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Abslract-An absorber is a major cemponent in absorption refrigeration systems and its performance greatly affects 
the overall system perfolmance. In this study, experimental analyses of the charact~slics of heat transfer for removal of 
absorption heat in an ammonia-water bubble mode absorber were performed The heat transfer coeflident was es- 
timated as a fimction of the input gas flow rate, solution flow rate, tempem~re, concentratien, absorber diameter and 
height, and input flow direction. The increase of gas and solution flow rate affects positively in heat transfer. However, 
the increase of solution temperature and concentration affects negatively. Moreover, under the same Reynolds num- 
ber, cenmercurrent flow is superior to coctment flow in heat transfer perfonnance. In addition, l~om these exp~imer~al 
data, empirical correlations that can explain easily the characteristics of heat transfer are derived. 
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I N T R O D U C T I O N  

Due to the ozone depletion problem associated uAth the use of 
CFC and HCFC refi'igerants, absorption heat pumps and refi-igem- 
tion systems have received increasing interest in recent years. More 
and more, they are regarded not only as e n ~ e n l a l l y  fi'iendly 
alternatives to CFC-based systems, but also as energy efficient heat- 
hag md cooling tedmology. In heat pump systems, the absorber is 
one of major components ~om the viewpoint of size and perfor- 
mance. It is the largest component and has a complicated heat and 
mass lransfer mechaniml which influences the system perfomlance 
significantly. Therefore, it is requked to malyze combined heat and 
mass ~a'ansfer mechanisms in the absorption process. In general, fall- 
hag film modes and bubble modes have been recommended to en- 
hance heat and mass lratrCer perfomlmce in ammania-water absorp- 
tion systems [Christensen et al., 1996]. 

Over the last ten years, ammonia-water falling film absorption 
has been extensively investigated both numerically and experimen- 
tally [Kang et at, 1999, 2000, Sung et at, 2000; Suj~haet al., 1999; 
Tsatsumi et al., 1999; Yamashita, 1999]. Especially, the character- 
istics of heat and mass transfer for each factor have been investi- 
gated experimentally, and empirical correlations for heat and mass 
lranffer were derived [Kang et at, 1999]. However, few papers have 
been found for bubble mode absorption, and there is no paper for 
the charactmstics of heat Iransfer, although Suj~ha a at investigated 
the characteristics of mass transfer for bubble mode absorber werk- 
hag ,with R22 and five organic absorbents experimentally. 

In the present ~udy, researches for a bubble mode absorber are 
performed In particular, mass transfer of absorption solution and 
heat transfer to cooling water in the absorber of absorption heat pump 
systems are essential. Lower level of  solution temperature by the 
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of his retirement from Seoul National University. 

effective absorption heat removal knproves mass transfer between 
atmnoniagas and solution. Heat transfer coefficients are measured 
as function of the input gas flow rate, input solution flow rate, tem- 
perature, concentration, flow direction between gas and solution, 
absorber length, and absorber diameter in these experknents Then, 
the characteristics of heat transfer for each factor were investigated. 

EXPER/M ENTAL APPARATUS AND PROCEDURE 

The schematic diagrams of the experimental absorption systems 
for characteristics of heat transfer and the cylindrical bubble mode 
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Fig. 1. F ~ m e n t ~ l  bubble mode absorber s y ~ m  for heat/r'ans- 
fer experiments. 
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absorber are given in Fig. 1. Four idnds of absorbers were made; 
the diameters and heights of the absorbers are 3 cnvT0 ca ,  3 c a /  
40 cm, 2 ca/70 om and 4 ca/70 ore, respectively. For the flow of 
cooling water, each absorber has double jackets. The 3 mm inner 
diameter gas injection orifice is equipped at the bottom of the ab- 
sorbeE Ammonia gas flowed up while ammonia solution flowed 
both up and down. Six ff:ennocouples were equipped in rite input 
and ouDut lines of cooliug water, input and ouDut lines of solu- 
tion, solution tank, and gas input line. Input solution was preheated 
in the solution talk where three 500 W-carbidge heatels were equip- 
pect An embedded type mrtridge heater of 500 W was set in the 
input line to control more acc:wate tempecamre. The flow a t e  of 
ammonia gas and solution was controlled by the metering valve 
equipped in the input line and was measured by mass flow meter. 
Each temperature measured by thmmocouples (K-type) was stored 
by data acquisition systems. In the experiments, heat Wansfer co- 
efficients were estimated according to various experimental fac- 
tors. The conce:maticn of aqueous ammonia solution (0-28%), ten> 
pemture of solution (15-60 ~ flow rate of solution (0.2-0.8 kg/ 
rain), flow direction and flow rate of pure ammonia gas (1-9 L/min) 
were varied at normal pressure. The heat Wansfer coefficient can be 
estimated by measuring the tempecature variation of cooling water 
and the temperature difference between the absorber and cooling 
water. 

