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Heat and Mass Transfer Aspects of Gas

Separation by Adsorption

A.FEDOROYV and R. VISKANTA
(Purdue University)

ABSTRACT

A brief review of the pertinent literature dealing with
heat and mass transfer aspects of gas separation by ad-
sorption is provided to describe the present understand-
ing of the field. The analysis of combined heat and mass
and adsorption dynamics in a honeycomb adsorption
column is performed to demonstrate the importance of
accounting for interactions between heat/mass transfer
and adsorption processes. In a way of conclusions, re-
search directions are identified where the current knowl-

edge is limited and additional developments are needed.

NOMENCLATURE

C concentration [kg/m?]

Cp specific heat at constant pressure [J/kgK]

D mass diffusivity [m?/s]

d internal width of the unit cell [m)]

F total cross-sectional area of the unit cell [m?]

AH  differential enthalpy of adsorption [J/kg]
hpe  local heat transfer coellicient [W/m?K]
hm,e local mass transfer coefficient [m/s]

k Henry or Freundlich adsorption equilibrium
constant or thermal conductivity [W/mK]
length of the unit cell [m)]

wetted perimeter of the unit cell [m]
amount adsorbed [kg/m?)

temperature [K]

time [s] or wall thickness of the unit cell [m]
axial velocity [m/s]

Cartesian coordinate [m]

8 < TR g

Greek Symbols

€ structural porosity of the unit cell
€in internal macroporosity of adsorbent
p density [kg/m3]

REAFFE 1997 461 A 4

Subscripts

eff  refers to effective quantity

g refers to quantity in the gas phase

h refers to heat transfer

in refers to inlet conditions

m refers to mass transfer

w refers to quantity in the solid phase

x refers to quantity related to z—directions
0 refers to initial or reference conditions
Superscripts

* refers to modified quantity

INTRODUCTION

Adsorption based technologies have enjoyed a wide
application in the modern chemical, petrochemical, phar-
maceutical, energy, environmental and other industries
(Ruthven, 1984). The traditional microporous adsor-
bents with pore diameters ranging from a few Angstroms
to a few tens of Angstroms such as silica gel and ac-
tivated carbon have been traditionally used for dry-
ing, alcohol dehydration, impurity removal in pollu-
tion control, recovery of radioactive wastes and other
technologically important separation processes. The
recent development of crystalline aluminosilicates (zeo-
lites) with micropore size strictly controlled by the crys-
tal structure (there is virtually no distribution of pore
size) has also opened numerous opportunities for appli-
cation in catalysis and bioprocessing (Ruthven, 1984;
Suzuki, 1990).

Adsorption separation and purification processes are
often more energy efficient and, therefore, more cost
effective process than conventional distillation technol-

ogy because of availability of highly selective and long
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Figure 1: Illustration to the definition of regener-
ation techniques

lasting adsorbent solids. Bulk separation in multicom-
ponent gaseous mixture by adsorption is based on abil-
ity of some porous solids to reversibly and selectively
adsorb large volumes of gases. The technological pro-
cess is transient and consists of alternate adsorption and
regeneration steps in a cyclic manner. Among several
alternative processes proposed for regeneration of spent
adsorbents, desorption by low pressure stream (pressure
swing adsorption or PSA cycle), desorption at high tem-
perature (temperature swing adsorption or TSA cycle),
and their combination (temperature-pressure swing ad-
sorption or TPSA cycle) are the most common for the
gas separation applications (Yang, 1987). Since the
equilibrium amount of gas adsorbed is proportional to
the partial pressure or concentration of adsorbable spe-
cies, the isothermal reduction of the total pressure of
the gas mixture (PSA) leads to desorption of the adsor-
bate to the flowing gas stream and, thus, regeneration of
the adsorbent solid. TSA regeneration method is based
on the fact the adsorption from the gaseous phase is
invariably exothermic and, therefore, the equilibrium
amount of gas adsorbed decreases with an increase in
operating temperature, i.e., desorption occurs. Figure 1
provides the graphical representation of theoretical con-
cepts for both regeneration techniques using adsorption

isotherms.

The detailed discussion of TSA and PSA cycles and
their application in gas separation technologies can be

—5-

found elsewhere (Yang, 1987; Ruthven, 1994). The pur-
pose of this review is to prescnt an overview of works
dealing with fundamental aspects of heat and mass trans-
fer interactions with adsorption/adsorption, to empha-
size the importance of considering the simultaneous heat
and mass transfer process while modeling the dynamic
behavior of an adsorption column, and, finally, to de-
lineate the major directions where the further research

and improved understanding are needed.

