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Abstract- The present experimental study investigates the controlling mechanism involved in a new 
combined vertical film-type absorbermvaporator exchanger and deals with the experimental dependence 
of the overall heat and mass transfer rates on various operation conditions. The method of analogy 
between heat and mass transfer near the film surface is used to calculate the interfacial concentration and 
temperature, thus determining the heat and mass transfer coefficients. It is shown that the absorption 
process is controlled by a mass transfer mechanism on the liquid side and the mass transfer coefficients are 
higher than those obtained in isothermal absorption due to the convective effect arising from vapor 
absorption in the falling brine film. The correlations of mass transfer coefficient with respect to the inlet 
brine Reynolds number and physical properties have been derived. As to the heat transfer coefficient, it is 
found that the flow rate of water film and the absorber pressure have a minor effect on the overall heat 
transfer coefficient of the whole unit. In addition, a predictive model, based on the superposition of heat 
transfer near wall and near film surface, is proposed and has been successfully applied to evaluate the heat 

transfer coefficient of the absorber itself. Copyright 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

The interest in absorp t ion  of  water  vapor  on brine 
solution originates f rom the idea of  energy recovery. 
Actually,  concent ra ted  salt brines represent  a large 
source of stored energy and  are natural ly  available in 
various locations a round  the world. Isshiki [1] 
init iated a power cycle which utilized the con- 
cent ra t ion  difference energy (CDE)  unit ,  wherein the 
heat  of di lut ion and  the boil ing point  elevation of 
concent ra ted  brines were used to drive the heat  engine, 
schematically depicted in Fig. 1. However,  this unit  
needs two heat  exchangers  for high and  low tem- 
perature  levels, respectively, thus lowering the nom- 
inal driving force available for power  generation.  In 
order  to improve this disadvantage,  Brauner  et al. [2, 
3] proposed a direct-contact  C D E  power cycle scheme, 
as depicted in Fig. 2, wherein the heat  released dur ing 
direct contac t  hygroscopic condensa t ion  on the brine 
solution sustained the cont inuous  generat ion of  
upgraded vapor  to drive the turbine.  Cont inuous  
energy t ranspor t  in this process is possible because the 
latent heat  of  vapor  absorp t ion  on a hygroscopic salt 
solut ion is relatively higher than  tha t  of  evapora t ion  
of pure  water. 

Cheng  [4] proposed a similar process in waste water  
I reatment  and chemical  purification. The vapor  pres- 
sure enhancement ,  which is the main  purpose of such a 
process, is accomplished across a vertical heat  t ransfer  
wall provided with two falling liquid films. The film 
on one side is an absorb ing  solution while on the other  

side is pure water. The first vapor  brought  in contac t  
with the relatively hot  solution film is absorbed  due 
to the reduced vapor  pressure of the salt solution. The 
heat  released is t ransmi t ted  th rough  the vertical wall 
to vaporize water  on the other  side and  generates a 
second vapor  whose pressure is higher than  that  of  
the first vapor.  

The non- i so thermal  heat  and  mass t ransfer  charac-  
teristics of  the s imultaneously direct-contact  absorp-  
t i on -evapora t ion  unit  are of  major  impor tance  in 
evaluat ing the overall per formance  of  the systems 
ment ioned  above. The main  problem in calculat ing 
the overall heat  and  mass t ransfer  coefficients is the 
difficulty of  accurately determining the interfacial tem- 
perature  and  concent ra t ion  of  the solution film. Since 
some uncertaint ies  in determining the interfacial  tem- 
perature  and  concent ra t ion  of  the solution film exist, 
the descriptions of  t ransfer  p h e n o m e n o n  near the film 
surface, especially in the turbulent  flow region, are not  
yet conclusive in the literature. One group of  au thors  
[3, 5, 6] assumes tha t  the turbulence (eddy heat  trans- 
port)  is not  damped  near  the film surface. Therefore,  
there is no  tempera ture  gradient  existing between the 
surface and  core of the film due to the intensive tur- 
bulent  heat  exchange, and  the surface and bulk tem- 
peratures are practically equal. Ano the r  group of 
au thors  [7 10] assumes tha t  turbulence is damped  
near  the surface due to the effect of  surface tension or 
viscosity, so tha t  directly at the interface only molec- 
ular t r anspor t  of  heat,  mass and  m o m e n t u m  is poss- 
ible. Ytiksel and  Schlfinder [11] directly measured the 
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NOMENCLATURE 

a thermal diffusivity [m ~ s '] [1 
C brine concentration by weight [%] F 
Cp specific heat capacity [kJ kg-~ K '] (5 
D molecular diffusivity [m 2 s I] AC, m 
E~ Ackermann's  correction factor, 

equation (3) Ah~ 
g gravitational acceleration constant A Th,~ 

[m s -] 
h enthalpy [kJ kg- ' ]  I~ 
k thermal conductivity [W m ' K ~] v 
L total film length [m] p 
Le Lewis number, Sc/Pr 
m~, local mass absorption rate [kg s ~ m 2] 
Ms total mass absorption rate per unit 

wid th [kgs  ' m  -l] a 
Nu Nusselt number  b 

B 
P pressure [torr] c 
Pr Prandtl number  v/a fh 
q~ local heat flux [kW m ~] i 
Qr total heat rate per unit  width [kW m ~] 

o 
Re Reynolds number 4F/g 
Sc Schmidt number  v/D P 
Sh Sherwood number, equation (14) ph 
T temperature [K] tr 

v 
x longitudinal coordinate [m] 

w 
U overall mean heat transfer coefficient 

[kWm : K  ']. 

