, consequently,  
equal a i r  t e m p e r a t u r e s  at  any t r a n s v e r s e  c ross  s e c -  

Fig. 4. Gas and a i r  t empera tu re  prof i les  at  the 
outlet of a Z - shapedhea t  exchanger  with air  mix-  
ing. The notation is the same as in Fig. 2. tion x = coast .  

Analysis  of the data given in Tables  1 and 2 indicates that  a i r  mixing in the crossf low zones reduces  
the eff iciency of a Z-shaped sys tem.  This effect  is mos t  s t rongly pronounced for  M > 0.3-0.4. 

Four heat  exchangers  made of soldered f iat  and corrugated pla tes  were  p r epa red  for  the tes t s .  All 
the exper imenta l  spec imens  had identical channels in the gas cavity: s t ra ight  channels 119 mm long with an 
approx imate ly  t r iangular  shape and smooth walls .  A s imi l a r  heat -exchange surface  was also used in the 
a i r  cavity of the heat  exchanger .  The difference consisted only in the a r r a n g e m e n t  of the cor ruga ted  p la tes ,  
which made it poss ib le  to rea l ize  different  schemes  of coolant motion. 

Heat exchanger  No. 1 had s t ra igh t  channels with a length of 199 mm in its a i r  cavity; it cor responded 
to the s ing le -pass  crossf low sys tem.  Heat exchangers  Nos.  2 and 3 were  based on the Z-shaped  sy s t em 
with double deflection of the a i r  flow through 90 ~ (Fig. 1); the channel lengths in the counterflow pa r t  of the 
ma t r ix  were  equal to 82 and 49 a m ,  respec t ive ly .  The only di f ference between heat  exchangers  Nos. 4 
and 2 was the absence of finning on pa r t s  with counterflow in the a i r  cavity (slot channels).  

The tes ts  were  p e r f o r m e d  in a device where the a i r  (293~ flowed f i r s t  through the a i r  cavity and 
then through the gas  cavity of the heat  exchanger  af ter  heating in an e l ec t r i c  hea te r  (to 400~ The 
equali ty of the water  equivalents of the coolants (r = 1) was thus maintained automat ica l ly .  

The a i r  d ischarge  was measu red  by means of a ca l ibra ted  d iaphragm with an accuracy  to =~1%, the 
m e a n - m a s s  a i r  and "gas"  t e m p e r a t u r e s  ahead and beyond the heat  exchanger  were  measured  by means  of 
nickel r e s i s t ance  t h e r m o m e t e r s  in conjunction with a UMV bridge,  which ensured  a measur ing  accu racy  
of 0.2~ while the t empe ra tu r e  prof i les  were  measu red  by means of C h r o m e l - C o p e l  thermocouples  
( thermoelect rode  d iamete r ,  0.1 mm) and r eco rded  with a PP-2  poten t iometer .  The heat  loss  to the external  
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medium was measu red  by means of the addi t ional-wall  method, for which foam-p la s t i c  p la tes  with a thick- 
ness  of 8 mm and copper r e s i s t ance  t h e r m o m e t e r s  pas ted  on their  su r faces  were  used; the pla tes  were  
placed on both sides of the exper imenta l  spec imen in a l ayer  of the rma l  insulation (felt). 

The tes t  r e su l t s  a re  given in Table 3. The column Vr exp provides  the exper imenta l  values of the 
degree  of regenera t ion ,  equal to the m e a n - a r i t h m e t i c  values of ~r,  which are  calculated sepa ra t e ly  with 
r e s p e c t  to changes in the t e m p e r a t u r e  of the working medium in the a i r  and gas cavi t ies  of the heat  ex-  
changer.  A cor rec t ion  for the heat  loss  to the ex te rna l  medium was used in calculating ~r  {for all  heat  
exchangers  in our expe r imen t s ,  this loss  was less  than 0.7~ of the total amount of t r a n s f e r r e d  heat). 

The column Vr calc of Table 3 provides  the calculated values of the degree  of regenera t ion ,  d e t e r -  
mined by means of the re la t ionships  for the s y s t e m  without a i r  mixing (Table 1). The heat  exchange coef-  
f icients in t r i angula r  channels were  de te rmined  with r e s p e c t  to the cha rac t e r i s t i c s  of a s imi l a r  surface  on 
a specia l  stand,  while the heat  exchange coefficients in the slot  channels of heat  exchanger  No. 4 were  de-  
t e rmined  with r e s p e c t  to data f rom [2]. 