LITERATURE REVIEW

Industrial needs for an economic separation process
has stimulated fundamental research in adsorption as
well as considerable efforts in the development of new
adsorbents. Extensive research has been performed to
study transport processes in adsorption systems. How-
ever, most of these studies are concentrated on inves-
tigating solely mass transfer, while keeping the adsor-
bent at isothermal conditions [the extensive reviews of
the literature by Ruthven (1984) and Suzuki (1990) are
available and are not repeated here]. Although it has
been evident for a long time that adsorption/desorption
processes are always accompanied by release/removal
of considerable amount of heat (Scheele, 1780), rela-
tively few theoretical studies dealing with simultane-
ous heat and mass transfer during non-isothermal ad-
sorption/desorption have been reported (Leavitt, 1962;
Carter and Barrett, 1973; Yoshida and Ruthven, 1983;
Raghavan and Ruthven, 1984) among others. A com-
prehensive review of the relevant literature up to 1990
is given by Ulkii (1991).

Only during the last several years the problem of heat
and mass transfer interactions during adsorption/desor-
ption has received increased attention from researchers,
and several comprehensive experimental and computa-
tional studies have been undertaken (Farooq and Ruth-
ven, 1990a,b; Gukov et al., 1994; Mohamad et al., 1995;
Bart et al., 1996). Farooq and Ruthven (1990a,b) car-
ried out the measurements of the adsorption and des-
orption breakthrough curves (concentration uptake) and
corresponding temperature profiles (both radial and ax-
ial) in a series of adsorption columns with internal di-
ameters ranging from 0.77 to 7.9 cm. The columns were
packed with 0.707 mm. diameter 5A zeolite adsorbent
particles. Adsorption from the mixture of 1% ethylene
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as an adsorbate and helium as a carrier gas was in-
vestigated. The authors have found that desorption
was almost isothermal; however, the departure from
isothermal conditions was very pronounced for adsorp-
tion. The one- and two- dimensional models for heat
transfer along with one-dimensional model for mass tra-
nsfer and linear Henry adsorption isotherm in both mod-
els were used to describe the dynamic behavior of the
adsorption columns previously studied experimentally.
Both models were able to predict the shape of break-
through curves correctly. The authors concluded that,
in general, for most practical systems, the one-dimen-
sional model should provide an adequate description of
the column dynamics. However, under conditions of
pure thermal wave formation (i.e., when the thermal
front leads the concentration wave), there is some dif-
ference between the one- and two- dimensional models.
Gukov et al. (1994) presented a two-dimensional math-
ematical model for both temperature and concentration
along with modified Henry’s kind kinetic equations for
adsorption in the multicomponent mixture. Their pre-
dictions showed that axial diffusion and conduction play
a very important role in dynamics of the cylindrical ad-
sorption column during the entire operational cycle, in-
cluding the initial clean-up purge, the adsorption stage,
and the regeneration by desorption.

Arguably the most comprehensive mathematical mo-
del of adsorption and desorption in a fixed bed has been
recently developed by Mohamad et al. (1995). In this
model the macroscopic flow, heat and mass transfer
analysis is based on Forchheimer-Brinkman extended
D’Arcy’s flow model in porous media and non-thermal
equilibrium between solid adsorbent particles and ad-
sorbate gaseous mixture in the column. An empiri-
cal nonlinear Freundlich isotherm was adopted to pre-
dict the adsorption equilibrium conditions. Macrop-
ore and micropore diffusion are accounted for in both
the pellet and crystal using extended version of the
model presented by Cen and Yang (1986). The pre-
dictions were compared against published experimental
data (Yamada and Viskanta, 1992) and appear to be
in qualitatively good agreement. The equilibrium con-
stant "k” and the exponent ”n” in the Treundlich em-
pirical adsorption isotherm have been identified as the

major model parameters responsible for achievement of
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quantitative agreement between the theoretical predic-
tions and the experimental data.

