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Effective Thermal Conductivity of Graphite-Metallic Salt
Complex for Chemical Heat Pumps
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An experimental procedure was developed for measuring the effective thermal conductivities of graphite-
CaCl,-nNHj (n =8, 4, 2), MnCl,-nNH;3 (2 =6, 2), and BaCl,-8NH; complex for chemical heat pumps. Graphite-
metallic salt complex was manufactured through the impregnation of metallic salt into a porous graphite matrix.
Experimental conditions of pressure and temperature were directly established by the thermodynamicequilibrium
lines of salt-ammonia systems obtained by the calorimetric method. Afterward, effective thermal conductivities
were measured using a transient one-dimensional heat flow technique at a fixed pressure and temperature under
an ammonia atmosphere. Effective thermal conductivities of the graphite-metallic salt complex were in the range
of 10-49 W/mK, which are significant higher values than powder beds of 0.1-0.5 W/mK. Results showed that the
effective thermal conductivity of a graphite-metallic salt complex has a strong dependency on the bulk density,
the weight fraction of graphite, and the ammoniated state of salt.

Nomenclature
C = width of specimen, m
C, = heat capacity, J/kg-K
D = thickness of specimen, m
e, = thickness of complex, m
[ = thickness of wall, m
fe = weight fraction of graphite, %
G = working fluid
hy = heat transfer coefficient of thermal fluid, W/m?-K
hp, = heat transfer coefficient at specimen surface, W/m?-K
I = initial current, A
k. = effective thermal conductivity, W/m-K
k; = thermal conductivity of ammonia, W/m-K
L = length of specimen, m
MW, = molecular weight of anhydrous salt, kg/mol
mg = mass of graphite, kg
P, = constraint pressure, bar
Qo = heat production by thermistor, W
q, = heat flux by thermistor, W/m?
R = resistance of thermistor, 2
R. = residual resistance by external circuit, 2
R, = resistance of varistor,
Ry = initial resistance of thermistor, 2
S = external surface area of specimen, m?
T = temperature, K
T, = ambient temperature, K
T, = constraint temperature, K
T, = surface temperature of specimen, K
Ty = initial temperature, K
t = time, s
U = applied voltage, V
U = overall heat transfer coefficient, W/m?-K

=
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3

Vi = volume of graphite-metallic salt complex, m
volume occupied by salt in complex, m?
molar volume of salt, m*/mol

= dimensionless number

= thermal diffusivity, m*/s

= volumetric coefficient of expansion, K~!
= temperature coefficient of thermistor, K-!
= temperature drop at boundary, K

= degree of pseudo-equilibriumdomain, K
= characteristictime, s

= kinematic viscosity of ammonia, m?/s

= density, kg/m?

= Stefan-Boltzmann constant, W/m?2-K*

= porosity

= Prandtl number function
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Introduction

OLID-GAS reversible reactions have been widely applied in

energy processes such as chemical heat pump (CHP), thermal
storage, cooler-heater, etc.'~> Metallic salts-ammonia can be uti-
lized as a solid-gas reaction pair for the heat and cold production
over wide range of —30-350°C (Ref. 1). The performance of CHPs
based on a number of metallic salt-ammonia reactions is greatly
influenced by the efficiency of heat and mass transferin a fixed bed
reactor. However, reaction beds made of these metallic salts have
very low effective thermal conductivityof 0.1-0.5 W/mK due to the
low intrinsic thermal conductivity of inorganic salts and poor con-
tacts between particles. Furthermore, diffusion of ammonia within
the reaction bed is impeded by pore clogging due to the volume
expansion or swelling of the salt during the synthesis reaction of
ammonia and metallic salt. Accordingly, low thermal power density
and low coefficient of performance of CHPs are obtained.