ANALYSIS M E T H O D S  F O R  E X P E R I M E N T A L  
RESULTS 

1. Cakulation Method for Overall Heat Transfer Coefficient 

The enthalpy variation of cooling water is equal to the heat transfer 
Pate froln the absorber to cooling water. It ca t  be expressed as the 
relation with the average local temperature difference, overall heat 
Wansfer coefficient, and heat Wansfer area. Therefore, the ovelall 
heat transfer coefficient can be expressed as follows: 

Uo-A-AT:Mr~=nl.-Cp,,-AT,., ~ (1) 

Uo (m,. Cp, dAT`, ~)/(A.ATLMr~ ) (2) 

From the measured tempePa~es of input and output cooling 
water, the heat tmusfer rote from solution to cooling water can be 
easily calculated. Also, the overall heat transfer coefficient can be 
obtained by calculathg the log meat  temperature difference, LMTD 
(AT) from input and ouDut solution and cooling water tempera- 
tures [McCabe et al., 1993]. 
2. Estimation Method for Heat Transfer Coefficient (h~) of Ab- 
sorber Inside Surface 

Consider the local ovel-aU heat Wansfer coefficimt at a specific 
point in a double-pipe exchanger. When the warm solution flows 
ffnough the inside pipe and the coolkg water flows ffn~)ugh the an- 
nular space, the relation of overall heat Wansfer coefficient and sur- 
face heat transfer coefficient can be approximated as follows: 

1/Uo=I/t~+ 1/tg+ajl% (3) 

l& 1/U 8 / k  1/h, (4) 

To understand heat transfer phenomena in the absorber, estilna- 
tion offf:e heat b-ansfer coettident inthe inside surface is the most 

important thing. However, it is very difficult to estimate the inside 
heat b-ansfer coefficient (t~) dkectly. Moreover, even ff:ough Eg 
(4) is used to estimate, data of heat hausfer coefficient fib) of cooling 
water surface are necessary As several absorbers were used for these 
expefimmts, the value of outside heat Wansfer coefficient (ho) of 
each absorber must be different, in spite of the same flow rate of 
input cooling water for each absorbe:: Therefore, ho for each abscCver 
must be determined for the estimation of t~. 

In this study, the following numerical method was used to de- 
telmine tL. From the empirical Eq. (5) for the heat transfer coefficient 
of inside pipe, the relation for the heat transfer coefficient and the 
Reynolds number can be derived. When the solution flow through 
the inside pipe is laminar, the Nusselt number is proportioned to an 
exponential function of the Gmetz number: 

Nu~Gz :~ (5) 

Gz=(mCp)/(kL)= (~pVD2Cp)/(4kL) 

((pDV)/I~) ((~CpDI~)/(4kL)) Re((=CpDI~)/(dkL)) (6) 

I~ aRC (7) 

1/Uo-Sjk,=l/ll+ 1/tg (8) 

Y(= 1/U~ 8jlg)=a'Re-e+yc (= 1/t~) (9) 

As can be seen in the above equations, the Nusselt number (Nu) 
which is p:oport~:al to an exponmlial function of the Graetz num- 
ber (Gz) can be expressed as a fimction of the Reynolds number 
(Re). Therefore, experiments were performed to measure the over- 
all heat Wansfer coefficient as a function of the solution Reynolds 
numbeE In all experimel-rts, cooling water flow rate was maintained 
constaK Frcn: experimental data, Y(lfl_;o-Sjk~) and Re can be 
obtained, and a, [3, and Yu can be easily estimated by a plot of Y ver- 
sus Re -p. Finally, tlo can be presented as the reciprocal of y0. The lb 
of each absorber in these expe:Jments was obtained by this esti- 
mating method. The results for ho are as follows: 