Greek symbols 
heat transfer coefficient [kW m - :  K ~] 

mass transfer coefficient [m s '] 
flow rate per unit width [kg s ~ m 
film thickness [m] 
logarithmic mean concentration 
difference, equation (I 3) 
heat of absorption [kJ kg ~] 
logarithmic mean temperature 
difference, equation (11 ) 
viscosity [kg s ' m ~] 
kinematic viscosity [m e s '] 
liquid density [kg m ~]. 

Subscripts 
absorption 
brine 
bulk condition 
condensing vapor 
film heating 
inlet 
outlet 
plate 
film interlace 
transition 
water vapor 
water film. 

Superscripts 
* at thermodynamic equilibrium 

average. 

interfacial temperature of brine film absorbing water 
vapor by means of the infrared pyrometer. It was 
shown that the assumption of undamped turbulence 
near the surface might be improper. They also con- 
firmed the statements of the Levich-type description 
of falling film heat and mass transfer, that is, the 
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WATE~X__~ WATEB ] 
Fig. 1. Schematic description of a concentration difference 
energy (CDE) power cycle based on external heat transfer 

surfaces [1]. 

damping of the turbulence occurred not only near 
the wall but also in the vicinity of the film surface. 
Furthermore, they proposed a method to calculate 
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Fig. 2. Schematic description of direct-contact CDE power 
cycle [3]. 
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the surface temperature and concentration iteratively, 
Which is based on the concept of analogy between heat 
and mass transfer near the interface. The heat and 
mass transfer coefficients obtained by this method 
agreed well with those determined by direct measure- 
ment. 

In fact, the absorber itself in the above-mentioned 
CDE power cycle represents an important and well- 
known film-type heat and mass exchanger. Many 
theoretical models of heat and mass transfer for the 
absorber have been developed and many laboratory 
experiments have been performed [12-17]. However, 
the resulls and explanations are inconsistent and 
partly contradictory, especially the heat transfer 
coefficienl is often anybody's guess. 

For investigating the performance characteristics 
of this new combined absorber-evaporator unit on 
moderate temperature level, a simulated experimental 
system is built to test at various operation conditions, 
namely different solution flow rate, solution con- 
centration, absorber pressure and water flow rate. 
Moreover, the transfer coefficients on the absorber 
side are also evaluated, with a goal of understanding 
the mechanism of heat and mass transfer in a falling 
film absorber. In that case, the evaporator in the sys- 
tem can be viewed as an effective heat sink to take 
away the heat generated in the absorber. 

age tank is equipped with a 9 kW heating element to 
regenerate the weak solution after the experiments 
have been done. The strong brine solution and water 
are driven by the magnetic-driven pumps to their 
respective slot-type film distributors. After absorbing 
the water vapor, the brine solution flows into the weak 
solution storage tank by gravity. As the brine solution 
is relatively corrosive, the tanks and the piping system 
are made of 304 stainless steel. 

Thermocouple compression fittings are welded into 
the desired locations (T1 T13) for use in the measure- 
ment of temperatures. The variable-capacitance type 
pressure transducers are installed in the absorber and 
evaporator to indicate the absolute vacuum pressure. 
The accuracy of such sensor is +0.5% of reading 
value. Rotameters are used to monitor the liquid flow 
rates. The specific gravity of the brine solution is mea- 
sured by means of a digital density meter which is 
based on the mechanical oscillator technique and a 
build-in digital thermometer is used in the temperature 
measurement. The accuracy of the digital density 
meter is within _+ 10 4. From the relationship of spec- 
ific gravity, temperature and concentration of the 
CaCI~ solution [18], the brine concentrations can be 
determined accurately from the measured specific 
gravity and temperature. 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

2. l. Apparatus 
The set-up used in the absorption-evaporation 

experiments is depicted in Fig. 3. The apparatus 
mainly consists of: (1) test chamber, (2) a strong 
solution storage tank, (4) a weak solution storage 
tank, (5) a tank for water storage, and (3) a condenser 
fi~r excess vapor and the measuring devices. The test 
chamber is divided into two compartments by a ver- 
tical copper plate 30 cm wide, 100 cm long and 2 mm 
thick. The left-hand side of the test chamber is used 
as an absorber and the right-hand side is used as 
an evaporator. The absorber and the evaporator are 
linked by an external tube of 50.8 mm in diameter and 
a pressure regulation valve for vapor transport. In the 
absorber, coupled heat and mass transfer occurs as 
the falling film of CaCI, solution absorbs water vapor. 
The heat released is transmitted through the copper 
plate to evaporate the water film in the evaporator 
side. The vapor generated from the evaporating film 
is transferred through the pressure regulation valve 
(RVI), by which the vapor pressure is adjusted to the 
required pressure level in the absorber compartment. 
Excess vapor in the absorber is drawn and condensed 
in the condenser (3). 