Use of a heat conductive medium can improve heat transfer and,
consequently, the dynamics of reactor transformation. A porous
graphite matrix that is consolidated from expanded graphite pow-
ders can be used as a heat conductive medium and is known to be
superior to porous metallic foams made of aluminum, copper, or
nickel%” In particular, the graphite-metallic salt complex invented
by Mauran et al.} has been known to be a very effective reaction
bed with effective thermal conductivity of 5-40 W/mK and gas per-
meability of 10713-107!> m?. Knowledge of the effective thermal
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Fig. 1 Thermodynamic equilibrium lines of the solid- gas couple in
Clapeyron’s diagram, where a indicates pseudo-equilibrium line of syn-
thesis and b indicates pseudo-equilibrium line of decomposition.

conductivityis necessary for accurate heat transfer analysis and dy-
namic simulation of a reactor, though such data are available for
a few salts in the relevant literature. Mauran et al. reported the ef-
fective thermal conductivity of graphite- MnCl,-nNH;3(n =6, 2) as
a function of the bulk density using the transient hot wire method.
However, they did not reveal the influence of the relative proportion
of graphite powder in the complex on the effective thermal con-
ductivity despite its importance. Therefore, the effective thermal
conductivity of graphite- metallic salt complex as a function of the
bulk density, the weight fraction of graphite, and the ammoniated
state of metallic salt (MS) is not fully understood because the mea-
surements are very difficult in the presence of chemical reactions.

The effective thermal conductivity should be measured under a
constraintcondition of pressure P and temperature T outside of the
pseudo-equilibriumdomain. Synthesis and decompositionreactions
used in CHPs can be typically represented by a chemical reaction
of the following type:

MS+ G &MS -G+ AH, (1)

For many other MS-ammonia couples, a domain of pseudo equi-
librium commonly exists due to weak reactive phases within the
MS,! and the domain is characterized by the zone between the syn-
thesis line and the decomposition line, as shown in Fig. 1. In this
domain, the reaction rate is almost zero.” Thus, synthesis or de-
composition of the ammoniated salts practically occurs outside of
the pseudo-equilibrium domain, though the exact position of the
true equilibrium line lies within this domain. For these reasons, the
correct characterization of pseudo-equilibriumdomain is very im-
portantin case we know the ammoniated state of MSs, from P and
T conditions. In this paper, thermodynamic equilibrium lines for
the systems of NH;-CaCl,, MnCl,, and BaCl, were obtained us-
ing a calorimetric method to establish experimental conditions of
P and T for the measurements. The effective thermal conductiv-
ity of graphite- CaCl,-nNH; (n =8, 4, and 2), MnCl,-nNH; (n =6
and 2) and BaCl,-8NH; complex were measured using the transient
one-dimensional heat flow technique.

Theoretical Background of Thermal
Conductivity Measurement

Because the MS is hygroscopicand incoherent contacts between
the heat source and the graphite-MS complex may occur due to the
volume expansion of the complex under an ammonia atmosphere,
the measurement of thermal conductivity shouldonly be done using
a purpose-builtapparatus. In particular,ammonia gas causes serious
corrosion on metal surfaces such as copper, which makes it impos-
sible to use ordinary apparatus for the thermal conductivity mea-
surement. The transient one-dimensional heat flow technique was
proposed as a simple and reasonably accurate method to measure
effective thermal conductivityunder various operating conditions.!
Measurement was done by heating the specimen surface continu-
ously and simultaneously recording the temperature at the same
surface as a function of time. In this method, temperature variation
of the heat source can be within 5°C, and the measurement time is
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salt complex)
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A
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Fig. 2 Experimental setup for the thermal conductivity measure-
ments.

5-10 s. These conditions are very important to completely remove
the enthalpy effect of chemical reactionsthat may be introduceddue
to the long duration of heat applied to the graphite-MS complex.
Therefore, this method can even be applied to porous reactive me-
dia with the narrow P-T equilibrium domain between consecutive
solid- gas reactions.

The technique presented in this work makes use of a thermis-
tor of extremely small thickness compared to the length of the test
specimen. Figure 2 shows the experimental setup for the thermal
conductivity measurement. A direct voltage is applied to the ther-
mistor for about 5-10 s, to raise the temperature of the thermistor
by 2-3°C. The resistance of the thermistor varies due to tempera-
ture increase, and there occurs a corresponding change of voltage
drop. By recording the voltage variation over a certain time period
from the onset of the heating current, it is possible to obtain precise
information on the heat flow between the thermistor and the test
specimen. It is assumed that the heat capacity of the thermistor can
be negligible compared to the heat capacity of the test specimen and
that there is no loss of heat at the surface of the specimen.