The importance of accounting for thermal effects when
interpreting the experimental measurements of diffusion
rates in biporous pellets obtained by means of the fre-
quency response technique for non-isothermal adsorp-
tion has been recently established by Sun et al. (1994)
and Bourdin et al. (1996). The authors have even dis-
covered that the very specific bimodal behavior of the
experimental out-of-phase data is caused by the heat
evolution effects in contradiction to the previously es-
tablished view (Yasuda et al., 1991) that there are two
adsorbable species with different diffusion mobilities.

In summary, the literature review has revealed that
only few theoretical and experimental studies have been
performed which account for the combined heat and
mass transfer effects and adsorption/desorption dynam-
ics. The very simple analytical models for adsorption
equilibrium (Henry, Langmuir or Freundlich isotherms)
have usually been employed (Farooq and Ruthven, 1990a;
Mohamad et al., 1995) which are correctly applicable
only for the low partial pressure or concentration limits.
Furthermore, the oversimplified treatment of transport
phenomena in the porous media (neglecting frictional
pressure drop, setting constant linear velocity through
out the porous bed, etc.) is generally assumed.

In the next section we present the theoretical model
and compare the predictions with experimental data
for simultaneous heat/mass transfer and adsorption dy-
namics in a honeycomb adsorption column. The intent
is to provide a clear evidence of the importance of funda-
mental understanding of combined heat and mass trans-
fer occurring in the adsorption column and to illustrate
their significant influence on the dynamics and overall
performance of the system.

AN EXAMPLE: HEAT/MASS TRANSFER AND AD-
SORPTION DYNAMICS

Mathematical Formulation. PSA and TSA gas
separation systems involve the cyclic changes in the
pressure (concentration) and temperature of the flow-
ing stream, respectively. Thus, the transient response
of the adsorption column on the inlet concentration and
temperature intakes is of the major concern.

Most practical designs of the adsorption columns are
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of the fixed porous bed type which are characterized
by a large contact surface area between adsorbate mix-
ture and adsorbent. However, the momentum, heat
and mass transport processes in the porous media are
not well understood (Viskanta, 1995). Hence, in order
to gain fundamental understanding of heat and mass
transfer and adsorption dynamics, the analysis is per-
formed for an adsorption column which has a honey-
comb internal structure with well defined geometry (i.e.,
macroporosity).

The schematic diagram of the honeycomb unit cell
together with the coordinate system is illustrated in

Figure 2. It is assumed that the flow in the column
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4
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jm=— s m ey

N

o
N
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prase areq pfrase area

Represeniative unft celf

Figure 2: Schematic of the unit cell and the coor-

dinate system

is one-dimensional, laminar, and incompressible with a
constant linear velocity V' (frictional pressure drop is
negligible) and the heat of adsorption is constant and
independent of adsorbent surface coverage by the adsor-
bate film. The transverse heat conduction and species

mass diffusion, Dufour and Soret effects, viscous heat

dissipation, radiation, and pressure work are neglected
in comparison to axial advection and diffusion of heat
and mass. The transient, non-equilibrium mass and en-
ergy conservation equations for the flowing gas and solid
adsorbent of the unit cell are given by the following;:
Conservation of adsorbable species is the gas phase

an 6Cg _ 0 an P
W—}-Vﬁ— _(:9-—7:—[ ga—x +hm,xﬁ(cw_cg) (1)

Conservation of adsorbable species in the solid phase

L0 0, 8],
in At - znaw w,eff o
P Jdq
hm,xm(cg - Cw) - (]' - 61")5 (2)

Initial and boundary conditions

t=0 , O0<ze< Ll Cy=Cy=0C (3)
t>0 , = 0 Cg = Cw = Uin (4)
oC, oC,
t>0 = L, 29 — v
-0 e Oz Oz 0 B
Conservation of energy in the gas phase
Ty, 0T, 0 01y
Pacrg (*a? * Va—m) = b ["395‘;

P
hh,z‘ E(Tw - Tg)

Conservation of energy in the solid phase

T, 08 T,
(Pcp)w,eff%—t‘ = % [kw,eff—a—;-] +
hyo———(Ty —Tw) — (L - -)%AH (7
h,:c(l_e)F g w €in ot
Initial and boundary conditions
t=0 , O<ze<l Ty3=T,=Tp (8)
t>0 , z=0 Ty =Ty =Tin (9)
_ Ty, 9T, _

For closure of the problem the non-linear Freundlich
adsorption equilibrium isotherm is assumed:

¢ = ko(Tw)Cy (11)

The effective thermophysical properties and the local
heat and mass transfer coefficients are evaluated using
published information (Cheng and Vachon, 1969; Kakag
et al., 1987; Karger and Ruthven,1992).
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A fully implicit, absolutely stable finite-difference nu-
merical scheme of the first order approximation in time
and the mixed first-to-second order of approximation in
the spatial variable has been used for numerical approx-
imation of the governing parabolic equations, Equations
(L)-(7).
ing the system of linear algebraic equations with the
three-diagonal matrix.