The strong solution storage tank and the water 
storage tank are equipped with cooling coils and 
respective chillers of 2 ton refrigeration capacity. A 
PID controller is used to control the temperature to 
within + 0.1 C .  In addition, the strong solution stor- 

2.2. Experimental procedure 
The strong brine solution with known con- 

centration and water in the storage tanks are cooled 
to the required inlet temperatures, respectively. In 
order to minimize the effect of non-condensible gases, 
the inert gases should be evacuated from the strong 
brine solution as much as possible. So, before being 
pumped to the absorber, the strong brine solution 
tank is evacuated by a vacuum pump. This purging 
procedure lasts for about 3 h. 

After the purging process, the pressure in the evap- 
orator is gradually brought down by the w~cuum 
pump until the pressure is equal to the saturation 
pressure corresponding to the inlet water temperature. 
The liquid films are then uniformly formed over both 
sides of the vertical plate at the desired flow rates by 
means of regulating the valves of the by-pass circuits. 
Evaporation occurs when the pressure in the evap- 
orator reaches the saturation pressure of water film. 
The generated vapor flows into the absorber through 
the pressure regulation valve and is absorbed into the 
falling film of the strong brine solution. The heat of 
absorption is transmitted through the vertical copper 
plate to the evaporating water film, continuing to 
evaporate more water vapor. As the steady-state con- 
dition is reached, the following quantities are mea- 
sured : the flow rates ; the pressures ; the entrance and 
exit temperatures of the solution and water : the wall 
temperatures and the temperatures in the density 
meter ; the density of the concentrated and the diluted 
solution in the feed and exit, respectively. 
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Fig. 3. Schematic description of experimental set-up 1-1. absorber; 1-2, evaporator; l-3, vertical copper 
plate : 2, storage tank of strong solution : 3, excess vapor condenser : 4, storage tank of weak solution : 5, 

storage tank of water ; 6, liquid pumps ; 7, vacuum pump. 

3. EVALUATION OF HEAT AND MASS 
TRANSFER COEFFICIENTS 

In absorption of vapor in the brine solution, a large 
amount  of heat of absorption is released at the inter- 
face. This results in an increase in the solution tem- 
perature, especially in the interfacial temperature, 
which in turn reduces the vapor solubility. Hence, 
the absorption rate is controlled significantly by the 
intensity of heat removal. For  the design of the 
absorber-evaporator unit, heat and mass transfer 
must be considered simultaneously, since the two are 
coupled phenomena. Therefore, it is important  to 
determine the interfacial temperature and concen- 
tration as evaluating the phenomenon of heat and 
mass transfer in the present study. 

3.1. Calculation o f  the inter/acial temperature and con- 
cen tration 

Figure 4 shows a schematic description of the ver- 
tical falling film absorber. A brine solution of mass 
flow rate Fb~, concentration Cb, and temperature Tb~ 
enters the absorber and flows down along the vertical 
plate by gravity. The absorber is filled with water 
vapor with pressure Pc. The corresponding saturation 
temperature T, is lower than the brine temperature 

x! 
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Cb,, T~, Fb, 

I f i l m  ~ T ¢  p=P~ 

wate r  ~ : ~ a ~ _  vapor  

I T v  
I 

L I 
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ver t i ca l  p la te  weak so lu t ion  
.m l~ - -  

C~, Tbo, Z. 
Pig. 4. Film absorption with temperature and concentration 

profile. 
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Th. However, the relatively cold vapor is absorbed 
and condensed by the brine film, providing P~ is larger 
than the brine vapor pressure Pb corresponding to T~ 
and Cb, that is, P~ > Pb(Tb, Cb). As the water vapor is 
absorbed, the heat of absorption q, is released at the 
film surface. Therefore, there are mass flow rates of 
absorbed water m~, and heat flux q~ transporting from 
the film surface to the wall simultaneously. Tem- 
perature and concentration boundary layers based on 
the heat and mass transfer near the interface are per- 
formed. 

Near the interface, the heat transfer coefficient :% 
is defined by 

q, 1 
× .... (1) 

~ph - -  (T~b TB ) E I  

where G and the Ackermann's  correction factor Ev 
[19] are given by 

q~ = m, (h , -hw)  

= m, Ah, (2) 

and 

E r =  
a h .  In [1 + Cpw(~- G)/zXh.] 

(3) 
Cp~(T~b- T~) 

Here, h, is the enthalpy of water vapor at its tem- 
perature Tv, hw is that of liquid water at the interfacial 
temperature T~b, and Cpw is the specific heat of liquid 
water. 

