
PREFACE 

The Division of Building Research of the National Research 
Council is cur ren t ly  inves t iga t ing  how computers could be used 
t o  advantage i n  designing a i r -condi t ioning systems. This paper 
augments t h i s  work by descr ib ing  how Russian engineers used a  
computer t o  obta in  an optimum design f o r  a r e f r i g e r a n t  condenser. 

The r e s u l t s  reported here in  a r e  of l imited i n t e r e s t  i n  
Canada because the types and s i z e s  of condenser tubes s tudied  
a r e  not ava i l ab le  here; but the  system of equations presented is 
valuable.  It can be used t o  make s imi la r  ca lcu la t ions  f o r  any 
s i z e  pipe. 
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SELECTION OF OPTIMAI, SIZES OF SHELL-AND-TUBE 

CONDENSERS FOR SMALL REFRIGERATING MACHINES 

BY MEANS OF ELECTRONIC COMPUTER 

The cons t ruc t ion  of water-cooled condensers f o r  smal l  (mechanical)  r e f r i g -  

e r a t i n g  machines f o r  use i n  s h i p s t  a i r - cond i t i on ing  i n s t a l l a t i o n s  e n t a i l s  t he  

f u l f i l m e n t  of a number of  requirements.  

P r i n c i p a l l y  these  a r e :  t o  ensure  mlnlmum condenser s i z e ,  s i m p l i c i t y ,  

' t echnologica l  dependabi l i ty ,  long l i f e ,  r e l l a b l l l t y  of cons t ruc t ion  and 

a c c e s s i b i l i t y  f o r  pipe c lean ing .  

To determine the  minimum o v e r a l l  s i z e  of shel l -and-tube condensers f o r  

r e f r i g e r a t i n g  machines with a r e f r i g e r a t i n g  capac i ty  of 1,500 t o  11,000 kcal/ 

h r  ( 0 . 5  t o  3 .6  t o n s )  ope ra t ing  on Freon-22 with  given parameters f o r  the  cool-  

i n g  cyc le  and tube length ,  we s tud ied  the  e f f e c t  of water  coolan t  flow r a t e  

and temperature,  type and parameters of tube r i b b i n g  and diameter  on the  s i z e  

of the  condenser. 

Ca lcu la t ions  were made f o r  seven d i f f e r e n t  k inds  of knurled tub ing  with  

i n s i d e  diameters  of 10 - 23 mm, r i b  he1e;hts of 1.5 - 3 mm and t h r e e  d i f f e r e n t  

kinds of tub ing  with  diameters  of 10 - 16 mrn and knurled r i b s  3 mm i n  he igh t .  

(Table I). 
The geometr ical  parameters f o r  t he  knurled tubes  were taken from the  

encyc lopaed i c  manual "Ref r ige ra t ion  Engineering", Volume 1 and from VDI- 

Vermeatlas [ s i c ]  d a t a .  Geometrical parameters f o r  knurled tub ing  produced by 

the  B a l t i c  f a c t o r y  (Leningrad)  and tubes  with co i l ed  r i b s  produced by o t h e r  

Sov ie t  p l a n t s  were a l s o  used. 

Data used i n  the  c a l c u l a t i o n s  a r e  a s  fol lows:  

Temperature, O C :  

Condensation tc .......................................... 40 

............................................... Boi l ing  to 3  

.................. Water coolan t  on e n t e r i n g  condenser tw, 3 0  
S p e c i f i c  hea t  capac i ty  of  ( s e a )  water  coolan t  cw, 

......................................... kcal/kg deg 0.92 

Grav i t a t i on  a c c e l e r a t i o n  g, n/sec2 ....................... 9.81 
Coef f i c i en t  of hea t  conduc t iv i ty  of l a y e r  of accumulated ........................... mat te r  kc,, kcal/m h r  deg 2 

Thickness of l a y e r  of accumulated ma t t e r  bcl, m ........... 0.0005 

Densi ty  of water  coolan t  y,, kg/m3 ....................... 1025 
Coef f i c i en t  of h e a t  conduc t iv i ty  of  tube m a t e r i a l  ...................... ( cup ron icke l )  A ,  kcal/m h r  deg 32.4 



