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Abstract—An absorber is a major component in absorption refrigeration systems and its performance greatly affects
the overall system performance. In this study, experimental analyses of the characteristics of heat transfer for removal of
abszorption heat in an ammonia-water bubble mode absorber were performed. The heat transfer coefficient was es-
timated as a funcfion of the input gas flow rate, solution flow rate, temperature, concentrati on, absorber diameter and
height, and input flow direction. The increase of gas and solution flow rate affects positively in heat fransfer. However,
the increase of solution temperature and concentration affed s negatively. Moreover, under the same Reynolds num-
ber, countercurrent flow is superior to cocurrent flow in heat transfer performance. In addition, from these experimental
data, empirical correlations that can explain easily the characteristics of heat transfer are derived.
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INTRODUCTION

Due to the ozone depletion problem associated with the use of
CFC and HCFC refrigerants, absorption heat pumps and refrigera-
tion systems have received increasing interest in recent years. More
and more, they are regarded not only as environmentally friendly
alternaives to CFC-based systems, but also as energy efficient heat-
ing and cooling technology. In heat pump systems, the absorber is
one of major components from the viewpoint of size and perfor-
mance. It is the largest component and has a complicated heat and
mass transfer mechanism which influences the system performance
significantly. Therefore, it is required to analyze combined heat and
mass transfer mechanisms i the absorption process. In general, fall-
ing film modes and bubble modes have been recommended to en-
hance heat and mass transfer performance in ammonia-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 al, 1999, 2000, Sung et al, 2000; Sujathaet al, 1999,
Tsutsumi et al., 1999; Yamashita, 1999). Especially, the character-
istics of heat and mass transfer for each factor have been mvesti-
gated experimentally, and empirical correlations for heat and mass
transter were derived [Kang et al., 1999]. However, few papers have
been tound for bubble mode absorption, and there is no paper for
the characteristics of heat transter, although Sujatha et al. investigated
the characteristics of mass transfer for bubble mode absorber work-
ing with R22 and five organic absorbents experimentally.

In the present sudy, researches for a bubble mode absorber are
performed. In particular, mass transfer of absorption solution and
hea transfer to cooling water in the absotber of absorption heat pump
gysterns are essential. Lower level of solution temperature by the

"To whom correspondence should be addressed.

E-mail: kimshi@korea.ackr

'This paper is dedicated to Professor Wha Young Lee on the occasion
of his retirement from Seoul National University.

552

effective absorption heat removal improves mass transfer between
ammonia gas and solution. Heat transter 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 experiments. Then,
the charactenstics of heat tran sfer for each factor were mvestigated.

EXPERIMENTAL APPARATUS AND PROCEDURE

The schematic diagrams of the experimental absorption systems
for characteristics of hea transfer and the cylindrical bubble mode
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Fig. 1. Experimental bubble mode absorber system for heat frans-
fer experiments.
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absorber are given in Fig. 1. Four kinds of absorbers were made;
the diameters and heights of the absorbers are 3 cm/70 am, 3 an/
40 cm, 2 cm/70 cm and 4 cm/70 cm, respectively. For the flow of
cooling water, each absorber has double jackets. The 3 mm inner
diameter gas myection orifice 13 equipped at the bottom of the ab-
sorber. Ammonia gas flowed up while ammonia solution flowed
both up and down. Six thermocouples were equipped m the mput
and output lines of cooling water, nput and output lines of solu-
tion, solution tank, and gas input line. Tnput sohition was preheated
m the solution tank where three 500 W-cartridge heaters were equip-
ped An embedded type cartridge heater of 500 W was set in the
nput line to control more accurate temperature. The flow rate 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 thermocouples (K-type) was stored
by data acquisition systems. In the experiments, heat transfer co-
efficients were estimated according to various experimental fac-
tors. The concentration of aqueous ammonia solution (0-28%), tem-
perature of solution (15-60 °C), flow rate of solution (0.2-0.8 kg/
min), flow direction and flow rate of pure ammorua gas (1-9 L/min)
were varied at normal pressure. The heat transfer coefficient can be
estimated by measuring the temperature variation of cooling water
and the temperature difference between the absorber and cooling
water.

