
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Proceedings, Sixth International Heat Transfer Conference: 1978-08, Toronto, 
Ontario, Canada, 4, pp. 327-332, 1978-01-01

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=d2529f72-354b-462a-89ab-d8318b8604a3

https://publications-cnrc.canada.ca/fra/voir/objet/?id=d2529f72-354b-462a-89ab-d8318b8604a3

NRC Publications Archive
Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 
acceptée du manuscrit ou la version de l’éditeur.

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Performance simulation of multi-row dry (and/or wet) heat exchangers
Elmahdy, A. H.; Biggs, R. C.

https://nrc-publications.canada.ca/eng/view/object/?id=d2529f72-354b-462a-89ab-d8318b8604a3
https://publications-cnrc.canada.ca/fra/voir/objet/?id=d2529f72-354b-462a-89ab-d8318b8604a3
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits


National Research Conseil national 

- 1  i -  8 
I $. Council Canada de recherches Canada 

., a. 

PERFORMANCE SIMULATION OF MULTI-ROW 

DRY ( AND I OR WET) HEAT EXCHANGERS 

by A.qElmahdy and RC. Biggs 

Reprinted from 
Volume 4, Preptints of papers presented at the 
Sixth International Heat Transfer Conference 
held in Toronto, 7 - 11 August 1978 
p. 327 - 332 

DBR Paper No. 797 
Division of Building Research 

Price 10 cents OTTAWA NRCC 16972 



SOMMAIRE 

On a mis au point un modPle mathgmatique qui sert 5 simuler le 
fonctionnement individuel des tubes dlun Gchangeur de chaleur 5 
tubes 5 ailettes (serpentin) durant les procgd6s de refroidis- 
sement ou de refroidissement et de dEshumidification. En rEsol- 
vant nmi5riquement le modsle, on peut ob ten i r  les temperatures 
de l'air, de l'eau et de la surface des tubes ainsi que llhudditP 
spEcifLque de I'air pour chaque rangEe de rubes d  tin. 
Le coefflcfenr moyen de transmission rhennique du ~ t r E e  
d'air e s t  calculi! Z l'aide d'me formule empirique st en 
relation le Eacteur J de la transmission thermique moyenne et le 
nombre de Reynolds pour Le cdtE entree dlair. Lcs  resultats 
d'eseais et d'analyses (conditions de I'air 6vacuS et de l'eau, 
taux de chaleur sensible et latente) sur des serpentins 'a quatre 
er huft sangPes se soat rSv6lPs compatibles durant les Ctapes de 
refroidissement .et de dSshumidification. Le mod2le ussi 
servir d'algorithme pour la simulation du Ioncti du 
serpentin; cette fonction fait dlailleurs partie i e de 
programmes-machine mis au point pour effectuer des a u a r y ~ d ~  de 
consommation d'cnergie dans les r6seaux de CVCA des bztiments. 
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PERFORMANCE SIMULATION OF MULTI - ROW 
DRY (AND / OR WET) HEAT EXCHANGERS 

A . H .  Elmahdyl 

R . C .  ~ i ~ ~ s ~  

ABSTRACT 

1. National Research Council of  Canada, Ottawa, K1A OR6 

2 .  Canada Department o f  Public Works, Ottawa, K1A OM2 

6 = hea t  flow r a t e ,  W 

R = thermal r e s i s t ance ,  ~ K / W  A mathematical model is  developed t o  perform row- - 
by-row s imula t ion  of f inned-tube hea t  exchangers R = a i r  gas cons tant ,  J/kgK 
during cooling o r  cooling and dehumidification 
processes .  Numerical so lu t ion  of t h i s  model gives r = f i n  radius ,  m 

the  a i r ,  water  and tube su r face  temperatures and S  = f i n  th ickness ,  m 
the  a i r  s p e c i f i c  humidity a f t e r  each row of tubes 
along t h e  c o i l  depth. The average hea t  t r a n s f e r  T  = temperature, K 

coe f f i c i en t  on the a i r  s i d e  i s  ca l cu la t ed  using an t = time, s 
empirical  formula t h a t  r e l a t e s  t he  average hea t  
t r a n s f e r  J - f a c t o r  with the  a i r - s i d e  Reynolds number. u  = s p e c i f i c  i n t e rna l  energy, J/kg 