The flow r a t e  of  t h e  water  coolan t  Ww was assumed t o  be 1.6 - 1.8 m/sec, 

t he  v a r i a t i o n  i n  t h e  temperature of  t he  water  coolan t  At, 2 - 6'. 
Table I1 shows the  bas i c  va lues  of  N, G f r ,  I t  and AP allowed f o r ,  

depending on t h e  r e f r i g e r a t i o n  capac i ty  of  t h e  cond i t i one r .  
The h e a t  t r a n s m i t t i n g  su r f ace ,  capac i ty  and t o t a l  hydrau l ic  r e s i s t a n c e  

of condensers i n  r e l a t i o n  t o  the  i nd ica t ed  v a r i a b l e s  a r e  determined i n  t h e  
fol lowing o rde r  according t o  the  formulae: 

1. Condenser hea t  load 
( l o s s e s  of heat t o  
environment d i s r e -  
garded)  kcal/hr ........ Q = Qo + 860 N 

2.  GIa t e r  consumnption, Q 
k d h r  .................. 'W c W ( t W 2  - twl) 

3 .  Mean logar i thmic  d i f -  
0 3 

t w 2  - t w ,  
f e rence  of tempera- m t u r e s ,  "C .............. tc  - t w ,  

2.3 l o g  
t c  - 

4. Mean temperature of 
water,  OC .............. t = tC - O m  

w rn 
5. Coe f f i c i en t  of  hea t  

t r a n s f e r  from inne r  
su r f ace  of tube t o  
water ( r e f . 1 ,  p . 5 3 )  
kcal/m h r  deg ......... a = (1190 + 21.5 t - 0.045 t2 )wc8, d i 0 - '  

W wrn wm 

6. Average r i b  diameter,  m Dav = 0 . 5 ( ~ ,  + do)  

7 .  Rib he igh t ,  m .......... h = 0.5(Dr - d o )  

8. Length of r i b  generat-  ............ i n g  l i n e ,  m 

9 .  Coef f i c i en t ,  t ak ing  
i n t o  account e f f e c t  of 
r i b b i n g  of knurled tubes  
( r e f . 5 ,  p .110) .  For  
tubes  with  c i r c u l a r  f l a t  
r i b s  t he  same formula i s  
used i n  s imp l i f i ed  form S-  6, 
(same r e f .  ) ............ E p =  - + + (%)ow':h ,/ 81 (*)L; S h ( s - h )  " 1  

10. Average number of tubes ,  
v e r i c a l  ................ I n i t i a l l y  a s s ign  value n , ,  then f ind  

rn p r e c i s e  value by formula n, = z 



11. Coefficient ,  taking i n t o  
account average number 
of tubes i n  v e r t i c a l  
bundle r e f  .3,p. 131, I - 
Fig. 21  ............... e = 1 - [ ~ . l ( n ,  - 1 )  - 0.00375 n:] 

12. Mean temperature of t + tw C condensate fi lm, deg ... tm a - ( i n i t i a l  value tyo = 

13. Coeff icient  b 
p. 131,Table 13\fe;,2i" 

. . ...... kg* m" h r  deg3'4 b 591.2 2.2 t, 

14. Speci f ic  heat  load i n  
condenser, kcal/kg ..... r f  Q =G 

15. Speci f ic  heat  flow, 
t ransfer red  t o  primary 
surface of tubes, from 
Freon t o  wall  ( r e f  . 3 ,  
p .13 1 ) kca l /m h r  ...... - 0.725 b (tc - tw)0*7s q f r  - 

16. Speci f ic  heat  flow, 
t ransfer red  t o  primary 
surface of tubes not 
allowing f o r  formation 
of sca le  (from wall t o  
water) ,  kcal/m2 h r  ..... 