ANALYSIS METHODS FOR EXPERIMENTAL
RESULTS

1. Calculation Method for Overall Heat Transfer Coefficient

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

U, A-AT jyerp=1n, 'Cp, c 'ATc, w (H
U~(m, Cp, B 'ATc, oW ACAT ) (2)

From the measured temperatures of input and output cooling
water, the heat transfer rate from solution to cooling water can be
easily calculated. Also, the overall heat transfer coefficient can be
obtamed by calculating the log mean temperature difference, LMTD
(AT) from input and output 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 overall heat transfer coefficient at a specific
point in a double-pipe exchanger. When the warm solution flows
through the inside pipe and the cooling water flows through the an-
nular space, the relation of overall heat transfer coefficient and sur-
face heat transfer coefficient can be approximated as follows:

LU =1/h+1/h+8 /K, 3
1/h=1/U,—8 /k,— 1/h, (4

To understand heat tramsfer phenomena n the absorber, estima-
tion of the heat transfer coefficient m the mside surface 15 the most

important thing. However, it is very difficult to estimate the inside
heat trensfer coefficient (h) directly. Moreover, even though Eq.
(4) is used to estimate, data of heat transfer coefficient (h,) of cooling
water surface are necessary. As several absorbers were used for these
experiments, the value of outside heat transfer coefficient (h)) of
each absorber must be different, in spite of the same flow rate of
mput cooling water for each absorber. Therefore, b, for each absorber
must be determined for the estimation of h,.

Tn this study, the following numerical method was used to de-
termine h,. From the empinical 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 Graetz number:

Nuoe Gz )
Gz=(mC, kL =(rpVD*C,)/(4kL)

=((PDVyw) ((rC,Du)/(4KL))=Re((nC,Du){AkL)) (6)
h=aRe’ (7
1U~8,/k,=1/h+1/h, 8
Y(=1/U,-8,/k, )=aRe " +y,(=1/h,) ©)

As can be seen in the above equations, the Nusselt number (Nu)
which 18 proportional to an exponential function of the Graetz mumn-
ber (Gz) can be expressed as a function of the Reynolds number
(Re). Therefore, experiments were performed to measure the over-
all heat transfer coefficient as a function of the solubon Reynolds
number: In all experiments, cooling water flow rate was maintained
constant. From experimental data, Y(=1/U_—8,/k,) and Re can be
obtained, and a, 3, and y, can be easily estimated by a plot of Y ver-
sus Re™. Finally, h, can be presented as the reciprocal of y,. The h,
of each absorber m these experiments was obtamed by this esti-
mating method. The results for h, are as follows:

- In the case of height 70 cm and diameter 3 cm absorber
Y(=11U,-8,/k,)=92.17873 <107 Re"*+9.49908x 107%=1/h,)
h=1052.734 [I/s-K-u']

- In the case of height 70 cm and diameter 2 cm absorber
Y(=1/U,—8,/k ¥0.01122 Re"*+1.60228 % 10(=1/h.)
h=624.1099 [J/s-K ]

Consequently, after the overall heat transfer coefficient (17,) and
heat transfer coefficient (h,) are determined by experiments and es-
timation method, the heat transfer coefficient h can be obtained from

Eq. (4.
RESULTS AND DISCUSSION

1. Effects of Input Gas Flow Rate

Fig. 2 shows the variation of heat transfer coefficient (h)) as a fimc-
tion of mput gas flow rate under the constant input solution Rey-
niolds number of 184 in diameter absorber of 3 cm. As can be seen
in Fig. 2, h, increases as the input gas flow rate increases. This can
be explamed as that turbulence end eddies are generated by ammo-
nia gas myjected mto laminar solution flow, and turbulence breaks
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Fig. 3. Effect of solution flow rate on heat transfer coefficient for
Re,=248.

the thermal boundary layer formed along wall boundary.
2. Effects of Input Solution Flow Rate