Experimental and ana ly t i ca l  r e s u l t s  ( o u t l e t  a i r  v  = ve loc i ty ,  m/s 
and water condi t ions ,  s e n s i b l e  and l a t e n t  heat  

W = s p e c i f i c  humidity g  /gdry air r a t e s )  o f  4- and 8-row c o i l s  showed good agreement w 
during both cooling o r  cool ing  and dehumidification x  = dis tance  i n  the d i r ec t ion  of flow o f  water,  m 
processes .  This model can be used a s  an algori thm 
f o r  c o i l  performance simulation,  which represents  a  
p a r t  o f  general computer programs used fo r  conduct- 
ing energy a n a l y s i s  on HVAC systems i n  bui ld ings .  

NOMENCLATURE 

y = d i s t ance  i n  the d i r e c t i o n  o f  flow of a i r ,  m 

a = h e a t  t r a n s f e r  c o e f f i c i e n t ,  w / m 2 ~  

B = mass t r a n s f e r  c o e f f i c i e n t  based on a i r  
s p e c i f i c  humidity d i f ference ,  kg/m2s 

A = area ,  m2 

A' = area  p e r  u n i t  length i n  the  d i r ec t ion  o f  
flow o f  a i r ,  m 

A = minimum flow area ,  m2 
m .  

a  and b  = constants  

C1,  C 2  = h e a t  exchanger parameters 

c  = s p e c i f i c  heat ,  J/kgK 

c  = s p e c i f i c  h e a t  o f  a i r  a t  cons t an t  pressure ,  
P  J/kgK 

D = hydraul ic  diameter, m h  
E = energy, J /kg  

h  = s p e c i f i c  enthalphy, J/kg 

Ah = s p e c i f i c  l a t e n t  hea t  o f  evaporation,  J/kg v  
J = hea t  t r a n s f e r  J - f a c t o r  

L = c o i l  depth, m 

Le = L e w i s  number 

y = c  / c  r a t i o  o f  s p e c i f i c  heat  
D V 

rl = e f f i c i e n c y  

X = thermal conduct iv i ty  o f  f i n  mater ia l  W/mK 

$ = function 

Subscr ip ts  

a  = a i r  s = sens ib l e  - secondary 

c  = condi t ion  o f  mois- s t  = s a t u r a t i o n  
t u r e  condensation 

f  = f i n  

g  = gas 

o  = external  

ov = o v e r a l l  

p  = primary 

r = r ad ius  

INTRODUCTION 

t = condit ion on the  
tube surface  

w = water  

1  = condi t ion  en te r ing  
t h e  cooling c o i l  

2 = condi t ion  leaving 
the cooling c o i l  

M = mass flow r a t e ,  kg/s 
Finned-tube h e a t  exchangers ( c o i l s )  a r e  extensi'vely 
used i n  many i n d u s t r i a l  app l i ca t ions  where heat  i s  

= mass flow r a t e  per  u n i t  a rea ,  kg/m2s t o  be  t r a n s f e r r e d  from one medium t o  another with- - - 
m = mass i n  the d i r e c t i o n  o f  flow o f  a i r ,  kg/m 

out  being mixed. In a i r - cond i t ion ing  sys terns, such 
multi-row (two o r  more) h e a t  exchangers a r e  gener- 

Nu = Nusselt number a l l y  used f o r  hea t ing  o r  cooling the  bu i ld ing  a i r .  