Results and Discussion. Yamada (1994) has stud-

ied experimentally heat and mass transfer and adsorp-

The Thomas algorithm is then used for solv-

tion dynamics in the honeycomb adsorption column ma-
de of TiOy — WO3 — V505 . Specifically, the honey-
comb adsorption column has operated in the following
manner: initially the mixture of air and water vapor
as an adsorbate of the constant concentration Cy =
0.0147 kg/m3 at temperature Ty = 22.5 °C was passed
through the honeycomb column at a steady rate; after
the adsorbent and -adsorbate have reached an equilib-
ria, the mixture with higher water vapor concentration
Cin = 0.0184 kg/m3 at temperature T}, = 42.5 °C was
introduced at the column inlet and, then, these condi-
tions were steadily maintained for the rest of the exper-
iment until a new equilibrium has been reached. The
temperature and the water vapor (adsorbate) concen-
tration have been measured at four different spatial lo-
cations along the column length as the time progressed.
The parameters of the non-linear Ireundlich adsorption
equilibrium isotherm have be obtained by correlating
the experimental data of Yamada (1994) by the equa-

tion:

g = ky(Tw)Cy
0.308 x 10" 8exp[3.63 x 10%/RT},)C2

(12)

Figures 3 and 4 show the transient adsorbate temper-
ature and concentration uptakes at four different spatial
locations along the adsorption column. The theoretical
results agree quite well with the experimental data (Ya-
mada, 1994) and show several distinguished features.
The physics of heat and mass transfer interactions re-
vealed by both the experimental and theoretical results
1s discussed in the next few paragraphs.

A sharp increase in the experimentally observed ad-
sorbate temperature (Figure 3) in the first 1 —2 minutes
is mainly due to the heat evolution during adsorption
of the water vapor by the honeycomb adsorbent from
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Figure 3: Comparison of theoretically predicted
temperature uptake distributions of the adsor-

bate with experimental data.

the adsorbate-rich mixture (C;, = 0.0184 kg/m3 >
Cy = 0.0147 kg/m?) initially entering the column. Af-
ter this adsorption induced sharp rise, the temperature
of adsorbate stops increasing and remains constant (~
29 °C') during some time interval (2 min < ¢ < 7 min in
the section z/L = 1, for example) owing to the balance
between the heat addition by convection and the heat
removal by the temperature induced desorption. Even-
tually, the heat loss due to desorption is outweighed by
convective heat transfer from the hot (T3, = 42.5 °C)
mixture to the initially cold (T = 22.5 °C) column,
and the temperature starts increasing gradually until it
reaches the steady state value of Ty, = T3, = 42.5 °C
(at t & 23 min in the exit section z/L = 1, for exam-
ple).

These interesting features of the temperature uptake

dynamics can be explained only in conjunction with
analysis of the so-called ”breakthrough curve” (Figure
4), which depicts the changes in the adsorbate concen-
tration as the time progresses. During first one or two
minutes of the experiment (depending on the spatial lo-
cation of the column cross section), the concentration of
adsorbate begins to grow very rapidly due additive ef-
fects of convective mass transfer from the adsorbate-rich
mixture (Ci, = 0.0184 kg/m3) to the adsorbent and ad-
sorption of water vapor by the initially adsorbate-lean
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Figure 4: Comparison of theoretically predicted
concentration uptake distributions of the adsor-

bate with experimental data.

adsorbent walls (Co = 0.0147 kg/m?3). If the isothermal
mass transfer and adsorption dynamics were considered
(k§ = const), the adsorbate concentration would grad-
ually reach its equilibrium value of 0.0184 kg/m3 and
from then on remain unchanged (Farooq and Ruthven,
1990a). However, in the case of non-isothermal adsorp-
tion, the process is accompanied by the significant heat
release and, consequently, by a sharp rise in the temper-
ature, so that the value of the equilibrium constant k;
decreases [see Equation (12)]. This means that for the
new equilibrium conditions characterized by the higher
temperature, the adsorbent cannot accommodate the
amount of water vapor previously adsorbed and starts
desorbing it back into the flowing adsorbate stream,
which becomes even more adsorbate-rich as it flows
downstream. This fact is reflected by the presence of
the significant overshoot in the adsorbate concentration
distributions (Cmaz & 0.020 kg/m?) shown in Figure 4
over its steady state value of 0.0184 kg/m3. The max-
imum value of the concentration overshoot is slightly
overpredicted by the theoretical analysis owing to the
limited range of applicability of the empirical Freundlich
isotherm.