Consider the specimen as a slab of thickness L initially at a uni-
form temperature 7. The face at x =0 is perfectly insulated, as
shownin Fig. 2. At time f = 0, a constantheat flux ¢, is imposed on
the face at x = L. The governing differential equation to be solved
is then expressed as

oT 9T

Fria e 0<x<L )

The initial and boundary conditions can be also expressed as

t=0, T =T, 3)
T
=L kg )
ox
oT
x =0, — =0 5)
ox

The temperature response at time ¢ as the solution of Egs. (2- 5) can
be given as!!

ot L] 3x2—L?
Tt —Ty= L 4 L[—

pc,L k. 6L2

0 _1\n 22
gy )]

n=1

By the settingof pC, =k, /., the temperature distributionat the
boundary of the heat source and the specimen, x = L, can be given
as

T (1) — Ty = (g;L/ke) f(w) (72)
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where

fw)=w+ é — % Zn_z exp(—n~ m*w) (7b)

n=1

at t

W= S5 (7¢)
There is a finite temperaturedrop AT, due to incomplete thermal
contactbetween the thermistor and the surface of the specimen. Be-
cause the heat liberation of the thermistor is almost constant during
measurement, AT, rapidly approachesa constant value. In fact, the
time period needed to establish AT, is less than the gap thickness
squareddividedby the thermal diffusivity of the gap material, thatis,
a few micrometer of ammonia or an electrically insulating layer of
known thickness. Thus, the temperature response of the thermistor

is then expressed as

T(t)—To=AT. + (gsL/k.) f(w) ®)

and, from the temperature-resistivityrelationship of the thermistor,
the resistivity variation of the themistor can be given as

R(t) = A+ B-f (w) (9a)

where
A =Ry(1+yAT,) (9b)
B = Ryy(QoL/CDk,) (9¢)

The effective thermal conductivity can be derived from slope B
through the linear regression of R(f) vs f(w) curve through the
iteration process by varying ©.

Thermodynamic Equilibrium of MS- Ammonia Couples

Thermodynamic equilibrium lines on the relationship of P-T
were obtained using a pressure differential scanning calorimeter
from TA Instruments with temperature repeatability of £0.1°C and
calorimetric sensitivity of 1 uW. About 3 mg of pure metallic salt
was loaded on the measuring cell and was dehydratedat 160-200°C
under a vacuum to remove the water and the air within the salt and
the cell. The pressure of the measuring cell that was connected to an
ammonia gas (Solkatronic, 99.995%) supply was kept constant dur-
ing each measurement by the back pressure regulator (TESCOM,
100 psig). The pressure in the cell was set in the range of 1.0-5.0
bar. The synthesis reaction between the MS and the ammonia was
induced by introducing ammonia gas into the measuring cell at a
fixed P. and T,. The flow of ammonia gas was continuous up to
the completion of an experiment. The temperature of the salt in the
measuring cell increased due to the heat of reaction by exother-
mic reaction. Afterward, it was maintained until the temperature
of salt fell to 7.. Under a constant P,, the temperature was pro-
grammed to increaseat a rate of 0.5°C/min from 7. Simultaneously,
by recording the thermal flux delivered over the cell, it was possi-
ble to obtain the temperature corresponding to the decomposition
reaction. After the completion of the decomposition reaction, the
temperature of the cell was gradually decreased again to 7, record-
ing the thermal flux with the cell temperature together. This also
allowed the temperature correspondingto the synthesis reaction to
be obtained. The reaction pairs investigated were CaCl,, MnCl,,
and BaCl,- NH;.

Preparation of Graphite- MS Complex

Expandable graphite powders (imported from the People’s Re-
public of China) with particle size of 420-500 pum were selected
using sieve analysis. They were dried in a circulation oven at 60°C
for 10 h to remove moisture before heat treatment. Heat treatment
was performed by inserting the steel crucible containing about 3 g
of expandable graphite powders into the furnace (from Fisher, coal
analyzer 490) and maintaining a constant temperature of 700°C