Tes ts  of heat  exchanger  No. 1 (M = 1) have conf i rmed the adequacy of the proposed  exper imenta l  
method and the sa t i s f ac to ry  accu racy  of the data obtained. The heat  balance with r e s p e c t  to a i r  and "gas"  
was accura te  within 2-3%. 

In tes t ing the Z-shaped  heat  exchangers ,  Nos. 2 and 3, the exper imenta l  and theore t ica l  data on the 
degree  of regenera t ion  and the a i r  and ~gas" t e m p e r a t u r e  dis tr ibut ions at the outlet  f rom the ma t r ix  showed 
sa t i s f ac to ry  a g r e e m e n t  (Table 3). The continuous longitudinal finning vir tual ly  precluded the poss ib i l i ty  of 
t r a n s v e r s e  mixing of coolants.  There fo re ,  the re la t ionships  for a sy s t em without a i r  mixing can be used 
in calculat ing such heat  exchangers  (Table 1 and Fig. 2). 

The absence of finning in pa r t s  with crossf low in heat  exchanger  No. 4 reduced cons iderably  (by a 
fac tor  or  approx imate ly  2.5-3.0) the hydraul ic  loss  in Z-shaped  channels,  but it produced nonuniformit ies  
in the a i r  dis tr ibution in channels of the mat r ix .  This was indicated by d i rec t  m e a s u r e m e n t s  of the veloci ty 
field at  the outlet  f rom the Z-shaped  channels and a lso  by the d i sc repancy  between the measured  and the 
calculated "gas"  t e m p e r a t u r e  prof i les  at  the heat  exchanger  outlet (for compar i son ,  one can point out the 
sa t i s f ac to ry  a g r e e m e n t  between these prof i les  in tes ts  of heat  exchanger  No. 2). The nonuniformity of the 
a i r  dis tr ibution reduced the degree  of regenera t ion  of heat  exchanger  No. 4 in compar ison  with the ca lcu-  
lated value (Table 3). 

Moreover ,  t e s t s  of heat  exchanger  No. 4 have revea led  a considerable  nonuniformity of the a i r  tern-  
! 

pe ra tu re  prof i le  ta2 at the outlet  f rom Z-shaped channels.  Under actual  conditions, even in the absence of 
finning in pa r t s  with crossf low,  only par t ia l  mixing of a i r  occurs  in these zones. It  could be expected that, 
with r e spec t  to eff iciency,  such s y s t e m s  occupy an in termedia te  posit ion between the sy s t ems  without and 
with complete  a i r  mixing considered in the p resen t  a r t ic le .  

In conclusion,  it should be mentioned that  the eff ic iency data for  Z-shaped  s y s t e m s  given in Tables  
1 and 2 can also be used for calculating heat  exchangers  where Z-shaped channels a re  provided in both the 
a i r  and the gas cavi t ies  and the flow deflection angle is d i f ferent  f rom 90 ~ 

ta~ , tg~, ta2, and tg 2 

t', t", and t" 
T = ( t -  t a l ) / ( t g l - t a l  ) 
epg and Cpa 
Gg and Ga 
co = cpgGg/CpaG a 
k' and k' 
F' and F" 

' k~Ff/epgGg and Mg= 
: k" F"/epgGg 

M and M 

N O T A  T I O N  

are  the m e a n - m a s s  coolant t e m p e r a t u r e s  at the inlet and outlet  sect ions of the 
heat  exchanger  (~ 
a re  the local  t empera tu re  values (~ 
are  the d imens ion less  t empe ra tu r e s ;  
are  the specif ic  heat  values at constant p r e s s u r e  (J/kg.~ 
are  the coolant d i scharges  (kg/sec);  
is the ra t io  of the wa te r  equivalents  of the coolants; 
a re  the heat  t r ans f e r  coefficients  ( J /m  2.sec.~ 
are  the heat -exchange sur face  a r e a s  (m2); 

a re  the 
a re  the 
(9) and 

parameters of the Z-shaped heat exchanger; 
parameters of the Z-shaped heat exchanger determined by relationships 
(10); 
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?7r 
N 

is the degree of regeneration defined by relationship (8); 
is the efficiency of the counterflow part defined by relationship (7). 

S u b s c r i p t s  a n d  S u p e r s c r i p t s  

a is the air; 
g is the gas; 
1 and 2 are the inlet and outlet sections, respectively; 
', ", and " are parts of the 7-shaped heat exchanger. 

1 .  

2. 
3. 
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