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Abstract--The method of analysis by the double film model is extended to the general case of the 
Mr-aqueous solution system, and the relations among the transfer coefficients of gas and liquid film 
are derived. Furthermore, the application of the dehumidification operation to the design of the 

equipment is discussed. 

NOMENCLATURE k G, 
a, effective contact area 

between gas and liquid 
[m2/ma]; kL, 

CH, humid heat of gas 
[kcal/kg degC]; 

C~, concentration at the K0o, 
interface between gas 
and liquid [kg-water/ 
kg-solvent]; 

Cs, specific heat capacity 
of liquid [kcal/kg L, 
degC]; 

G, gas flow rate [kg-dry m, 
air/hi; 

H, absolute humidity of m', 
gas [kg-water/kg-dry 
air]; n, 

Ham, Hah, HLm, HLh, height of a transfer 
unit [m]; n', 

ha, gas film coefficient for 
heat transfer [kcal/h Nab, NGm, NLI~, NLm, 
m z degC]; N, 

hL, liquid film coefficient 
for heat transfer [kcal/ Q, 
h m 2 degC]; 

i~, enthalpy of gas [kcal/ Qs, 
kg]; 

h, enthalpy at the inter- QL, 
face between gas and 
liquid [kcal/kg]; y, 

iL, enthalpy of liquid S, 
[kcal/kg]; 
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gas film coefficient for 
mass transfer [kg/h 
m z AH]; 
liquid film coefficient 
for mass transfer [kg/h 
m 2 AC]; 
overall mass-transfer 
coefficient taking the 
enthalpy difference as 
driving force [kcal/h 
m 2 Ai]; 
liquid flow rate [kg- 
solvent/h]; 
constant in equation 
(31); 
constant in equation 
(30); 
constant in equation 
(31); 
constant in equation 
(30); 
number of transfer unit; 
overall number of 
transfer unit; 
total transfer rate of 
enthalpy [kcal/h]; 
transfer rate of sensible 
heat [kcal/h]; 
transfer rate of latent 
heat [kcal/h]; 
latent heat [kcal/kg]; 
cross section area of 
equipment [m 2]; 
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t c, temperature of gas ["C]; 
t~, temperature at the in- 

terface [°C]; 
tL,  bulk temperature of 

liquid [°C]; 
W, mass-transfer rate [kg/ 

h]; 
Z, height of equipment 

[m]; 
a, ratio of total transfer 

rate to sensible heat- 
transfer rate; 

• , + counter flow; 
• , -- parallel flow. 

INTRODUCTION 
IN THE previous paper (1), the equations of 
unsteady state heat and mass transfer were 
simultaneously solved and the mechanism of 
simultaneous transfer phenomena was dis- 
cussed. To design the equipment used in 
humidification or cooling water operation, 
the analysis by the double film model has been 
conveniently applied. Simultaneous heat and 
mass transfer of  the air-water system have 
been studied by several workers. For the air- 
water system, Mickely [1] and the other investi- 
gators proposed the method using the chart of 
enthalpy-temperature and the relations among 
the film coefficients. For  the gas-liquid system 
for which the relations of Lewis are not valid, 
Bras [2], Mizusina e t  a l .  [3], Lewis and White [4] 
and lnazumi [5] have proposed the various 
methods using modified enthalpy, but little 
attention has been paid to the system of which 
there exist mass-transfer resistance in the liquid 
phase. In this paper, the air-aqueous solution 
system, in which the vapour-liquid equilibria 
depend upon the temperature and concentra- 
tion of the liquid, is analysed by a double 
film model and the relations among the film 
coefficients and the estimation of interface 
state are presented on the chart of enthalpy 
defined as the functions of the temperature and 
concentration of the liquid. 

BASIC EQUATIONS OF TRANSFER 
Consider the operation of the counter or 

parallel flow as shown in Fig. 1. The equations 
which express the mass and the enthalpy balance 
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(o) Counter f low (b) Paral lel  f low 

FIG. ]. Schematic diagram of equipment. 

for the total equipment or a differential height of 
the equipment can be given as follows: 

e .  G ( H a ,  - -  H a 2 )  = L ( C n l  - -  CL~) ,  (1) 

• . G d H a = L . d C L ,  (2) 

• • G ( i a ,  - -  ia~)  = L • C~ ( t L l  - -  tL.2), (3) 

• . G d i a = L .  C s d t i .  (4) 

The transfer rate of sensible heat from the bulk 
of air to the interface 

d Q s  ~ - -  • • G C H d t a  = h a a S ( t a  - -  h )  d Z .  