17. Speci f ic  heat  flow In 
condenser, not allowing 
f o r  formation of sca le ,  
q kcal/m2 h r  ........... Equations of para.  15 and 16 are solved with 

respect  t o  t,, then the  value of tw ie sub- - 
s t l t u t e d  in equat ion  15 o r  16. 

18. Determination of wall  
temperature tw, deg .... Subs t i tu te  t, in para. 12 equation and repeat  

para.  12, 13, 15, 16, 17. 
19. Heat t r a n s f e r r i n g  sur-  

face  of condenser, not  
allowing f o r  formation Q of sca le ,  m 2  ........... F = - 

9 
20. Coeff icient  of heat  

t r a n s f e r  i n  clean con- 
denser, kcal/m2 h r  deg . c = 3 

@m 

21. Speci f ic  heat  flow, 
t ransfer red  t o  primary 
surface of tubes allow- 
ing  f o r  formation of 
s c a l e  (from wall t o  
water) ,  kcal/m2 h r  ..... ely = t.. - fa!,,, 

1 



22. Speci f ic  heat  flow i n  
condenser allowing f o r  
formation of sca le  qfs, 
kcal/m2 h r  ............. Solve equations a t  para.  15 and 21 with 

respect  t o  ty then subs t i t u t e  r e s u l t i n g  value 
of t, In one of equations 15 o r  21 - 

23. Determination of wall 
temperature tw, deg .... Subs t i tu te  t w  In para.  12 equation and repeat  - valcula t ion  ?or para. 12,13,15,21 and 22 

24. Heat t r ans fe r r ing  sur-  
face of condenser, 
allowing f o r  formation 
of sca le ,  m2 Q n- ........... 

Ff. 9fs 

25. Overall  length of 
tubing, m .............. 

26. Number of tubes pe r  4Gw 
m 

" pass ................... 
nw xd2$ 3600 r,y, 

27. Tota l  number of con- 
denser tubes L ........... "'5 

28. Tube spacing (with 
cross-sect ion arrange- 
ment of equi la  t e r a  1 
t r i a n g l e ) ,  m ........... St = Dr + 0.003 

29. Diameter of c i r c l e  
passing through cent res  
of outer  tubes ( r e f . 4 ) ,  
m ...................... D f  - St40 .g4  + 

30. Outside diameter of 
condenser flange, m .... Dc = ( D f  + di)1.08 + 0.052 

31. Number of v e r t i c a l  
s e r i e s  of tubes ........ + 1 (determine from para.  10)  "'q 

32. Volume of condenser, x ..................... m3 v - D:(L + 0.126) 

33. Coefficient  of heat  
t r an s f e r  i n  condenser, 
allowing f o r  formation 
of sca le ,  kcal/m2 h r  
deg q f s  .................... C f s  = q 

34. Coefficient  of kinematic 
v i scos i ty  of water ( r e f .  
I ) ,  m2/aec v = 0.00178 1 - ............. 

1 + 0.0337 twm + 0.000221 t& Y~ 



"w 1 35. Reynolds number ........ Rew . - 
v w  

36. F r i c t i o n a l  r e s i s t a n c e  
c o e f f i c i e n t  when 
3,000 S Rew S 100,000 .. A t  = 0.3 16 

Re;''* 

37. F r i c t i o n a l  r e s i s t a n c e  
c o e f f i c i e n t  when Re < 

64 3,000 ( r e f  .3, p.1447 ... kt  . - 
38. F r i c t i o n a l  r e s i s t a n c e  of 

water c i r c u i t ,  m water L w1(Um8 yW10-" gauge .................. 1.17 A t  n 
w 1 2 g 

39. Resis tance a t  bends, w;yW 
m water gauge .......... A P b = 0 . 9 0 ( e - I )  2 g  

40. Intake and discharge 
r e s i s t ance ,  m water w2y 

-1.2 W W gauge .................. hPin and d i s  = 19 lo4Rew 2 g 
41. To ta l  hydraul ic  r e s i s t -  ... ance, m water column APtot 

= lol(*t + *in and d i s  + Nb) 
Unlike the  graph ana lys i s  method normally employed, t h e  c i t e d  method 

permits  the  temperature of t h e  tube wal l  t o  be determined j o l n t l y  with the  
so lu t ion  of t h e  equat ion f o r  hea t  flow from the  Freon condensation vapour t o  
the  main sur face  of the  tubes (para .  15 )  and the  equat ion f o r  hea t  flow from 
t h e  wal l  t o  the  water coolant  (para .  16 ) .  The system of equations i s  solved 
by means of successive apgroximations with a given accuracy of 0.1'. 