for 2 min in air atmosphere. Expansion and exfoliation of graphite
powders occurs during the heat treatment. The expanded graphite
powders were poured into a cylindrical mold of hardened steel, then
pressed by a single acting platen to obtain the porous graphite ma-
trix with preferred bulk density. Graphite-MS complexes were pre-
pared using an impregnation method. Aqueous solutions of CaCl,
(Aldrich,22,231-1), MnCl, (Shinyo, 98.5%), and BaCl, (Samchun,
98%) of 20-30 wt % concentrations were prepared with H,O as a
solvent. A porous graphite matrix was placed in a container filled
with one of the three salt solutions. A vacuum of about 0.018
bar was applied into the container for several minutes to soak the
porous graphite matrix in the salt solution. The soaked graphite
complex was dried in a circulation oven at 60-80°C, followed by
vacuum drying (Precision Scientific, Inc., Model 5831) at >200°C
for 3 h.
Two parameters used to identify the graphite- salt complex are

oy =mg/V, (10a)

f:g = mg/(msalt+mg) (IOb)

Measurement of Effective Thermal Conductivity

Figure 3 shows a schematic diagram of the apparatus for the ther-
mal conductivity measurements. The graphite-salt metallic com-
plex was used as a specimen. The specimen was placed on top of
the thermistor (Measurement Group, Model ET-TG-AAU-00500),
which functioned as a temperature sensor and a heat source. The
specimen was fixed by a steel clamp to keep secure contact be-
tween the thermistor and the specimen. Resistance of the thermis-
tor was 50 Q £0.3% at 24°C, and the temperature change was
sensed by theresistancechangeof the thermistor. A vacuumof about
10~* torr was applied to remove the air and the moisture in the cell.
Initially, the temperature of the specimen was stabilized at a fixed
temperature for about 30 min. Temperature of the cell was con-
trolled by the precision thermostatic bath (Fisher Scientific, Model
9010) with stability of £0.1°C. Resistance of the varistor (maxi-
mum 100 ) was set to equate with the resistance of the thermis-
tor corresponding to the fixed temperature. This enables heat flux
QO to be constant during heating. The pressure of the ammonia

N

N

N
= f

A

1
oo

4

Fig. 3 Schematic diagram of the apparatus for thermal conductivity
measurements: 1, graphite- metallic salt complex; 2, variable resistor;
3, power supply; 4, digital multimeter; 5, thermostatic bath; 6, pressure
transducer; 7, metering valve; and 8, thermal insulating material.
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Table1 Experimental conditions for thermal
conductivity measurements

Ammoniated state Pressure, bar Temperature, °C

CaCl,-8NH3 1.7-2.5 30
CaCl,-4NH3 1.7-2.8 60
CaCl,-2NH3 1.7-2.3 85
MnCl,-6NHj3 1.2-2.2 50
MnCl,-2NHj3 1.2-3.0 120
BaCl,-8NH3 3.4-5.0 20

gas in the cell was measured by a pressure transducer (Valcom,
Model VPRN-5K). Table 1 shows the experimental conditions for
the thermal conductivitymeasurements of the graphite- ammoniated
salt complex. Direct voltage of 7.00 V generated by the power sup-
ply (Hewlett Packard, Model HP6033A) was applied to the ther-
mistor for 5-10 s to raise the temperature about 2-3°C. The volt-
age change between two ends of the thermistor was read by the
precision digital multimeter (Hewlett Packard, Model HP34401A)
and transferred via an HPIB interface board to the personal com-
puter, which convertedmeasured voltage into the resistancechanges
by
R.U(t)

R(t) = T U0 (11)

The initial currentand Q, were calculated by

Uso
Iy = ————— (12a)
(RO + Rv + RL)
Qo=1; - R (12b)

Reliability of our equipment was confirmed by checking with the
thermal conductivity of the stainless steel (Standard Reference Ma-
terialsNIST 1462, 14.2 + 0.4 W/mK). A seriesof five measurements
using our equipmentwas carried out with the standardreferencema-
terial. Average value of our measurements was 13.9£0.2 W/mK,
which was in good agreement with the value given from NIST.

The temperature coefficient of the thermistor was determined by
measuring its resistance as a function of temperature in the range of
—15-150°C. A second-orderequation was fitted to the measuredre-
sistance with temperature, then the temperature (Kelvin) coefficient
was calculated by

R(T) = —0.6924+0.0797-T +3.059-107*- T (13a)

1 9R

:EH_T (13b)

14

It is important to keep w ., in Eq. (7¢) (for the last measurement
time) in the range of 0.5- 1.0 for reliable results within the measure-
ment time of 5-10 s (Ref. 10). Slope B in Eq. (9¢) is dependent
on the finite specimen size of L. Thus, the approximate thermal
diffusivity should be known a priori to determine the length of the
specimen, which is satisfactory to 0.5< wy,, <1.0. Thermal dif-
fusivity of graphite- MS complex was measured to determine the
appropriate specimen length using the laser flash method (THETA,
Inc.). The appropriate length of graphite- MS complex was in the
range of 10-20 mm.