Note that the time intervals of concentration and tem-
perature plateau directly correspond to each other and
are approximately equal for the same cross section as it

80 T T T T T p
° Exp. data, xL=1/3

70 o Exp.data, xL=2/3 |]
- Exp. data, ¥/L=1
Prediction, x/L=1/3 |
- Prediction, x/L=2/3
- Prediction, x1L=1 |]

60 |-

d,,.» kcalm’h

t, min

Tigure 5: Comparison of theoretically predicted
transient heat flux distributions with experi-

mental data.

could be expected by considering an ultimate coupling
of heat and mass transfer. Also, they become greater
for the cross sections located further downstream of the
inlet to the column due to an increase in the adsorbate
concentration in the flowing mixture by addition of the
water vapor due the temperature induced desorption in
the upstream cross sections. Of course, the axial heat
conduction and mass diffusion in both the flowing mix-
ture and the adsorbent walls influence strongly the heat
and mass transfer dynamics and make the process even

more complex.

The transient heat flux distributions from the flow-
ing adsorbate-+air mixture to the honeycomb adsorbent
walls at three different spatial locations along the ad-
sorption column are depicted in Figure 5. In general,
the agreement between the theoretical predictions and
the experimental data is fairly good both qualitatively
and quantitatively. However, the heat fluxes are un-
derpredicted by about 50% at each cross section of the
column during first two to threc minutes owing to the
relatively slow uptakes in the theoretical temperature
(see Figure 3) and the adsorbate concentration (see Fig-
ure 4) distributions as comparcd to these uptakes mea-
sured experimentally. Due to the empirical nature of
the Freundlich adsorption isotherm and absence of ex-
perimental information about the differential enthalpy
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of adsorption, any further improvement in the theoret-
ical prediction of combined heat and mass transfer and
adsorption/desorption dynamics of the honeycomb col-
umn cannot be achieved. Thus, the development of
the theoretically sound adsorption equilibrium model,
which should account for the possible variation of heat
of adsorption during adsorption and desorption as well
as with adsorbent surface coverage by the adsorbed film,
is extremely important.

CONCLUDING REMARKS

The brief review of the pertinent literature provided
in the introduction has demonstrated that the com-
bined heat and mass transfer processes associated with
adsorption/desorption dynamics have been attracting
increased attention in recent years from both indus-
try and university research communities, but improved
understanding of the phenomena and additional devel-
opments are needed. The theoretical modeling of the
phenomena is necessary in order to provide a scien-
tific basis for improved process design and operation
of adsorption-based gas separation systems. The liter-
ature search has revealed that the majority of math-
ematical models of PSA and TSA simply ignore the
nonisothermality associated with adsorption and focus
solely on the mass transfer and adsorption/desorption
dynamics. Furthermore, most of the process analyses
have employed very simple analytical models for ad-
sorption cquilibrium (Henry, Langmuir or Frcundlich
isotherms), which are correctly applicable only at the
low adsorbate concentration limit. However, the results
of theoretical and experimental studies of honeycomb
adsorbent under conditions similar to PSA and TSA
operations have revealed that heat/mass transfer and
adsorption/desorption processes are strongly coupled,
and it is necessary to consider them simultaneously in
order to obtain realistic predictions of system dynamics
and overall performance.