- Inthe case of height 70 cm and diameter 3 cm absorber 
Y(=I/Uo- 8w/tg.)=9.17873 • 10 ~ R d " %  9. 49908• 10 ~(=1/1~) 
h =1052.734 [J/s-K-in 2] 

- In the case of height 70 c~1 and diameter 2 cm absorber 
Y@I/U-~/!%) 0.01122 Re~215 10 3@l/ho) 
tg=624.1099 [J/s.K.in 2] 

Consequently, after the overall heat transfer coefficient (Uo) and 
heat transfer coefficient (ho) are determined by experiments and es- 
firaation method, the heat transfer coefficient 1 t can be obtained from 

Eq. (4). 

RESULTS A N D  D I S C U S S I O N  

1. Effects of  Input Gas Flow Rate 

Fig. 2 shows the variation of heat ~ausfer coefficient (I~) as a func- 
tion of input gas flow rate under the constant input solution Rey- 
nolds number of 184 in diameter absorber of 3 ont. As cat  be seen 
in Fig. 2, t~ increases as the input gas flow rate increases. This can 
be explained as that turbulence and eddies are generated by ammo- 
nia gas injected into laminar solution flow, and turbulence breaks 
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Fig. 2. Effect of gas flow rate on heat transqer coefficient for Re~l 
=184. 
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Fig. 3. Effect of solution flow rate on heat transfer coefficient for 
Re~=248. 

the thermal boundary layer forlned along wall boundaly. 
2. Effects  of  Input  Solution F l o w  Rate  

Fig. 3 shows the variation of heat tt-ansfer ccelticielit (t~) as a fimc- 
tion of  the input solution flow rate under the constant input gas 
Reynolds nulnb~- of 248 m dianleter absorber of 3 cnl. As can be 
seen in Fig. 3, t~ increases as the input solution flow rate increases. 
In general, the Nusselt number of newtonian laminar flow through 
the inside pipe is proportional to (Ca-aetz number) ~. In other w o r d , %  

as the flow rate of solution increases, the themlal boundmy layer is 
fonned thinly. The improvement of heat transfer peffcmlance can 
be expl~led as follows: the increase of the solution flow rate makes 
thin thermal boundary layer and some eddies. 
3. Effects of  Temperature Difference Between Gas and Solu- 
tion 

Fig. 4 shows the effects of the tempem0are difference between 
gas and solution, when the Reynolds number of gas and solution is 
248 and 184, respectively, and input gas tempecature is maintained 
at constank Fig. 4 shows that tl, decreases as the input solution tem- 
perature increases. In general, the effect of tenlperature on the heat 
transfer coettScient appears clearly in falling film absorption pro- 
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cess. The reason is that two interfaces are formed similarly in fall- 
illg film absolptioi1 One is the hltelface of heat transfer between 
the liquid film and the wall bounday; the otis- is friar of mass barlS- 
fer between gas flow and liquid film. As the temperature of gas in- 
creases, die sensible heat frc~n rite gas to die liquid increases, and 
this phenomenon affects positively item transfer to cooling water. 
However, as liquid tempemhare increases, the sensible heat from 
rite liquid to rite gas inca-eases, and causes a lower heat tl-ansfer co- 
efficient From these bubble mode experiments, the same results as 
falling film mode are obtained Finally, it is confmned experinlen- 
tally that the same phe~lolnenon occurs like the falling flhn mode ab- 
sorption in mass and heat transfer interlaces, although mass 1ians- 
fer interface between gas and liquid is formed irregularly in the bub- 
ble mode absorption. 
4. Effects of  Concenlration Difference Between Gas and Sol- 
ution 