P r  = Prandtl  number 
The thermal performance o f  t hese  c o i l s  depends on 
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many f a c t o r s  ~ ) a r t i c i r l a r l y  t h e  p h y s i c a l  dinlensions mis t  a i r  is i n  cross-counter flow wi th  c l ~ i i l c d  
a n d  arrangc.lllcrlt o f  t u l ~ c s  ant1 f i n s  a s  wcl l  a s  tllc w a t e r .  A t  s t e a d y  s t a t c  c o n d i t i o n s ,  a  h e a t  and mass 
i n l c t  c o n d i t i o n s  o f  t h c  two incdia ( i n  t h i s  c a s e ,  b a l a n c e  on t h e  c o n t r o l  volume (F ig .  2) l c a d s  t o  
n o i s t  a i r  arid c h i l l e d  watc r )  . With h e a t i n g  c o i l s ,  t h e  f o l l o w i n g  e q u a t i o n s :  
o n l y  s e n s i b l e  h c a t  i s  t r a n s f e r r e d  through t h e  t u b e  
w a l l ,  and t h u s  t h e  des ign  procedure  and t h e  p r e d i c -  dTa - - r) 

7- 
5," t i o n  o f  c o i l  performance is  r e l a t i v e l y  e a s y  com- dy R~ q c  (Ta - T t , o )  (1) 

pared w i t h  coo l ing  and dehumidifying c o i l s .  With P  
t h e s e  las t -ment ioned  c o i l s ,  s e n s i b l e  and l a t e n t  
h e a t  t r a n s f e r  occur  s imul taneous ly  depending on  t h e  dW - rl 

A = .  '=,o a i r  dewpoint temperature and t h e  c h i l l e d  w a t e r  tem- (\'I, - I J t , o , s t  ) ( 2 )  
p e r a t u r e  a t  t h e  i n l e t  t o  t h e  c o i l .  Addcd t o  t h e s e  dy M a L e R a c  
h e a t  t r a n s f c r  mechanisms i s  t!le u n p r e d i c t a b l e  flow 

P 

pat ter11 o v c r  d i f f e r e n t  types  o f  t u b e  banks which dTw 
- -  - 1 

makes an a n a l y t i c a l  s o l u t i o n  o f  such flow (1) dx S r .  Rw cw (Tw - T t , ~ )  (-5) 
v i r t u a l l y  imposs ib le .  This  l ack  o f  knowledge o f  t h e  V 

c o i l  c h a r a c t e r i s t i c  h a s  r e s u l t e d  i n  an over -des ign  K 
by a s  much a s  100 p e r  c e n t  (2) .  'I' = Itx { T ~  + Tw c;- + 

t ,O 
I h i s  papcr  p r e s e n t s  a  model t h a t  can b e  used t o  s ,  0 

perform row-by-row numerical s i m u l a t i o n  o f  m u l t i -  rl h  
row c o i l s  dur ing  s jmultaneous h e a t  and mass t r a n s -  + *L- Le c  rl (!Va - W t , o , s t  1 1  ('1) 
f e r .  R c s u l t s  fro111 t h e  a n a l y t i c a l  nlodel a r e  compared 1' s , o  
wi th  some experimental  r e s u l t s  o f  t e s t s  on two h e a t  
exchangers (4 and 8 rows) .  Also,  i t  i s  assumed t h a t :  

= a  + a  T + a  T~ 
N t , o , s t  1 2  t , o  3 t , o  

MARIEMATICAL MODEL where 

R = 
R\q " s ,o  

I h e  purpose o f  t h i s  a n a l y s i s  is t o  p r e d i c t  t h e  a i r  x Ra + Rw n 
temperature and h u n i d i  t y ,  and t h e  tempera ture  o f  S , O  

t h e  c ! ~ i l l e d  w a t c r  when l e a v i n g  t h e  c o o l i n g  c o i l  a s  
wel l  as  t h c  s e n s i b l e  and l a t e n t  h e a t  t r a n s f e r  r a t e s  a  a2  and a3  = c o n s t a n t s  
f o r  t h e  g iven  i n l e t  c o n d i t i o n s  o f  t h e  two f l u i d s .  