Fig. 3 shows the variation of heat transfer coefficient (h) as a func-
tion of the input solution flow rate under the constant input gas
Reynolds munber of 248 in diameter absorber of 3 cm. As can be
seenn m Fig. 3, b increases as the mput solution flow rate mereases.
Tn general, the Nusselt mumber of newtonian laminar flow through
the inside pipe is propertional to (Graetz mumber) . In other words,
as the flow rate of solution increases, the thermal boundary layer is
formed thinly. The mprovement of heat transfer performeance can
be explained as follows: the merease 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 temperatire difference between
gas and solution, when the Reynolds number of gas and solution is
248 and 184, respectively, and input gas temperature is maintained
at constant. Fig. 4 shows that h, decreases as the input solution tem-
peratire mcreases. In general, the effect of temperature on the heat
transfer coefficient appears clearly in falling film absorption pro-
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cess. The reason is that two interfaces are formed similarly in fall-
mg film absorption One 1 the mterface of heat transfer between
the hiquud film and the wall boundary; the other 15 that of mass trens-
fer between gas flow and liquid film. As the temperature of gas in-
creases, the sensible heat from the gas to the hiquid mereases, and
this phenomenon affects positively heat transfer to cooling water.
However, as liquid temperature increases, the sensible heat from
the Liquud to the gas mncreases, and causes a lower heat transfer co-
efficient. From these bubble mode experiments, the same results as
falling film mode are obtamed. Fmally, 1t 18 confirmed expenmen-
tally that the same phenomenon oceurs like the falling film mode ab-
sorption in mass and heat transfer interfaces, although mass trans-
fer mterface between gas and liqud 1s formed mregularly i the bub-
ble mode absorption.
4. Effects of Concentration Difference Between Gas and Sol-
ution

Tn bubble mode absorption, the absorber can be divided into two
regions. One 1 the mixing zone; the bottom region of absorber where
ammonia gas 15 gjected from a nozzle plunges mto solution flow,
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and turbulence and eddy is generated by injected ammonia gas. The
other 15 the pipe flow zone. It is the upper stable region of the ab-
sorber. In general, an increase of the input solution concentration
means an increase of the gas absorption region and bubble exist-
ence height, but an mcrease of the mput gas flow means an expan-
sion of the mixing zone and the development of trbulence. Tn other
words, the same amount of mput gas generates similar turbulences
and eddies in the mixing zone, although the solutions of different
concentration are supplied into the absorber. However, gas holdup
mereases m the pipe flow zone with mereasmg of mput solution
concentration. In the experiments for sohution concentration, it can
be determined whether the reason for the positive effects of bubble
on heat transfer is the development of mixing turbulence zone or
the expansion of absorption region itself. Fig. 5 shows the effects
of the concentration difference between gas and solution, when the
Reynolds mumber of the gas and that of solution is 248 and 184,
respectively and temperature of input gas and sohution is maintained
comstant. As can be seen m Fig. 5, the effect of mcrease of ammo-
mia solution concentration does not appear clearty. Therefore, it is
confirmed experimentally that the expansion of the bubble absorp-
tion region does not affect the improvement of heat transfer perfor-
mance. On the contrary, a little decrease of the heat transfer coefficient
with mereasing ammeoernia solution concentration 15 observed. This
unexpected result can be explained: as the concentration of ammo-
nia solution ncreases, the rectification of ammomna occurs in am-
meora solution, and ammorna solution loses latent heat of ammo-
mia evaporation. Therefore, this phenomenon can negatively affect
heat transfer from solution to cooling water:
5. Effects of Absorber Length