The mass transfer coefficient fl is defined by regard- 
ing the unidirectional mass transport as follows 

ma 
fl - (4) Pb ln(CB/C~) 

where Pb is the density of the brine solution and C* is 
the interfacial concentration of brine solution at the 
thermodynamic equilibrium condition, that is 

C*  = C*(T"~b, Po). (5) 

In the experimental work of Yfiksel and Schl~nder 
[l 1], T* was found to be larger than TB and it was 
concluded that turbulence is damped in the vicinity of 
the interface due to the surface tension or viscosity. 
Therefore, there are only molecular transport of heat, 
mass and momentum at the interface. Based on these 
findings, an analogy between heat and mass transfer 
can be applied to this region : 

~:2h- = pb CpbLe ' .  (6) 
fi 

The exponent n has a value between 0.5 and 0.6. 
From equations (1)-(6), equation (7) can be derived 

In(CB"C*) = ~'Pb Le"In[I + Ch~(T*-- TB) 1 (7) 

By using equations (5) and (7), T~b and C* can be 
calculated iteratively by knowing the bulk tempera- 

ture TB, bulk concentration CB and the corresponding 
physical properties; this would be a proper method 
for determining T*b and C* considering the difficulty 
of directly measuring them. 

3.2. Definitions qf the heat and mass tran~f& ~ coqf 
ficients 

Based on the mass and energy balance, the total 
heat and mass transfer rate, QT and My, can be cal- 
culated as 

MT = ~l_ ma dx = 1-bi Cbi -- cb° (8) 
J, ) Cbo 

QT = MThv Jr- (Fbihbi -- F,ohho ) (9) 

respectively, where L is the length of the vertical plate 
and hbi and hbo are the enthalpies of the inlet and outlet 
brine solution. 

Now, the overall mean heat transfer coefficient U 
of the absorber~vapora tor  unit is defined, based on 
the logarithmic mean temperature difference between 
the inlet and outlet conditions, as 

QT = ULATIm (10) 

where 

( ~ -  ~ 0 -  ( ~ o -  ~,,) 
A Ttm= / T~b,- T~w~ 

l n ~ b o _ ~ w o )  (11) 

The mean mass transfer coefficient fl is defined by 
the similar method, 

MT = fipb L AClm (12) 

ln( Cb~/C*3--1n( Cbo/C*o) 

\ (bo/boV 

(13) 

In equations (11) and (13), Tb~, Tbo, Cb, and Cbo are 
directly measured from the experiments and T*4~ and 
T*~ o are the saturation temperatures of the water film 
corresponding to the pressure in the evaporator ; T~, 
T~bo, C*~ and C*o are iteratively calculated, as 
described in Section 3.1, by assuming TB, = Tb, 
T~o = Tbo, CBi = CN and CBo = Cbo. 

4. RESULTS AND DISCUSSION 

The present study relates to the following efl'ects: 
the inlet brine Reynolds number  Reb, (10(~ 1300), the 
inlet brine concentration Cbi (35, 40% by weight), the 
nominal  pressure difference for absorption at the brine 
film interface, AP = P c -  Pb(Tb, C6) (2. l, 3. ], 4.4, 5.4 
torr) and the inlet water Reynolds number  Rew~ (250- 
1300). The inlet brine and water temperatures remain 
constant during the experiments, say Tb, = 2 0 C  and 
T~ = 15~C, respectively. 
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Fig. 5. Comparison of: (a) mean mass transfer coefficient ~, 
(b) overall mean heat transfer coefficient U determined by 

different methods. 

4.1. Comparison oJ the heat and mass tran~fer coef- 
ficients calculated by d([/'erent methods 

Figure 5 plots the mean mass transfer coefficient/~ 
and overall mean heat transfer coefficient U as a func- 
tion of  the inlet brine Reynolds number. The absorber 
pressure P~ is 12.8 torr and the inlet water Reynolds 
number remains at 1280. As seen in this figure, the 
assumption that the bulk temperature is equal to the 
interfacial temperature, ~ = TB, would result in an 
overestimate of  AC, m and an underestimate of  AT, .... 
which in turn leads to unrealistically low ~ and high 
U. The deviations between ~, which are determined 
by means of  the method of  heat/mass analogy with 
different exponents n, are about 30%;  on the other 
hand, the exponent n has a relatively small effect on 
U. The similar results are also concluded in the study 
of  Y~iksel and Schl~inder [I 1]. In their experiments, 
T~b measured directly by an infrared pyrometer was 
found to be generally higher than TB. They also indi- 
cated that ffdetermined by the infrared pyrometer was 
always between those which were iteratively calcu- 
lated with exponent n = 0.5 and 0.6, respectively. This 
means also that the Sh or Nu numbers determined 
directly by measuring the film surface temperature 
agree well with those which are evaluated by calcu- 
lating the surface temperature by use of  the heat mass 
analogy in the vicinity of  the interface. As such, the 
exponent n = 0.55 appears to be a suitable value to 
calculate the corresponding heat and mass transfer 
coefficients and is adopted in the present study. 