(5) 

The transfer rate of vapour from the bulk of air 
to the interface 

d W  = - -  e . G d H a  = k a a S ( H a  - H , ) d Z .  (6 )  

Enthalpy of  the humid air and that at the inter- 
face between air and liquid are defined as 
follows: 

i a = C H ,  t a + ) ' .  H e  (7) 

and 
ii = C m  t~ + ~ . H~.  (8) 

In the gas phase of  the air-water system it is 
assumed that the relation of Lewis is valid, that 
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is 

hG . 
- = CH. 
kG ’ 

The transfer rate of enthalpy from the bulk of air 
to the interface between gas and liquid may be 
expressed as the following formula: 

dQ = dQs + dQL = dQs + y . dW, (10) 

i.e. 

de=--. G die + kGUS (iG - ia) dZ, (11) 

where it is assumed that CH is nearly equal to 
CH(. Now the rate of enthalpy transfer from the 
interface to the bulk of liquid is 

dQ = - L . C, dtL = hLaS (ta - TV) dZ (12) 

and the rate of mass transfer from the interface 
to the bulk of liquid is 

dW = - L . dCL = kmS (Ci - CL) dZ. (13) 

The double film model contains two assump- 
tions: these are 

(i) Individual film coefficients are constant at 
all parts through the equipment. 

(ii) There is an equilibrium state at the interface 
between gas and liquid (Fig. 2). 

iG 

‘G 

I I I 
Gas phase Interface Laquld phase 

FIG. 2. Concentration and temperature profiles. 

ia = f(G, tr), (14) 

Hr = g (Ct, tt). (15) 

Under these circumstances, well-known equa- 
tions are defined from equations (5), (6), (ll), 
(12) and (13). 

J tG1 dtG 
NG~== ____ 

tGz tG - h’ (16) 

N 
J 

HGI dHG J iGl diG 
Gm = E 

HG, HG - f& 
=E . VP (17) 

iGz IG - zt 

NLh = J tL, dtL 

tLz G=G ’ (18) 

N J CL~ dCL 
Lm = 

CL2 G - CL ’ 

G.CH Z 
HG~=w= - 

NGh ’ 

Z 
H 

G 
Grn=kGaS=~m 3 

(19) 

(20) 

(21) 

LCS z __ =- 
HLh = hLaS NLh ’ 

L Z 
H --_=- 

Lm = kLaS NL~ ' 

(22) 

(23) 

where it is assumed that G, L, CH, Cg, a and S 
are constant. 

ESTIMATION OF THE INTERFACE STATE AND 
GAS STATE 

From equations (11) and (12) the following 
relation is given: 

iG - ii hLa 

__-- - -Ku’ IL - ti (24) 

Similarly, from equations (6) and (13): 

HG - Hi kLa -__ 
CL-Ci = kca’ (25) 

Applying the relation of Lewis to equations (5) 
and (11) we have: 

die iG - ii -=---_ 
dtG tG - ti 

(26) 

From equations (5), (6) and (9): 

dHo HG--H~ 
-_ 
dto tG - tr ’ (27) 

Since the equilibrium curve may be expressed 
in the relation of t-C-H or t-C-i, two variables 
out of three must be known in order to de- 
termine the interface state. For this reason the 
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FIG. 3. C-H chart. 

two charts expressing the relation of variables 
which are mutually independent are necessary 
to determine the interface state. In this case, 
besides the t- i  chart or t - H  chart, the C - H  
chart must be used to determine the interface 
state between gas and liquid. 

Figure 3 shows the C - H  chart and the operat- 
ing line expresses equation (2) and the equi- 
librium curves correspond to equation (15). 
The state of gas and liquid at any points through 
the equipment is the function of the four 
variables ta, Ha, tL and CL, and as there is a 
relation (7) among the three variables t G, Ha  and 
iv in the gas phase, the other may be determined 
if two of them are known. 

Now in Fig. 3, if the gas temperature tc 
corresponding to the arbitrary point C (CL, Ha) 
on the operating line is known, the correspond- 
ing point C(tL, iG) in Fig. 4 can be determined 
and the inverse process is possible. I f  a tie line 
whose slope is - -kLa/kaa is drawn from the 
point C in Fig. 3 while a tie line whose slope is 
--hca/kGa is drawn from the point C in Fig. 4, 
the point D, which represents the interface 
state, can be determined on an equilibrium 
curve as the point where each of t~, C~, H~ and h 
has the same value in both figures. For example, 
when the gas state C', corresponding to the point 
C, is known in Fig. 4, if C~ is assumed, t~ and h 
(H0 are obtained from the point D on the 
equilibrium curve and then C~ can be determined 
in order that H~ obtained from Fig. 4, coincides 
with H~ obtained from t~ and C~ in Fig. 3. 