1' 

'This a n a l y s i s  can b e  a p p l i e d  t o  any type  o f  f i n n e d  Equa t ions  (1 )  through (5) a r e  so lved  s imul ta -  
t u b e  h c a t  cxchangcr  p rov ided  t h e  v a r i a t i o n  o f  t h e  neous ly  f o r  t h e  a i r  d ry-hu lb  tempera ture ,  T , ,  
f i l m  h c a t  t r a n s f c r  c o e f f i c i e n t  on t h e  a i r  s i d e  o f  w a t e r  t empera ture ,  Tw, a v e r a g e  o u t s i d e  t u b e  s u r -  
t h c  c o i l  i s  known a s  a  f u n c t i o n  o f  t h e  a i r  Reynolds f a c e  tempera ture ,  Tt f i r  s p e c i f i c  t ~ u n ~ i d i t y ,  Wa, 
riun~ber . 'I'hc e f  f  i c i c n c y  o f  t h e  ex tended  s u r f  ace  and s a t u r a t e d  a i r  s p & c i f i c  humidi ty,  a t  tenpcra-  
( f i n s )  must a l s o  be  known e s p e c i a l l y  when c o o l i n g  t u r e  Tt,o, W t , o , s t .  The f i n i t e  d i f f e r e n c e  method 
and dehumidifying occur .  F igure  1 i s  a  schemat ic  i s  used t o  s o l v e  t h e  d i f f e r e n t i a l  e q u a t i o n s ,  when 
diagram o f  a  f inned  t u b e  h e a t  exchanger ,  where t h e  l e f t - h a n d  s i d e s  o f  Eqs. ( l ) ,  (2) and (3) a r c  

LUMPCD A I R  
C O I L  & llfa-. 

4rL0'v 
ATa , Awa 

r e p l a c e d  by -, - AT,d 
a ,  I and --- r e s p e c t i v c l y .  A 

tiR I L O W  
A Y  AY A X  

Re. Y c d e t a i l e d  d e r i v a t i o n  o f  Eqs. (1) through (4) i s  
g iven  in Appendix A .  Determinat ion of tllc t1U:Ul- 

t i t i e s  q ,,, :lnd nc,* is ol,tnined, first I,!' 
salvitlg t h e  fo l lowing  .eqult ion t o  Jctcr-~ninc tllc 
tonper r l tn rc  d i  s t r i b u t i o l l  over t h c  f i n  s u r f a c x  
d u r i n g  heat and mass t r a n s f e r  (2) ): 

d 2 ~ f  dTf 2aov 
r - + - - 1 -  

F igure  1 .  Cool'ing c o i l  arr lngement  d r 2  d r  AS 

h 
rli~ [ T ~  + & { a  + b  ( T ~  - Ta) -Wal l  = 0  ( 7 )  

A I K  FIUU 
v 

4 h + d h  .----/--, P 

t h e n  s u b s t i t u t i n g  i n t o  t h e  f o l  l ~ w i n g  e x p r e s s i o n s  
which d e f i n e  rls and qc r e s p e c t i v e l y  (4,) : 

h 

I (Tf - Ta) dAf 
1 

I A f  
I 

"s - (8) 
!------l ~ A ~ E R  FLoa 
t 

R(I\V In) Raw I n  % I I  R O W  I n  + ? I  X 
( T t , o  - Ta) A f  

F i g u r e  2. Increment  o f  an a i r - c o i l  a r e a  

- - 
l 

and 



and f i n a l l y ,  t h e  o v e r - a l l  extended s u r f a c e  h e a t  
exchanger e f f i c i e n c i e s  a r e  d e f i n e d  a s :  

and 

AIR-SIDE HEAT TRANSFER COEFFICIENT 
.- 

The average  h e a t  t r a n s f e r  c o e f f i c i e n t  on t h e  a i r  
s i d e ,  aov ,  o f  a  d r y  s u r f a c e  i s  c a l c u l a t e d  us ing  t h e  
fo l lowjng  express ion  (6) : 

In  Eq. (12) ,  t h e  maximum a i r  mass f l u x ,  ma, i s  based  
on t h e  minimum a r e a  o f  f low; t h e  a v e r a g e  h e a t  t r a n s -  
f e r  J - f a c t o r  i s  d e f i n e d  a s :  

Q u a n t i t i e s  C1 and C 2  a r e  c o n s t a n t s  f o r  a  p a r t i c u l a r  
c o i l  and a r e  s t r o n g l y  dependent  on t h e  t u b e  a r range-  
ment and t h e  p h y s i c a l  dimensions o f  t h e  h e a t  
exchanger .  Reference 7 gives  an a n a l y s i s  f o r  eva lu-  
a t i n g  C 1  and C2 f o r  s t a g g e r e d  o r  i n l i n e  c i r c u l a r  
t u l ~ e s  w i t h  c i r c u l a r  o r  con t inuous  f l a t  f i n s  w i t h  
uniforr~i  t h i c k n e s s .  