4.2. E[/ect of  brine flow rate and concentration 
Figure 6 shows the concentration difference 

between the inlet and outlet brine concentration of  
the falling film as a function of  the inlet brine Reynolds 
number at two values of  the inlet brine concentration. 

U 
c) 

o 

i 

L) 

i , , , , E , I 

t P c = 1 2 , 8 t o r r  R e w i = 1 2 8 0  

T b i =  2 0 ° C  T w i =  15°C 

o - C b i  = 4 0 %  A - C b i =  35% 

o 

c & 

1 0 - 1  ] 

J- 23 .~ I i , i 
1,32 2 5 103 

d l 0 - 1  

~s 

2 

]~e bi 

Fig. 6. Effect of inlet brine Reynolds number and inlet brine 
concentration on the concentration difference and logar- 

ithmic mean concentration difference. 

It is noteworthy that the concentration difference, 
Cb,--Cbo, decreases as the inlet brine Reynolds num- 
ber increases. The concentration difference also 
decreases as the inlet brine concentration increases 
from 35 to 40% (by weight). 

The lower part of Fig. 6 presents the effects of  the 
inlet brine Reynolds number and inlet brine con- 
centration on the logarithmic mean concentration 
difference ACtm given by equation (13), which can be 
regarded as the driving force for the mass transfer in 
the solution film. The interfacial concentrations C*~ 
and C~, are calculated by the heat/mass analogy 
method with n = 0.55. Although the outlet brine con- 
centration increases with increasing Rebi, C'*i and 
C*o increase to a relatively larger extent as Rebi 
increases. Therefore, ACh, only slightly decreases as 
Reb, increases. This behavior is different from that 
observed by Brauner et al. [3]. In their study, however, 
T~b is assumed to be equal to TB so that the interfacial 
brine concentration remains practically constant for 
a given absorber pressure and inlet brine temperature. 
On the other hand, an increase in the inlet brine con- 
centration would result in an increase of  the driving 
force for mass transfer. 

As depicted in Fig. 7(a), ~ would increase when Reb, 
increases at the two concentration levels. However, 
the lower inlet brine concentration, Cb~ = 35%, has a 
higher mean mass transfer coefficient than that of 
the larger inlet brine concentration, Cb~ = 40%. This 
somewhat unexpected result is reasoned by the follow- 
ing. The higher brine concentration yields a thicker 
film at a given Rebi, due to the larger value of  kinematic 
viscosity. A thicker brine film obviously causes a 
higher resistance to heat and mass transfer and thus a 
lower ft. Furthermore,  a decrease in diffusion 
coefficient Db, corresponding to a higher C b i ,  also con- 
tributed to the decrease of  ~. 

Moreover,  the corresponding Sherwood number Sh 
is defined by 
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~(~t/g)'/~ 
Sh = (14) 

D b  

Here, the characterist ic  length (v2/9) 1'3 is chosen to 
be the length scale of  the film thickness. The var ia t ion  
of  Sh with the inlet brine concen t ra t ion  level, as shown 
in Fig. 7(b), is different f rom tha t  of/T. The reason for 
this difference is due to the fact tha t  Vb should increase 
a n d  D b should decrease with increasing brine con- 
centrat ion,  thus enlarging the calculated values of  
Sherwood numbers .  

An  examina t ion  of  the present  experimental  results 
shows tha t  the mass t ransfer  coefficient can be cor- 
related by an equa t ion  in the following form : 

Sh/Sc  °s  = a x Re~,',. (15) 

The cons tan t  a and  exponent  m can be determined by 
power regression f rom the exper imental  data.  

By plot t ing Sh/Sc  °s vs Rebi, as shown in Fig. 8, the 
critical Reynolds  n u m b e r  for t ransi t ion f rom a wavy 
laminar  flow to a tu rbulen t  flow seems to be abou t  
(Reb i ) t  r = 700. This value is lower than  1600, which is 
obta ined in the s tudy of  isothermal  gas absorp t ion  in 
t:alling water  film by Yih and Chen  [20]. The Prandt l  
number  of water  is abou t  5-10 in their  study, while 
the Prandt l  n u m b e r  of  brine solut ion is abou t  20-30 
in lhe present  study. Therefore,  according to Wilke 's  
conclusion tha t  the t rans i t ion Reynolds  n u m b e r  is 
p ropor t iona l  to Pr -o.65 [21], the decline of  (Reb i ) t  r f rom 
1600 to 700 should be reasonable.  The correlat ions of 
Sh/Sc  °5 vs Rebi can be obta ined in the two flow regions 
with (Rebi)t~ = 700. 