In bubble mode absorption, the absorber can be divided into two 
regions. One is the mixing zone; the bottom region of absorber where 
anmlonia gas is ejected fionl a nozzle plunges into solution flow, 
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and turbulence and eddy is generated by injected ammonia gas. The 
other is the pipe flow zone. It is the upper stable region of the ab- 
sorben In general, an increase of the input solution concentration 
means an increase of the gas absorption region and bubble exist- 
ence height, but an increase of the input gas flow means an expan- 
sion of the mixing zone and the development of turbulence. In other 
words, tile same amount of input gas generates similar turbulences 
and eddies in the mixing zone, although the solutions of different 
concentration are supplied into the absorber. However, gas holdup 
increases m the pipe flow zone with increasing of input solution 
concentration. In the experiments for solution concentration, it can 
be determined whether the reason for the positive effects of bubble 
on heat ~ansfer is the development of mixing turbulence zone or 

the expansion of absorption region itself. Fig. 5 shows the effects 
of the concen~-ation difference between gas a n d  solution, when the 
Reynolds number of the gas and that of solution is 248 and 184, 
respectively and temperature of input gas and solution is maintained 
constant. As can be seen in Fig. 5, the effect of increase of alnmo- 
Ilia solution concermation does not appear clearly. Therefore, it is 
coiffSmed expenmentaUy that the expansion of the bubble absorp- 
tion region does not affect the improvement of heat transfer perfor- 
mance. Onthe corm'ary, a little decrease of the heat transfer coetfident 
with increasing ammonia solution conceim-ation is observed This 
unexpected result can be explained as the concerm'ation of ammo- 
nia solution increases, the rectification of ammonia occurs in am- 
monia solution, and ammonia solution loses latent heat of alnmo- 
Ilia evaporation. Therefore, this phenomenon can negatively affect 
heat transfer from solution to cooling watei: 
5. Effects of Absorber Lengtb 

Although the absorber must have enough absorption height to 
absorb ammonia bubbles perfectly, the necessity of sarplus absorber 
height over the bubble absorption region for heat ~ansfer must be 
confirmed. In these experiments, the 70 em absorber, which has 
enough height to absorb bubbles and the 40 cm absorber which does 
not have surplus absorber height within the limits of these experi- 
ments, are compare& Figs. 2 to 5 show the effect of absorber height 
on the heat ~ansfer coefficient. The heat transfer coefficient of the 

40 cm absorber is superior to that of 70 cm absorber. This result 

t000 

E 

"E 

0 t..3 

t.-- 

"t" 

900- 

800- 

700- 

800- 

500- 

4O0 
0 

Absorber Diameter = 2 cm 

A 

O 

.............. Al~orber Diameter = 3 cm 

50 1;0 i;O 2;0 250 300 3;0 400 

Re s 

Fig. 6. Effect of absorber diameter on heat transfer coefficient for 
R%x=184, Absorber Height=70 era. 

90@ 

m. 

8oo- 

70@ 
CD 

O 
0 600- 

~- 500- 

"I- 
400 

cooo : 

50 100 150 200 250 300 350 400 

R% 

Fig. 7. Effect of flow dh~dion on heat transfer coefficient for Re,~ 
=184, Absorber Height=70 Cln. 

indicates that most improvement of heat Wansfer performance by 
rejected bubbles occurs in the mixing zone at the bottonl of the ab- 
sorber, so surplus absorber height over the bubble absorption region 
is not necessary for improvement of  heat transfer performance. 
6. Effects of Absorber Diameter 

Fig. 6 shows the effect of absorber diameter on the heat transfer 
coefficient. As can be seen, the heat ~ansfer coefficient of the 2 cm 
diameter absorber is superior to that of tile 3 cm absorbel, under 
the same conditions for gas and solution Reynolds nurnbers of both 
absorbelS. The effects of e @  and ka-bulence near the absorber wall 
increase with decrease of absorber diameter. These results indicate 
that the shape of the absorber can aft'oct heat transfer performance. 
7. Effects of Flow Direction Between Gas and Solution 