WA'TEK-SIDE HEAT TRANSFER COEFFICIENT 

I h e  average f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  on t h e  
w a t e r  s i d e ,  a w ,  i s  e v a l u a t e d  u s i n g  t h e  t u r b u l e n t  
flow r e l a t i o n  (g): 

Equation (14) may underes t imate  a, f o r  t h e  f i r s t  row 
o f  t h e  c o i l  by 5 t o  l o % ,  s i n c e  t h e  flow i s  n o t  
f u l l y  developed.  Tnis  does n o t  r e s u l t  i n  a  s e r i o u s  
e r r o r ,  however, s i n c e  t h e  w a t e r - s i d e  thermal r e s i s -  
t ance  r e p r e s e n t s  o n l y  about  16 t o  25% o f  t h e  t o t a l  
r e s i s t a n c e  o f  h e a t  flow f o r  a i r  Re between about  
200 and 2000, and Rew > 3100. 

NUF1CRICAL SOLUTION OF STEADY STATE FODEL - 
Equations (1) through (5) a r e  so lved  numer ica l ly  
us ing  a  f i n i t e  d i f f e r e n c e s  t e c h n i q u e .  Because o f  
thc c r o s s - c o u n t e r  flow arrangement ,  a  v a l u e  i s  
assumed f o r  t h e  o u t l e t  w a t e r  t empera ture ,  the11 t h e  
c n l c u l a t i o n  proceeds  i n  t h e  d i r e c t i o n  o f  flow o f  
a i r .  The program checks on t h e  c o i l  s u r f a c e  condi-  
t i o n  a t  each row by comparing t h e  a i r  dewpoint tem- 
pera  t u r e  w i t h  t h e  co i  1 s u r f a c e  tempera ture .  Having 

determined whether  t h e  c o i l  s u r f a c e  i s  d r y  o r  wet ,  
t h e  c a l c u l a t i o n s  a r e  d i r e c t e d  t o  t h e  a p p r o p r i a t e  
subprograms. This  i s  r e p e a t e d  row a f t e r  mw t o  thc  
l a s t  row of  t h e  c o i l  where t h e  c a l c u l a t e d  c h i l l e d  
wate r  t empera ture  i s  compared wit!i t h e  glvcn i n l c t  
t empera ture .  I f  t h e  d i f f c r c n c c  i s  w i t h i n  t h c  a1 lo\\- 
a b l e  l imits ,  t h e  execu t ion  is t c r n ~ i n a t e d ,  o t l i c r -  
wise a n o t h e r  i t e r a t i o n  is  n e c e s s a r y .  

EXPERIMENTAL VERIFICATION 

Four- and eight-row f inned  tube  c o i l s  have been 
t e s t e d ;  a  d e s c r i p t i o n  o f  t h e  t e s t  f a c i l i t y  and 
p m c e d u r e  has been publ i shed  (9) . These c o i l s  !lave 
c i r c u l a r  t u b e s ,  i n  a  s t a g g e r e d  arrangement ,  w i  t i 1  

con t inuous  f l a t  p l a t e  f i n s .  A summary o f  t h e  per -  
t i n e n t  d a t a  i s  g iven  i n  Table  1; Figure 3 shows 
t h e  t u b e  arrangement  and some r e l a t e d  dimensions.  