101 ~- , , , , , , F ~  I ~ ~ 
i l:equation(16) o 40% present wor~ 

5 2: equation(17) a 35Z 3 
3: equa t ion(18)  
4 : e q u a t i o n ( 1 9 )  ~ Yih & C h e n  [20]  

5 : e q u a t i o n ( 2 0 )  B r a u n e r  e t  a l . [ 3 ]  j 
2 | 

-- -- B r a u n e r  [13] r 

• Yiiksel  & S c h l ~ n d e r  [11] [ uz 
d 1 z~ 

/ / ~ / /  3 

/ 
10 -1 3 ~ ~  d 

7 i i t : i i i i i  i 
102 2 5 103 2 4 

Reb i 

Pig. 8. Comparison of correlations of the mass transfer 
coefficient. 

Sh/Sc  o 5 = 3.725 x 10 2Re°;27'5, 100 < Re~ < 700 

(16) 

Sh/Sc °5 = 2.326 x 10 3 Re°i ~93s, 700 < Rehi < 1300. 

(17) 

In the work of Yih and  Chen  [20], based on 846 
experimental  da ta  points  on absorp t ion  of different 
gases into water  film f rom the work of  10 investigators 
in addi t ion  to their  own, they proposed  the tbl lowing 
empirical correla t ion for the mass t ransfer  coefficient : 

Sh/Sc  °5 = 2.995 × l O -2Re  ° 2134, 300 < Re ~< 1600 

(18) 

Sh/Sc  °5 = 9.777 × 10-4Re ° 6804, 

1600 < Re < 10500. (19) 

Compar ing  equat ion  (16) with (18) and  equat ion  
(17) with (19), it is found tha t  the cons tan t  a and 
exponent  m of  the present  correlat ions are slightly 
higher. It seems to be a t t r ibuted to the lateral con- 
vective term in the diffusion equation.  The effect of  
the mean  molar  velocity across the direct ion of the 
film flow on the absorp t ion  of  sparingly soluble gases 
( isothermal  absorpt ion)  is less significant. However,  
on the absorp t ion  of  high soluble water  vapor  into 
brine film (non- isothermal  absorpt ion) ,  like the pre- 
sent study, the mass t ransfer  rate is not  low enough  to 
neglect such an  effect. In Brauner ' s  theoretical  analysis 
[13], the problem of  non- i so thermal  vapor  absorp t ion  
into brine film was considered. He concluded tha t  the 
t ransfer  rate would be significantly augmented  due 
to the convective effect arising from finite absorba te  
dilution. Brauner  et al. [3] also conducted  the exper- 
iments  to measure the mass  t ransfer  coefficient of  non-  
isothermal  vapor  absorp t ion  on  a vertical plate. The 
correlat ion obta ined in their  work was 
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Sh/Sc °5 = O.02Re~i ~ .  (20) 

The correlations mentioned above together with the 
numerically obtained results from Brauner [13] are 
presented in Fig. 8. Care should be given to equation 
(20), wherein T~b is assumed to be equal to TB, which 
would yield a lower mass transfer coefficient, as dis- 
cussed in Section 4.1. As can be seen in Fig. 8, the mass 
transfer coefficients predicted numerically by Brauner 
[13] are higher than those in the present study, while 
those obtained by Y~iksel and Schl~nder [11] are 
lower. 

Moreover,  a tube of  2.72 cm OD and 212 cm long 
was used as the wetted wall in the experiment of  Yih 
and Chen [20], but the wetted wall is a flat plate 30 
cm wide and 100 cm long in the present experiment. 
Since the waviness of  the film is damped by the cur- 
vature of  the tube wall, the mass transfer coefficient is 
decreased [22]. The reduced length of  the wetted wall 
could increase the mass transfer coefficient when the 
thermal entrance effect is taken into account. In the 
work of  Y/iksel and Schl~inder [11], a tube 250 cm 
long was utilized as the wetted wall and the Prandtl 
number is 7.4. These conditions are similar to those 
of  Yih and Chen. However, the values of  Sh/Sc °5 
gained in the experiments of  Yt~ksel and Schlander 
are still about 20% higher than those of  Yih and Chen. 

Another  important  quantity of  interest is the total 
mass transfer rate Mr  of  water vapor absorbed into 
the brine film. As shown in Fig. 9, increasing the inlet 
brine flow rate would only effect a slight increase in 
MT except at the higher Rebi. Generally speaking, the 
variation of  MT is small within the current range of  
Rebi. The reason for this behavior is that although a 
higher R %  will raise the mean mass transfer 
coefficient, it also yields a smaller driving force ACorn. 
In addition, the effect of increasing the inlet brine 
concentration is to reduce MT, which is consistent 
with the corresponding decrease in the concentration 
difference, Cb,--Cbo, for a higher inlet brine con- 
centration, as shown in Fig. 6. 
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coefficient U. 

With regard to the characteristics of  heat transfer, 
the effect of  the inlet brine concentration is like that 
on the mass transfer. That is. a higher Cb, leads to a 
larger logarithmic mean temperature difference AT~,n 
(represents the driving force for heat transfer) but less 
overall heat transfer coefficient U, as shown in Fig. 
10, and total heat transfer rate QT- Moreover,  the inlet 
brine Reynolds number has a minimum effect on A Th~. 
The overall heat transfer coefficient remains fairly 
constant with respect to Reb~, except for the higher Re~,j 
where U would increase with increasing Reb,. Actually, 
the overall heat transfer coefficient U represents the 
resistance of  heat transfer from the absorber side to 
the evaporator  side. Therefore, it is difficult to find a 
suitable characteristic length and thermal con- 
ductivity to obtain a corresponding non-dimensional 
heat transfer coefficient. 