Fig. 7 shows the comparison of heat transfer coefficient between 
coeurrent and countercurrent flows. As can be seen, the heat ~ans- 
for coefficient of countercurrent flow is superior to that of cocur- 
rent flow. The phenomena of flow direction between gas and sol- 
ution can be explained as follows: unabsorbed bubbles m the cccur- 
rent flow can exist to higher position of absorber than those of coun- 
tercurrent, but mixing and turbulence effects of countercurrent are 
superior to those of cocarrent. Therefore, these expelimental results 
indicate that the development of the mixing zone near to the gas 
rejector is more inlportant than the expansion of tile absolption re- 
gion for the improvement of heat transfer performance. 
8. Derivation of Correlation 

From twenty-one expelimental data, empirical correlations tllat 
can easily explain the characteristics of heat ~ansfer are derived as 
follows. The error between measured and calculated Nusselt nurn- 
ber (Nu) by Eq. (10) was within • 

Nu= 1.487(Re~)~176176 11~(AX/X~)~ ~~ (L/d) ~ (10) 

As can be seen in the above correlation, the increase of gas and sol- 
ution flow affects heat transfer positively. However, the increase of 
solution temperature and concen~-ation affects negatively. More- 
over, under the same Reynolds I X l I I l b e l .  the decrease of absorber 
diameter affects heat transfer positively. These empirical correla- 
tions can be useful to estmmte the heat transfer coefficients at the 
condition of high temperature and pressure at which it is difficult 
to conduct experiments. 
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C O N C L U S I O N S  

Mass tt-ozlsfer of absoiption solution and heat mmsfer to cooling 
water in the absorber of absorption heat pump systems are essen- 
tial. For the ~ the r  understanding of heat transfer from ammonia 
solution to cooling watel, heat tt-ansfer coeltScients are measured as 
the many operation variables. The following conclusions were dm,m 
from file present expemnental studies: 

1. The operation variables of experiments for heat transfer per- 
fomlance are the input gas flow rate, input solution flow rate, tem- 
perattae, concentration, flow direction between gas and solution, 
absorber lengffl, and absorber dianletei: 

2. Tile increase of gas and solution flow rate affects heat tt-ansfer 
performance positively. However, the increase of solution tempera- 
tta-e and conceIm'at_ion affects negatively. Moreover, under file same 
Reynolds number, file decrease of absorber diameter affects posi- 
tively. 

3. Tile heat transfer performance of counterctarent flow is supe- 
rior to that of cocurrent flow. 

4. Tile key factor for improvement of heat tt-ansfer perfomlance 
is file clevdotmlent of mixing zone in file bottom of an absorber 
where gas is injected. 

5. These exp~imental results can be useful to estimate file heat 
transfer coefficients at the cc~ldition of high temperature and pres- 
sure at which it is difficult to conduct experiments. 

A C K N O W L E D G E M E N T S  

Tim study was supported by research gl-~lts fi-c~n file Korea Sci- 
ence and Engineering Foundation (KOSEF) through the Applied 
Rheology Center (ARC), an official ERC, at Korea Uifiversity, 
Seoul, Korea. 

N O M E N C L A T U R E  

A : area [m 2] 
Cp : specific heat of  fluid [J/K.kg] 
Cp,~ : specific heat of  cooling water [J/K.kg] 
d : absorber diameter [m] 
Gz : Graetz number 
h, : absorber inside surface heat tt-ansfer coefficient [W/ln 2 -K] 
h~ : cooling water surface heat transfer coefficient ['~V'/ln 2-K] 
k : thermal conductivity of fluid [W/m.K] 
k~ : lhellnal conductivity of wall [W/re.K] 
L : absorber length [m] 
m : mass flow rate of fluid [kg/s] 
m~ : mass flow rate of cooling water [kg/s] 
Nu  : Nusseltnumber 
Re : Reynolds number 
Re~ : Reynolds manber of  gas 
Re,ol : Reynolds number of  solution 
T : temperature [K] 

ATzl~D : log mean temperature difference between solution and 
cooling water [K] 

ATe. ~ : temperature variation of cooling water [K] 
AT : temperature difference between solution and gas tem- 

perature [K] 
Uo : overall heat transfer coefficient [YVVm 2 -K] 
V : fluid velocity [m/s] 
AX : difference between ammonia weight fraction of  gas and 

solution 
p : density [kg/m 3] 
8~ :tube-wall thickness [m] 
bt : viscosity [kg/m-s] 
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