TABLE 1 Summary o f  t h e  Phys ica l  
Data o f  t h e  C o i l s  l e s t e d  

4-row S-row 

Face a r e a ,  m2  0.372 0.372 

Minimum fIow a r e a / f r o n t a l  a r e a  0 .54  0.54 

Number o f  wate r  c i r c u i t s  - 1  16 16 , 
Coi l  dep th ,  m 0 .14 0.19 

Primary s u r f a c e  a r e a ,  m2 1 . 8  3.5 

Secondary s u r f a c e  a r e a ,  m2 38.4 76.9 

F igure  3 .  Phys ica l  dimensions o f  coi  1  

I n  the exper iments  t o  pzrform sensible  caolin~ and 
cooling and dehumidi f ica t ion  of moist  a i r :  a i r  
Reynolds numher, based on t h e  c o i  1 h y d r a u l i c  d i a -  
meter ,  was v a r i e d  between about  2110 and 2000 ( t l ic  
c o i l  h y d r a u l i c  diamter i s  d e f i n e d  (c) as: 

*m 
D = 4  - L)  ; a i r  dry-bulb tempera ture  was v a r i e d  

h  An 

between 20 and 38'C; a i r  r e l a t i v e  humidi ty ranged 
between 20 and 80%; and a i r  f o r c e  v e l o c i t y  was 
v a r i e d  between 1 and 5 m / s .  

RESULTS 

This  a l g o r i t h m  was used t o  s i m u l a t e  t h e  p c r f o r i ~ ~ a n c c  
o f  mu1 t i - row f i n n e d  t u b e  h c a t  exchangers .  'I'hc 
r e s u l t s  a r e  conpared with t h e  c o r r e s l ~ o n d i n g  e x p c r j -  
mental d a t a  o b t a i n e d  by t e s t i n g  two f i n n e d  t u l ~ e  
c o i l s ,  a s  a l r e a d y  d e s c r i b e d .  The experinlental  
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TABLE 2 Summary of  Experimental and Analytical  Results  of 4-Row Coil* 

* Tests No. 1-A. 2-A, and 3-A are dry surface tests. 
Tests No. 4-A, 5-A, and 6-A are wet surface tests. 

TABLE 3 Summary of  Experimental and Analytical  Results  of  8-Row Coil* 

* Tests No. 1-B, 2-B, and 3-B are dry surface tests. 
Tests No. 4-B. 5-8, and 6-B are wet surface tests. 

Test 
No. 

1-B 

2-B 

3-B 

4-B 

5-B 

6-B 

r e s u l t s  are  given i n  Reference 9;  a  sample i s  pre- 
sented here  f o r  comparison purposes. Tes t  r e s u l t s  
of  the  4- and 8-row c o i l s ,  respect ively ,  during 
dry cooling and cooling and humidification a r e  
summarized i n  Tables 2  and 3 .  Figure 4 shows t h e  
condit ion ( o r  process) l i n e s  o f  the  4-row c o i l  a s  
p lo t t ed  on a  psychrometric cha r t .  Test 1-A repre- 
s e n t s  sens ible  cooling; t e s t s  4-A, 5-A and 6-A a r e  
cooling and dehumidifying of  moist a i r  a t  d i f f e r e n t  
loading condi t ions .  Simi lar ly ,  i n  the case of  the  
8-row c o i l ,  s ens ib le  cooling and combined s e n s i b l e  
l a t e n t  cooling of  moist a i r  a r e  represented by 
t e s t s  1-B ( sens ib le  cooling),  4-8, 5-B and 6-8 on 
the psychrometric c h a r t  (Figure 5 ) .  

DISCUSSION 

v 
a 

2.0 

3.6 

3.5 

1.5 

2.2 

3.2 

During sens ib le  cooling of moist a i r ,  t he  condi t ion  
(o r  process) l i n e  i s  simply a  s t r a i g h t  hor izonta l  
l i n e ,  a s  i t  appears on the  psychrometric cha r t  ( see  
t e s t s  3-A and 1 - B  i n  Figures 4 and 5  r e spec t ive ly ) .  
On the o t h e r  hand, i n  the  cooling and dehurnidifica- 
t i on  of moist a i r ,  the process l i n e  droops a s  it  
approaches the sa tu ra t ion  l i n e  (see  t e s t s  4-A, 5-A 
and 6-A i n  Figure 4  and t e s t s  4-B, 5-B and 6-8 i n  
Figure 5) .  'Ihe dashed l i n e s  on these f igu res  repre-  