4.3. Ejfi'ct o f  vapor pressure o[absorber 
As mentioned earlier, the relatively cold vapor is 

absorbed and condensed by the hot brine film, pro- 
vided the vapor  pressure Pc is larger than the vapor 
pressure of  the brine solution P b ( T b ,  C b ) .  Therefore. 
the pressure difference, AP = P - - P b ,  would be an 
important  parameter in the present study. The inlet 
brine concentration and temperature remain at CN = 
35% and T~, = 20~C and the corresponding saturation 
pressure of  the brine solution is Pb(35%, 2 0 C )  = 8.4 
torr. The generating vapor in the evaporator  is trans- 
ported through the vapor regulation valve, by which 
the pressure of  vapor entering the absorber is adjusted 
to three desired levels : 12.8, I 1.5 and 10.5 torr. respec- 
tively. 

As shown in Fig. l l(a), increasing the absorber 
pressure, that is, a larger pressure difference AP. 
would result in an increase of  A6m. In other words. 
the condensation driving force and the solution poten- 
tial for absorbing vapor increase as AP increases. 
Based on the measured and iteratively calculated data, 
Sh/Sc °5 is plotted in Fig. 11 (b). It can be seen that the 
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var ia t ion of AP has a negligible effect on the mean  
mass t ransfer  coefficient and  the values of  Sh/Sc °5 for 
different AP agree well with equat ions  (16) and  (17) 
obta ined  in Section 4.2. This implies tha t  the absorp-  
t ion (condensat ion)  process in the present  study is 
mainly control led by a mass t ransfer  mechanism on 
the liquid side. Accordingly,  the mean  mass t ransfer  
coefficient depends on the physical propert ies and  the 
flow pat tern,  but  it would be independent  of  the 
absorber  pressure. As expected, the total  mass t ransfer  
rate decreases with decreasing Po in the condi t ion  tha t  
AC~m decreases as P,, decreases, bu t  ~ does not  change 
with P,.. 

The influence of absorber  pressure on the behavior  
of heat t ransfer  is similar to tha t  of  mass transfer.  The 
logari thmic mean  tempera ture  difference and  the total  
heat t ransfer  rate a l together  decrease as Pc decreases. 
The overall mean  heat  t ransfer  coefficient U remains 
practically cons tant  as P~ changes,  as shown in Fig. 
l l (d ) .  

4.4. Heat tran~Jbr coefficient on absorber 
I11 addi t ion to the overall  mean  heat  t ransfer  

coefficient U, the heat t ransfer  coefficient on the 
absorber  side is also an impor t an t  value to be known,  
which represents the resistance of  heat  t ransfer  f rom 
the brine film interface to the vertical plate. The mean  
heat  t ransfer  coefficient on the absorp t ion  side ~ can 
be defined as. similarly to U, 

- QT (21) 
~' - LAT~ .... 

and 

(T~u , -  T~,) - (T~bo Tpo) (22) 
,ST, ...... = / T '~ -  

where To~ and Tpo are the tempera tures  on top and  
b o t t o m  of  the plate, which are measured by thermo-  
couples. 

F r o m  the experimental  data,  it is found tha t  AT~ .... 
and  e ,  are, respectively, approximate ly  equal  to ATom 
and U obta ined  for the whole unit.  To fur ther  resolve 
this result, the flow rate of water  in the evapora to r  is 
changed to investigate the effect of  inlet water  Rey- 
nolds n u m b e r  Rew, As shown in Fig. 12, Rew, has 
negligible influence on bo th  ~ and  U. Therefore.  the 
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Fig. 12. Effect of inlet water Reynolds number Re~, on mean 
mass transfer coefficient ~ and overall mean heat transfer 

coefficient U. 
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water flow rate only has a minor effect on the per- 
formance of  such a combined absorbe r~vapora to r  
exchanger. 

Accordingly, a non-dimensional heat transfer 
coefficient (Nusselt number) for the vapor absorption 
can be defined as 

Nu - (23) 
kh 

where k b is the thermal conductivity of  brine solution. 
With regard to the relationship between Nu, Rebi and 

Pr, a commonly used form Nu = const, x Re~iPr" is 
first tested. However, an attempt to find the suitable 
values of  exponents m and n to correlate all of  the 
experimental data does not succeed. A similar con- 
clusion is also made in the study of  Ytiksel and 
Schltinder [23]. Therefore, it can be implied that the 
characteristics of  heat transfer near the film surface 
and near the wall are different. Based on this argu- 
ment, a new model to evaluate the Nusselt number is 
proposed in this work, 

1 1 1 1 
+ × (24) 

Nu NUph Nb/p S 

where Nupu is the Nusselt number near the film surface, 
Nup the Nusselt number near the wetted wall and S a 
correction factor. 