Although the absorber must have enough absorption height to
absorb ammoma bubbles perfectly, the necessity of surplus absorber
height over the bubble absorption region for heat transfer must be
confirmed. Tn these experiments, the 70 cm 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 compared. Figs. 2 to 5 show the effect of absorber height
on the heat transfer coefficient. The heat transfer coefficient of the
40 cm absorber is superior to that of 70 cm absorber. This result
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indicates that most improvement of heat transter performance by
myjected bubbles ocours m the mixmg zone at the bottom 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 transfer coefficient of the 2 cm
diameter absorber 13 superior to that of the 3 cm absorber, under
the same conditions for gas and solution Reynolds numbers of both
absorbers. The effects of eddy and turbulence near the absorber wall
increase with decrease of absorber diameter. These results indicate
that the shape of the absorber can affect heat transfer performance.
7. Effects of Flow Direction Between Gas and Solution

Fig. 7 shows the comparison of heat transfer coefficient between
cocurrent and countercurrent flows. As can be seen, the heat trans-
fer coefficient of countercurrent flow is superior to that of cocur-
rent flow. The phenomena of flow direction between gas and sol-
ution can be explamed as follows: unabsorbed bubbles n the cocur-
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 cocurrent. Therefore, these experimental results
indicate that the development of the mixing zone near to the gas
mjector 18 more mnportant then the expansion of the absorption re-
gion for the improvement of heat transfer performance.
8. Derivation of Correlation

From twenty-one experimental data, empirical correlations that
can easily explain the characteristics of heat transfer are derived as
follows. The error between measured and calculated Nusselt mum-
ber (Nu) by Eq. (10) was within £15%.

Nu=1.487(Reg)°'1865(Reﬂ)°'176°(AT/Tgm)_° lldé(mgm)ﬂ 6013(L/d)0.2662 (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 concentration affects negatively. More-
over, under the same Reynolds mumnber, the decrease of absorber
diameter affects heat transfer positively. These empirical correla-
tions can be useful to estimate the heat transfer coefficients at the
condition of high temperature and pressure at which it is difficult
to conduct experiments.
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CONCLUSIONS

Mass tramsfer of absorption solution and heat transfer to cooling
water m the absorber of absorption heat pump systems are essen-
tial. For the further understanding of heat transfer from ammonia
solution to coolng water, heat transfer coefficients are measured as
the many operation variables. The following conclusions were drawn
from the present experimental studies:

1. The operation variables of experiments for heat transfer per-
formance are the mput gas flow rate, wput solution flow rate, tem-
perature, concentration, flow direction between gas and solution,
absorber length, and absorber diameter

2. The merease of gas and solution flow rate affects heat transfer
performance positively. However, the increase of solution tempera-
ture and concentration affects negatively. Moreover, under the same
Reynolds number, the decrease of absorber diameter affects posi-
tively.

3. The heat transfer performance of countercurrent flow 15 supe-
rior to that of cocurrent flow.

4. The key factor for improvement of heat transfer performance
18 the development of mixmg zone m the bottom of an absorber
where gas is injected.

5. These experimental results can be useful to estunate the heat
trarsfer coefficients at the condition of high temperatire and pres-
sure at which it is difficult to conduct experiments.
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NOMENCLATURE

: area [m?]
- specific heat of fluid [I/K -kg]
. specific heat of cooling water [I/K -kg]
. absorber diameter [m]
7z : Graetz number
- absorber mmside surface heat transfer coefficient [W/m?*-K]
: cooling water surface heat transfer coefficient [W/m®-K]
: thermal conductivity of fluid [W/m K]
: thermal conductivity of wall [W/m-K]
: absorber length [m]
: mass flow rate of fluid [kg/s]
. mass flow rate of cooling water [kg/s]
Nu : Nusselt number
Re : Reynolds munber
Re, :Reynolds number of gas
Re,,; : Reynolds number of solution
T : temperature [K]

FEFEF Q00

B B

July, 2002

AT . gp - log mean temperature difference between solution and
cooling water [K]

AT, , : temperature variation of cooling water [K]

AT :temperature difference between solution and gas tem-
perature [K]

U, :overall heat transfer coefficient [W/m®-K]

V' fluid velocity [m/s]

AX  : difference between ammomnia weight fraction of gas and

solution

: density [kg/m’]

- tube-wall thickness [m]

L viscosity [kg/m-s]

[yl

=
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