As a summary, several major research directions can
be identified where the current knowledge is limited and
additional developments are needed. These areas are:
(1) development and experimental validation of simpli-
fied (engineering”) but theoretically sound theoreti-
cal models capable of predicting adsorption equilibrium

over large ranges of the adsorbate pressure and temper-
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ature, (2) experimental measurement of the heat of ad-
sorption for the various practical adsorbent-adsorbate
pairs, (3) experimental measurement and theoretical
modeling of transient temperature and adsorbate con-
centration distributions in the adsorption column dur-
ing all stages of PSA and TSA cycles, (4) experimen-
tal measurement and theoretical prediction of effective
thermophysical properties of various types of porous ad-
sorbents and the local heat and mass transfer coeffi-
cients between gas and porous solid adsorbent, and (5)
global parametric optimization of the adsorption/desor-
ption cycle on the basis of comprehensive mathematical
model.
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Fig.1 Conceptual drawing of adsorption heat pump
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ABSTRACT

In this paper the results of a development of
the fin shapes for a compact fin-tube heat
exchanger being used to the air-cooled
absorption refrigeration system are presented.
Five types of new fins were designed,
simulated and tested. To reduce experimental
effort, a theoretical method to predict fin-
performance with respect to the fin shape
was developed also. The experimental results
indicated that the j-factor of five new fins
were increased much with relatively smail
increase in f-factor than those of previous
flat fin. From the viewpoint of fin-
performance newly defined from present stud
y, all fins were enhanced about 40% in
erformance compared to previous flat fin.
he results from 3-dimensional numerical
analysis were compared with those of
experimental work, and good agreement were
achived. The theoretical method developed is
able to be useful tool to design another new
fin shape for any kinds of heat exchanger,
hereafter.

MATHEMATICAL MODEL

Figure 1 shows the geometry of the model 5
fin designed for the numerical analysis. The
dotted section was selected as a
represenative  interesting region, with one
pitch in the x-direction and y-z section, as
shown in the figure.

Interesting
region

Outflow

Fig. | Geometry and interesting region

The fluid flow is governed by the Navier-
Stokes equations, written as generalized
conserved transport equation in (l.1).

PHOENICS code was used in this analysis.
Physical and numerical parameters as well
as description of the discretization procedure

{LBHF5E 1997 4E 1 A

= Se(x,y,2) (1.1)

and numerical scheme used in this study can
be found in {1].

RESULTS

The fin perforamnce can be showed with thef
- and j-factor, indicated the pressure drop
characteristic and heat transfer characteristic,
respectively. The f- and j-factor of the flat
fin were measured and compared to the those
of Gray & Webb[2], in order to verify the
experimental apparatus and method. The
comparison between present experimental data
and Ref.[2] were fairly good agreement
within 13% error. The representative new
designed fin's correlation of the f- and j-
factor with respect to Reynolds number are
as follows:

f=1.145Re,***, j=0.341Re, " for flat fin

f=0.874Re, **?, j=0.449Re,*% for new fin

for Reynolds number 150~ 800.

Figure 2 shows that the performance of all
new fins were enhanced about 35~40% in
comparison with respect that of flat fin.
Especially, model designed with mixed
shape of louver and lance was superior to

other models.

50

h, (W/m'K]

40!

30

w (w/m']
Fig. 2 Comparison of fin performance for
various fin models :
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International symposium on

AIR CONDITIONING IN HIGH RISE BUILDINGS '97
September 9-12, 1997 Shanghai, P. R. China

Organized by the Chinese Association of Refrigeration and the Shanghai Society of Refrigeration
Sponsored by International Institute of Refrigeration (Commissions E1, E2 and B2)

This symposium will deal with different aspects of technologies of air conditioning and refrigeration in high rise buildings.

The main topic will be concentrated on research and development of air conditioning and refrigeration systems, as well as
energy conservation techniques. A range of subjects to be covered will include the following:
1. The state-of-the-art and the prospects of air conditioning in high rise buildings, 2. Indoor climate and IAQ, 3. Air
conditioning systems(design, operation and maintenance), 4. Energy conservation, 5. Refrigeration, heat pump and thermal
storage equipment, 6. Design of air conditioning and energy plants, 7. Fire protection and smoke control of high rise
buildings, 8. Application of artificial intelligence in high rise building

Abstract Deadlines
Paper selection will be based upon a review of abstracts Abstract: March 31, 1997
(200 words, double-space, A4). One abstract should be Full Paper: May 31, 1997

sent to Prof. W.D . LONG before March 31,1997.
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Shanghai Socicty of Refrigeration, Department of Mechano-Aerospace Engineering

47 Nanchang Road, Shanghai 200020, P.R. CHINA Faculty of Engineering, Tokyo Institute of Technology
Phone: 86-21-63722229, Fax: 86-21-63277108 2-12-1 Ohokayama, Meguro-ku, Tokyo 152, Japan
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