A programme f o r  computation on the "Ural-2" d i g i t a l  computer was c a r r i e d  

out  i n  accordance with t h i s  method a t  t he  technologica l  computing cen t re  (In 
t h e  town of  Nikolaev).  

Approximately 1,200 computation v a r i a n t s  were worked out ,  t h e  only 
r e s u l t s  se lec ted  f o r  p r i n t i n g  being those of v a r i a n t s  with a  hydraul ic  
r e s i s t a n c e  AP < 5 m water column. In  accordance with a  computed value V f o r  
each s tandard tube s i z e ,  graphs were drawn f o r  a  cons tant  flow r a t e  of water 
coolant  Ww and va r i ab le  values ATw, d l  and i t  (F ig .  1 - 3 ) .  

Analysis of the  r e s u l t i n g  graph r e l a t i o n s h i p s  indica ted  the  following: 
With an increase  i n  t h e  water coolant  flow r a t e  t h e  hydraul ic  r e s l s t a n c e  

of t h e  condenser increases  very r a p i d l y  in comparison with reduct ion of i t s  
volume, eopec ia l ly  when r e f r i g e r a t i n g  capac i ty  i s  reduced. An increase  I n  the 
sea-water coolant  flow r a t e  t o  more than 2 d s e c  r e s u l t s  i n  a  s u b s t a n t i a l  drop 
i n  the  hea t  t r a n s f e r  c o e f f i c i e n t  In  t h e  operat ion of the  hea t  exchanger owing 
t o  an i n t e n s i f i c a t i o n  of the s a l t  depos i t ion  process  and a  reduct ion i n  the  



e r o s i o n  r e s i s t a n c e  of t h e  condenser ma te r i a l a .  Therefore ,  a flow r a t e  of 

1.6 d s e c  was used i n  subsequent a n a l y s i s .  

With an inc rease  i n  t h e  temperature drop of t h e  water coo lan t  A t w  when 

ww = cons t ,  t h e  condenser volume and hydraul ic  r e s i s t a n c e  increase .  For  a  

f ixed  tube l eng th  t h i s  r e s u l t s  I n  an Increase  of  t he  t o t a l  number of tubes  and 

a  reduc t ion  of t h e  number of tubes  p e r  pas s ,  which complicates t he  des lgn  of 

t h e  condenser cover t o  t h e  detr iment  of t echnologica l  dependabi l i ty  and r e l i -  

ability of cons t ruc t ion .  

Minimum condenser volume and hydraul ic  r e s i s t a n c e  a r e  achieved with  a  

minimum water-coolant temperature drop ( ~ t ~  = 2O), b u t  i n  t h i s  case  t he  

coolan t  flow r a t e  i n c r e a s e s .  
I n  o rde r  t o  reduce t h e  coolan t  flow r a t e  and t h e  diameter  of t he  tubes,  

i t  is expedient  t o  assume t h a t  A t w  = 3O f o r  condensers used in s h i p s 1  a i r -  

condi t ion ing  p l a n t s .  This  would involve a very smal l  i nc rease  i n  t h e  volume 

of t h e  condenser (approximately 5%). 

The type of  tube r i b b i n g  has an apprec iab le  e f f e c t  on condenser volume. 