As described above, it is necessary that the 
corresponding gas state C' must be known in 
order to determine the interface state between 
gas and liquid at an arbitrary point through the 
equipment, therefore the determinations of the 
interface and gas states must be carried out 
simultaneously. The gas state can be determined 
by a graphical method as shown in Fig. 4. The 
interface state D is determined from the points 
A (tLa, icx) and A' (to1, ial) and as the line A D  
has the slope diMdto, C' is obtained as the 
joining point of the line A D  and the line of 
i = iG and by succeeding these steps the varia- 
tions of gas state will be followed up. 

RELATIONS BETWEEN OVERALL COEFFICIENT 
AND INDIVIDUAL FILM COEFFICIENTS 

Enthalpy iL, which is in equilibrium with the 
bulk concentration CL and the bulk temperature 
tL of liquid, is given from equation (14). 

in = f (CL, tL). (28) 

The overall mass-transfer coefficient, K0 aa, is 
defined by taking the enthalpy difference between 
the bulk of gas and liquid as the driving force, 
as in the following equation: 

dQ ~- -- EG dig -= KoaaS (iG -- iL) dZ. (29) 

Now, assuming that the equilibrium curve can 
be represented by a straight line, that is 

H ~ = m '  . t ~ + n ' .  C ~ + b ' ,  (30) 

i t = r e ,  t ~ ÷ n .  C ~ + b ,  (31) 
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FIG. 4. t-i chart. 

iz --- m . t z  + nCL + b. (32) 

From equation (8), 
# 

m = C H , + y m ' ,  n = y n ,  b = y . b ' ,  (33) 

where the average value is used for CHv 
Combining equations (31) and (32), 

i c  - -  iL : ( ia - -  h) + (ii - -  iL) = (ia - -  iO + 

+ m (tl - -  tL) + n (C~ - -  CL). (34) 

From equations (6) and (13), 

d W = k c a S  ( H a  - -  Hi)  d Z  

= k L a S  (Ct - -  CL) dZ .  (35) 

From equations (29), (11) and (12) 

d Q  = K o a a S  (ia - -  iL) d Z  = k a a S  (ia - -  ii) d Z  

= hLaS  (t, - -  tL) d Z .  (36) 

Defining that the ratio of overall enthalpy 
transfer rate to sensible heat-transfer rate in 
equation (10) is a, from equations (6), (11), (12) 
and (13), 

dQ dQ ia -- ii 
a - -  d Q z  e d W  7 ( H a  - -  Hi )  

hL (ti - -  tL) hL (tt - -  t~) 

~' kL • (Cl - -  CL) y • k a  ( H a  - -  Hi)  

(37) 

Using a, from equations (35) and (37), the 
following equation is given: 

H . M . - - 2 0  

d Q  -~ y . a . d W  = ~ . a . k L a S  (Ct - -  CL) dZ .  

(38) 
Also, from the equations (36) and (38); 

Koaa ( ic  - -  i L )  = k a a  (ia - -  iO 

= hLa (ti - -  tL) = ~ • akLa (Cl - -  CL) 

i a -  iL ia - -  ii ti - - t L  Ct - -  CL 

1/Koca 1 /kaa  1/hLa 1 / y . akna  

(io - -  it) + m(ti  - -  tz)  + n(Ci - -  CL) 
- -  ( 3 9 )  

1/kaa  + m/hLa + n / yakza  

Therefore, the relation between the overall 
coefficients K0a a and individual film coefficients 
kaa ,  haa  and k z a  can be expressed as the follow- 
ing equation from equations (34) and (39) 

1 1 m n 

Ko ca k ca + ~ 4- Y. a. kLa" (40) 

Equation (40) is the local relation which is 
valid at any point Z through the equipment. It 
has been found that the overall coefficient Koaa 
is not constant, because the dimensionless ratio 
a is generally a function of  the location even 
though k a, ha,  kL, hL, m and n are constant. 
In the next discussion, overall relations between 
coefficients will be obtained considering this 
fact. Integrating equation (29) 

S Z  riG1 dia  
I (41) 

-G : E Koaa (ia iL) " dia2 
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FIG. 5. Representa t ion  o f  the graphical  me thod  for the case a const.  