s e n t  the  predic ted  condit ion l i n e s  of the  two c o i l s  
during d i f f e r e n t  loading condi t ions .  Comparison 
between exper inenta l l  y  determined and ana ly t i ca l  1  y  
predic ted  a i r  temperature and s p e c i f i c  humidity, 
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Figure 4 .  Condition l i n e  o f  the  4-row c o i l  during 
cooling and cooling and dehumidification (Tests 
Nos. 3,  4, 5 and 6 o f  Table 2).  
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Figure 5.  Condi t ion  l i n e  o f  t h e  8-row c o i l  dur ing  
c o o l i n g  and c o o l i n g  and dehumidi f ica t ion  ( T e s t s  
Nos. 1, 4,  5  and 6 o f  Table 3 ) .  

wa te r  t empera ture  and c o o l i n g  l o a d  i s  g iven  i n  
Tables  2 and 3 f o r  t h e  4- and 8-row c o i l s  
r e s p e c t i v e l y .  Agreement between t h e  cor responding  
q u a n t i t i e s  i s  w i t h i n  experimental  u n c e r t a i n t y .  For  
example, t h e  maximum d i f f e r e n c e  between t h e  
measured and p r e d i c t e d  a i r  dry-bulb tempera ture  is  
about  0 . 5 ' ~ ;  t h e  d i f f e r e n c e  i n  t h e  t empera ture  o f  
t h e  l e a v i n g  c h i l l e d  w a t e r  i s  l e s s .  Although t h e  
a l g o r i t h m  o f  c o i l  performance s i m u l a t i o n  p r e d i c t s  
t h e  psychromet r ic  c o n d i t i o n s  o f  t h e  mois t  a i r  and 
c h i l l e d  w a t e r  a s  t h e y  p a s s  through t h e  h e a t  
exchanger, no a t tempt  was made t o  check t h e s e  i n t e r -  
mediate  r e s u l t s .  The c l o s e  comparison between t h e  
l e a v i n g  a c t u a l  and l e a v i n g  p r e d i c t e d  c o n d i t i o n s  o f  
t h e  two media a r e  b e l i e v e d  t o  be  s u f f i c i e n t  t o  
v a l i d a t e  t h e  model p r e s e n t e d  i n  t h i s  p a p e r .  
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DERIVATION OF THE MATHEMATICAL MODEL 
OF COOI.ING COIL PERFORPIANCE SIMULATION 

For completeness ,  a  dynamic nndel is d e r i v e d  t o  
s i m u l a t e  t h e  thermal c h a r a c t e r i s t i c  o f  mu1 ti- row 
f i n n e d  t u b e  h e a t  exchangers .  This  model can b e  
used f o r  f u r t h e r  s t u d i e s  r e l a t e d  t o  t h e  dynamic 
c h a r a c t e r i s t i c s  o f  h e a t  exchangers ,  which i n  t u r n  
can b e  used  i n  t h e  s t u d y  o f  au tomat ic  c o n t r o l  
a s s o c i a t e d  w i t h  HVAC systems.  Cons ider ing  F igs .  1 
and 2 o f  t h e  main t e x t ,  t h e  f o l l o w i n g  b a s i c  
assumptions were made: 

1. uniform c o n d i t i o n s  o f  mois t  a i r  and c h i l l e d  
wate r  a t  e n t r y  t o  t h e  h e a t  exchanger ,  

2. a l l  t h e  h e a t  i s  t r a n s f e r r e d  from t h e  sir 
s t ream t o  t h e  c h i l l e d  w a t e r  ( i  . c . ,  no h e a t  
l o s s  t o  t h e  s u r r o u n d i n g s ) ,  

3. t h e  thermal  c a p a c i t y  o f  t h e  wate r  f i l m  
condensa te  i s  n e g l e c t e d  (c). 

4 .  a i r  i s  assumed t o  b e  completely mixed between 
rows ( A 2 ) .  