Heat exchange condi t ions  a r e  b e t t e r  wi th  knurled tub ing  than with t ub ing  

which has  c o i l e d  r i b s  ( t h e  e f f i c i e n c y  of the  knurled tube r i b b i n g  i s  g r e a t e r  

by 27 - 31%) and consequently,  i t s  hea t  t r a n s m i t t i n g  su r f ace  may be reduced. 
For  t h e  same hea t  load t h e  condenser capac i ty  with  knurled p ip ing  is reduced 

by 10 - 15%. 
The d i a m t e r  of the  tubes  a l s o  has a  cons iderab le  e f f e c t  on t h e  volume 

and hydraul ic  r e s i s t a n c e  of t h e  condenser. Comparison of  t h e  volumes of  con- 

densers  used with  d i f f e r e n t  s l z e s  of knurled tub ing  ( a t  a  cons tan t  hydrau l ic  

r e s i s t a n c e )  i nd i ca t ed  t h a t  minimal volumes a r e  a t t a i n e d  when do x dl = 16 x 

14.4 mm; Dr = 20.4 mm. 
Var ia t ions  of condenser volumes i n  r e l a t i o n  t o  t h e  i n s i d e  diameter  of  t h e  

tubes  a r e  shown a t  Fig.  2.  

For tub ing  with  co i led  r i b s  t he  s m a l l e s t  condenser i s  a t t a i n e d  when 

d o x d  = 16 x 14.4 rrm and Dr = 22 mm. The i n s i d e  diameter of t h e  tubes  i s  1 
such a s  t o  permit  ea sy  acces s  f o r  c l ean ing  out  d e p o s i t s  which form dur ing  use.  

In machines wi th  a  r e f r i g e r a t i n g  capac i ty  of 1,500 - 2,500 kcal /hr  

( . 5  - .8 t o n s )  t h e  tube diameter  has  l i t t l e  e f f e c t  on t h e  volume of condensers 

of a  given length,  s i n c e  l a rge  diameter p ipes  do n o t  f i t  i n t o  t h e  smal l  

diameter of the  tube panel  a s  we l l  a s  smal l  diameter  tubes .  Thus, i n  both 
cases  t h e  volumes a r e  approximately t he  same. 

With an lnc rease  o f  r e f r i g e r a t i n g  capac i ty  t h e  diameter  of t h e  tube  

panel  i s  Increased and tubes  of a l a r g e r  diameter f i t  i n t o  i t  b e t t e r ,  which 

permits  a  more e f f i c i e n t  arrangement of t h e  bundle than  is p o s s i b l e  wi th  

sma l l e r  diameter  tubes .  



The ques t ion  of t h e  e f f e c t  o f  tube length I t  on the  volume of t he  
condenser is  of considerable  importance. Prel iminary c a l c u l a t i o n s  made with 
a  va r i ab le  I t  f o r  knurled tubes and t h e  graph r e l a t i o n s h i p s  p l o t t e d  according 
t o  these  c a l c u l a t i o n s  ( see  Fig.  3 )  permit  t h e  assumption t h a t  when i t  

increases ,  t h e  hydraul ic  r e s i s t a n c e  of t he  condenser and i t s  volume decrease 

a t  f i r s t ,  bu t  when it  > it  opt t h e  volume inc reases .  
For a condenser with a r e f r i g e r a t i n g  capac i ty  of 4,400 kcal /hr  (1 .5  t o n s ) ,  

I t  op t  = 0.4 m. The minimum condenser volumes f o r  d i f f e r e n t  values  of i t  a r e  
obtained when do x dl = 16 x 14.4; Dr = 20.4 mm and do x dl  - 15 x U nun; 

D, -t 19.4 mm. 
Def in i t i ve  conclusions a s  t o  t h e  s e l e c t i o n  of optimum tube lengths  w i l l  

be drawn a f t e r  t he  d a t a  f o r  t he  e n t i r e  s e r i e s  of condensers have been 
processed. 