Average value (Koca)m is defined as follows: 

1 [iux diu /[i~,~ dig 
- - 

(42) 
Using this definition, 

[ ic~ die 
(Noa)rn : E , (43) 

die.'2 ic -- iL 

G Z 
(Ho(;)m ~ (~'0 ca)m - S  = (-N0o)~, " (44) 

Taking the average value of both sides of 
equation (40), 

1 [i.~ dic ] fio  die (45) 

can be defined. From these definitions the 
following overall relation can be given: 

1 1 m n 

(Ko-ca-)m : k c---a -t- hLa + 7 (~)m kLa" (46) 

If a is constant at any point through the equip- 
ment, from equations (6), (11) and (37), 

dic i¢; 1 -- ic~ 
:-  7 id-Hc ~= ~, (He1 ~-?-/t-C~)" (47) 

Therefore, only in this case Koua ~-(K0oa)m, 
~ (a)m, so Kooa is constant through the 

equipment and the equation (30) coincides with 
equation (46). 

From equation (10) 

dQ dQ.~ -~- dQL dQs 
= O Q L Z  __dQL- = d Q ~  + 1. 

Substituting equations (5) and (6) into the 
above equation and using equation (9) 

Ha -- Hi CH 1 
tc Z t i  -= a ill i "7" (48) 

From equations (26), (37) and (48) 

dia ic -- h aCH 
d t a = t u : i S } i = = ~ U  i" (49) 

If a is constant, 

dia i u ~ -  ia~ 
-- -- const. (50) 

dta tal t6,~ 

Therefore the variations of the gas state are 
represented by a straight line and as a is obtained 
from equation (47) the value of equations (49) 
and (50) is determined and then the interface 
state is represented as the joining point of the 
line of equations (24) and (49). In this case trial 
and error methods are not necessary. Now, in 
the air-water system, as n ~-0 and n ' - - 0  in 
equations (30) and (31) and kLa--~ ~ ,  then 

1 1 m 

rosa  = k ~  ~ hL-o" (51) 

Therefore, it follows that a has the significant 
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meaning  as the value expressing the t ransfer  
character is t ics  o f  the  system in which there exists 
the mass- t ransfer  resistance in the l iquid phase  
and in which the interface state is a funct ion o f  
t empera tu re  and concentra t ion .  

SUMMARY AND CONCLUSIONS 

The interface state and  the gas state o f  the 
system in which the mass- t ransfer  resistance 
exists in the l iquid phase  can be de te rmined  by a 
graphica l  me thod  using the C - H  chart ,  the 
t - i  chart ,  and  the re la t ions between film co- 
efficients as shown in Figs.  3 and  4. 

Prov ided  tha t  the vapou r - l i qu id  equi l ibr ia  can  
be represented  by  l inear  relat ions,  the  re la t ions 
between the overal l  coefficient and  indiv idual  
film coefficients can be expressed by equat ion  
(40). 

Since a, which indicates the ra t io  o f  to ta l  heat-  
t ransfer  rate  to  sensible heat - t ransfer  rate,  is 
general ly  a funct ion o f  k a ,  hz, k~, m and  n, so 

Kooa as defined by  equa t ion  (29) is not  always 
cons tan t  th rough  the equipment .  I t  has been 
found  tha t  if  a is cons tant  Ko~a may  be constant  
th rough  the equipment .  

The w a t e r - a i r  system in which the mass-  
t ransfer  resistance in l iquid phase  is absent  can 
be recognized as a special case o f  a gas - so lu t ion  
system. 
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R6sum6---La m6thode d'analyse par le mod61e du double film est 6tendue au cas g6n6ral du syst6me 
air-solution aqueuse, et on obitent les relations entre les coefficients de transport du film gazeux et 
liquide. De plus, on discute l'application de l'op6ration de d6humidification b. la conception de 

l'6quipement. 

Zusammenfassung--Die Analysis nach dem Doppelfilmmodell wird auf den allgemeinen Fall von 
Luft-Wassergemischen erweitert und Beziehungen zwischen den Obergangskoeffizienten far Gas 
und Fliissigkeitsfilm abgeleitet. Daneben wird die Anwendung des Entfeuchtungsvorganges ffir den 

Entwurf yon Apparaten besprochen. 

AimoTaRH~[--MeTo~ a n a z i n a a  ~/IBOI~IHOI~I nZ~eHoqnoii Mo~eJIH npI~MeHffeTCff t¢ OgIt~eMy c~yqa~o 
CHCTeMhl BOJIa-Bos~yx. B~Be~eH~ COOTHOIUeHnn MemRy ~¢Oa~(i)nt~eHTaMH nepenoca R rasoaoii 
n m~;I~¢oli n.~eH~ce. HpoMe Toro, paccMawpaBaeTca npnMeHeHrle aToro MeTo~a ~p~ ~OHCTpynpo- 

n a a ~  o6opy~onaana ~.~a o6eanomHBau~n. 