Energy ba lance  on t h e  incrementa l  volume shown i n  
F ig .  2  g i v e s :  

(A- 1)  

The h e a t  t r a n s f e r ,  do, i s  t h e  sum o f  t h e  s e n s i b l e  
and l a t e n t  h e a t  t r a n s f e r  through t h e  pr imary and 
secondary s u r f a c e s  ( b a r e  t u b e  and f i n  s u r f a c e s  
r e s p e c t i v e l y )  : 

+ a A; (Ta - Tt) + B A; Ahv (Wa - W t ,  s t )  1 dy (A- 2) 

Using t h e  d e f i n i t i o n  o f  h e a t  exchanger  e f f i c i e n c y  
a s  d e f i n e d  by Eqs. (81, ( 9 ) ,  (10) and ( l l ) ,  Eq. 
( A - 2 )  can b e  rea r ranged  a s :  

+ BAhv q c , o  ('a - ' t , o , s t  1 1  dy (A- 3) 

S i n c e  t h e  e n t h a l p y  o f  mois t  a i r  can b e  e x p r e s s e d  
a s  (Al) : 

h = 9 (Ta, Wa) (A-4) 

Therefore  

and 

(A- 5) 

Mass b a l a n c e  o f  mois tu re  g i v e s :  



The change i n  s t o r e d  energy  E can b e  expressed  3 s :  ) 
'I' - " ' w  (Wa - W t , o , s t  - - c - 0  t 3 0  (A- 1 7) 

a E a 'a nf cf L e  R c  1 - n S  Itw c f  mf (1  - ns) 
- dy = -- dy (A- 8) a P 
a t  a t  

S u b s t i t u t i n g  Eqs. ( A - 3 ) ,  (A-S), (A-6) and (A-8) where 

i n t o  E q .  (A-I) : 1 
Rw = - cr. A '  

1 t , i  - a A; n s , o  (Ta - TtPo) - B Ah A 1  
0 " c , o  

Heat ba lance  on t h e  c h i l l e d  w a t e r  y i e l d s :  

F i n a l l y ,  use Rq. (5) o f  t h e  main t e x t  t o  c a l c u l a t e  
t h e  s p e c i f i c  humidi ty o f  s a t u r a t e d  a i r  a t  
t empera ture ,  Tt,o. 

Note t h a t  Ahv can be r e p l a c e d  by h g  a t  t h e  same tem- 
p e r a t u r e ,  s i n c e  t h e  d i f f e r e n c e  between Ah, and h g  
i s  v e r y  smal l  when m u l t i p l i e d  by W a  ( A l ) .  
Rearrangement o f  Eqs. (A-7) and (A-9) r e s u l t s  i n :  Eq. (A-13), (A-14), (A-17), (A-19) and (5)  repre -  

s e n t  t h e  dynamic model t o  s i m u l a t e  t h e  performance 
o f  a  f i n n e d - t u b e  mult i - row h e a t  exchanger .  For  pur-  
poses  o f  t h i s  p a p e r ,  t h e  s t e a d y  s t a t e  model can i ~ c  

a 
o b t a i n e d  by dropping t h e  (-) terms o f  t h e  nl>ovc a t  
equ3 t i o n s .  'I?lcreforc 1:q. (A-1 3) h rco~ncs  : 

~ - ha aTa + i a l i  
C -- 

v v a t  n C p F =  

fi aw 
= ( - a  n 1  II ( T ~  - T + 2 (h - U  ) 3 (A-10) 

o s , o  t , ~  v g g a t  
a  

Notice t h a t :  

E q .  (A-14) y i e l d s :  

i f  t h e  Lewis number i s  i n t r o d u c e d :  

(A- 1 2 )  

ECI. (A-10) becomes: E q .  (A-19) g i v e s :  

(A- 22) 

' I  r) 
s , o  - -- awa 

"1 Ra 
CTa  - Tt,o) + (Y - 1) Ta at (A- 13) and E q .  (A-17) becomes: 

and Eq. (A-7) becomes : 

aw a 
awa - r) - - - c , o  

a t  "a M~ ~e R~ ('& - ' t , o , s t  1 (A- 14) 

where 

Eqs. (A-20) through (A-23) and (5) can b e  so lved  
n u m e r i c a l l y  f o r  Ta, W,, Tw, Tt,o and \ T t , o , s t  a s  
d e s c r i b e d  i n  t h e  main t e x t .  

(A- 15) 

and 

(A- 16) 
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