Remembering that there exists an analogy between 
heat and mass transfer near the film surface, NuN, c a n  

be calculated as 

NUph = ShLe" ' (25) 

where Le is the Lewis number and n = 0.55 in this 
work. Furthermore,  from equations (16), (17) and 
(25) the following correlations can be derived: 

Nb/ph = 3.725 x lO-ZRe°i2vlSPr° 4 5 3 C ° ° 5 ,  

100 < Rebi < 700 (26) 

NUph = 2.326 x 10 3Re°i~93~Pr°45Sc°ll~, 

700 < Reh, < 1300. (27) 

Near  the region of  the wetted wall, only heat trans- 
fer with no phase change occurs and mass transfer 
does not  exist. Regarding the experimental studies on 
such a problem of film heating or cooling, Wilke's 
work [21] is noted, in which the experimental results 
encompassing a wide range of  Prandtl numbers (5.4~ 
210) and Reynolds numbers were reported. Wilke 
measured the heat transfer coefficient of  a liquid film 
flowing downwards on the outside of  a 240 cm length 
and 4.2 cm diameter vertical tube heated internally by 
hot water. The empirical equations obtained by Wilke 
can be transformed into relations between Nusselt 
number (Nurn for film heating) and film Reynolds 
number by introducing the film thickness 6 derived by 
Nusselt for Re < 1600 and that given by Brauer [24] 
for Re >~ 1600, that is, 

6=0.91(v2/g) ':3Re ''~, R e <  1600 (28) 

6 = 0.2077(v2/g)l/3Re ~:~5, Re >~ 1600. (29) 

The resultant correlations are expressed as 

Nun~ = 2.066Re i.~, Re < 2460Pr '~'4(' (30) 

Nua = O.0323Ret 4 Pr ° ~44 

2460Pr 0~(, ~ Re < 1600 (31) 

Nut~ = 0.001 lRe~:3Pr °-~44. 1600 ~< Re < 3200 

(32) 

Nula = O.O087Re2"S Pr ° 3~4, Re >~ 3200. (33) 

Equations (30)-(33) can be applied to calculate the 

Nusselt number near the wall Nup in equation (24). 
The correction factor S in equation (24) is an exper- 

imentally determined value. It is affected by the fol- 
lowing factors: (1) the design of  the feeding device 
(film distributor) and its strong effect on the heat 
transfer in the entrance region; (2) geometrical con- 
ditions including the type (tube or plate) and length 
of  the wetted wall and the diameter of the tube ; (3) 
the effect of  three molecular diffusivities on the relative 
thickness of  hydrodynamic, thermal and con- 
centration boundary layers. In this work, a suitable 
value for the correction factor S is found to be 1.3 to 
correlate all of  the experimental data. 

Figure 13 shows the ratio of  the Nusselt number 
obtained by equation (24) to that determined by 
experimental measurement. The experimental data of  
Y~iksel and Schl/inder [11] is also recalculated and 
depicted in this figure by substituting their own Sh 
into equation (25) and a different correction factor 
S = 0.9. The value of  this Nusselt number ratio falls 
into the range of  0.85-1.15 and the average deviation 
is about  8%. The reasonably good agreement indi- 
cates the potential usage of  equation (24) to evaluate 
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the heat transfer coefficient in the problem of  non- 
isothermal film absorption.  We remark, however, that  
the application of  the model proposed in the present 
study needs further validation with more  experimental 
re,suits, especially a further insight into the correction 
factor S. 

5. CONCLUSION 

The heat and mass transfer characteristics of  a new 
combined vertical film-type absorber -evapora tor  heat 
exchanger is experimentally investigated. The exper- 
imental parameters  involved in this process, including 
the flow rates of  the inlet brine solution and pure 
water, the inlet brine concentrat ion and the pressure 
difference in the absorber,  are examined. The method 
of  analogy between heat and mass transfer near the 
film surface is used to iteratively calculate the inter- 
facial temperature and concentrat ion of the brine film 
and the mass and heat transfer coefficients are accord- 
ingly determined. The important  results are sum- 
marized as follows : 

(1) Based on the experimental data, the correlation 
of mass transfer coefficient has been derived, namely 
equations (16) and (17), with the transitional Reynolds 
number of about 700. The values of  Sh/Sc °s are larger 
than those obtained in the isothermal absorption of 
sparingly soluble gas, although they have a similar trend 
with respect to the film Reynolds number. 

(2) The overall mean heat transfer coefficient 
remains practically constant  compared  to the inlet 
brine Reynolds number R %  and the absorber  pressure 
level, except for the higher Reb~ where U increases with 
increasing Reb,. 

(3) Considering the different characteristics of  heat 
transfer between the film surface region and wall 
region, a new model has been proposed and suc- 
cessfully applied to evaluate the heat transfer 
coefficient of the absorber  itself. 
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