Thus, t ak ing  i n t o  cons idera t ion  s impl i c i ty ,  technological dependabi l i ty ,  
r e l i a b i l i t y  of cons t ruc t lon  and ease of access  f o r  c l ean ing  purposes, optimum 
s i z e  is ensured f o r  a  range of condensers f i t t e d  i n  sh ips t  a i r - cond i t ion ing  
p l a n t s  with accepted uniform tube lengths  on s e l e c t i o n  o f :  

( a )  knurled tubes of t h e  fol lowing s i z e s  ( i n  mrn): 
d o .  . . " . . " . . . .  16 
d l  . . . . . . . . . . .  14.4 
D, . . . . . . . . . . .  20.4 
6, . . . . . . . . . . .  1.81 
6, . . . . . . . . . . .  1.14 
h . .  . . . . . . . . .  2.2 

S . . . . . . . . . . .  2.04 

( b )  a  flew r a t e  of water  coolant  i n  the  condenser tubes equal  t o  1.6 n/ 

sec ;  
( c )  a  water coolant  temperature drop At ,  = 3 O .  
Tes t s  were ca r r i ed  ou t  on an experimental  model of a  condenser cons t ruc t -  

ed In  accordance with t h e  c a l c u l a t i o n  r e s u l t s  a t  a  r e f r i g e r a t i n g  capac i ty  of 
1,700 kcal/hr ( .56 t o n s ) .  The r e s u l t i n g  experimental  da t a  corresponds c l o s e l y  
t o  t h e  ca l cu la t ions .  
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Table I 

Character- 
i s t i c s  

Outside diam- 
e ter  of tube 
do, rnrn . . . . . . 

Inside diam- 
e t e r  of tube 
d i , m  ...... 

Outside dlam- 
e t e r  of r i b  
D ~ ,  mm . . . . . . 

Thickness of 
r i b  a t  base 
b,, mm ...... 

Thickness of 
r i b  a t  top 
b , , m  ...... 

Helght of r i b  
~ , I ~ I I I  ....... 

R i b  spacing S, 
mm .......,.. 

Type of tube r ibbing f o r  va r i an t s  

Knurled Coiled 

1 

12 

8 

18 

1.7 

0.7 

3 

3 

10 

15 

13 

21 

0.4 

0.4 

3.0 

3.4 

2 

12  

10 

18 

1.6 

0.8 

3 

3 

8 

10 

8 

16 

0.5 

0.5 

3 . 0  

3.5 

3 

17.7 

15.7 

21.5 

1.6 

0.99 

1 - 9  

2.03 

9 

16 

14.4 

22 

0.5 

0.5 

3.0 

3.5 

4 

23 

20 

26 

1.6 

1.05 

1 - 5  

2.0 

5 

16 

14.4 

20.4 

1.81 

1.14 

2.2 

2.04 

6 .  

14 

12 

20 

1.8 

1.0 

3.0 

3.0 

7 

15 

13 

19.4 

1.81 

1.14 

2.2 

2.04 
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Table I1 

Note: The hydraulic res is tance  of the condenser AP must 
not exceed 5 m water column 

Fig. 1 

Refrigerat ion 
capacity of 
conditioner, 

kc a l/hr 

1700 

27 00 

4400 

6900 
11000 

RelatLonship of condenser volune V t o  water 
coolant temperature drop Atw 

Freon 
conswnptlon 

Gfr r 
k u  hr 

42.5 

67.5 
110 

173 
280 

Input required 
by pnemat-c 

compressor 
motor N ,  

kw 

0.8 

1.1 

1.8 
2.9 

5.2 

a - Q, = 2,700 kcal/hr; b - Qo = 6,900 kca l / l~ r  wnan 

Length of one 
condensor 
tube It, 

m 

0.20 

0.25 

0.30 

0.35 

0.40 

w = 1.6 d s e c  ( i n t e rp r e t a t i on  of numerals 
W 1 - lQ e m  i n  Table I) 



Fig. 2 

Relatlonahip of  condenser volume V t o  ins ide  
diameter of  tube di when ww = 1 . 6  d s e o  

Relationship of condenser volume V (refr igerat ion 
capacity Qo = 4,400 kcal/hr) t o  length o f  

of tube i t  when Atw = 2 O ,  w = 1 . 6  d s e c  
W 