Results and Discussion

To investigate the effect of the ammoniated states of the salts on
the thermal conductivity, measurement must be carried out under
conditions where the composition or the state of the salt particles
does not vary during the experiment by taking into account the
two thermodynamic constraints of P. and T,. Different equilibrium
lines in several degrees Celsius have been reported, depending on
differentauthors using various methods. Therefore, accurate data of
the equilibrium lines are necessary in advance of measurements.

A calcium chloride-ammonia system is selected because it has
been used in commercial sorption refrigeration units with some
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excellent results. It is also considered for solar cooling, cooling on
trains, refrigeration in tropical climates, and in a system for high-
temperature heat storage for power generation.!> Figure 4 shows
the thermodynamic equilibrium lines for CaCl,-NH; system on
Clapeyron’s diagram. Lines a, b, and ¢ in Fig. 4 are related to the
following chemical reactions: Line a is

CaCl, + 8NH; < CaCl,-8NH; (14a)

Line b is
CaCl, + 8NHj; < CaCl,-4NH; + 4NH; (14b)

Line c is
CaCl, + 4NH; < CaCl,-2NH; + 2NH; (14¢)

The equilibriumline a is for the synthesisreaction of CaCl, thatis
coordinated with eight ammonia molecules. The equilibrium lines
b and c are for the decomposition reactions of CaCl,-8NH; and
CaCl,-4NH;, respectively. The equilibriumlines a and b are similar
to Furrer’s results,'* whereas Hosatte and Rheault'* reportedslightly
higher equilibrium pressure at a given temperature, as shown in
Fig. 4.

From a static design procedure, MnCl, and BaCl,-NHj; systems
are selected as optimum pairs for cold production of 10°C using the
industrial waste heat of 150-160°C. Detailed descriptions of this
design procedure are beyond the scope of this study. Figure 5 shows
the thermodynamic equilibrium lines for the MnClL,-NHj; system
on Clapeyron’s diagram. Lines a and b in Fig. 5 are related to the
following chemical reaction:

MnCl,-6NH; < MnCl,-2NH; + 4NH; (15)

The equilibrium lines a and b are for the synthesis reaction of
MnCl,-2NHj; and for the decomposition reaction of MnCl,-6NHj;,
respectively. Marty also reported the equilibrium lines for the
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MnCl,-NH; system obtained by using a differential scanning
calorimeter.”® A difference in the results is observed only at low
pressure, less than 2.5 bar, in equilibrium line b. However, Furrer"
reported somewhat different equilibrium lines in comparison with
our results and Marty’s results.”> As for many other solid-gas cou-
ples, a domain of pseudo equilibrium is characterized between the
synthesis line and the decomposition line. The pseudo-equilibrium
domain can be expressed as AT, at a given pressure, as shown in
Fig. 1. Usually the value of AT, is more than 5°C for many MS-
ammonia pairs. In the case of the MnCl,-NHj system, AT, was in
the range of 18-22°C at a pressure of 1.0-5.0 bar.

Figure 6 shows the thermodynamic equilibrium lines for the
BaCl,-NH; system on Clapeyron’s diagram. Lines a and b in Fig. 6
are related to the following chemical reaction:

BaC12-8NH3 < BaClz + 8NH3 (16)

The equilibriumlines a and b are for the synthesis and the decompo-
sition reaction of BaCl,-8NHj in Eq. (16), respectively. Our results
are similar to Lepinasse and Spinner’s'® data, as shown in Fig. 6. In
the case of the BaCl,- NH; system, AT, is in the range of 7-10°C at
a pressure of 1.0-5.0 bar. Therefore, from the pseudo-equilibrium
conditions of P-T for the CaCl,, MnCl,, and BaCl,- NHj; systems
in this work, we can safely determine experimental conditions for
the measurements shown in Table 1 without inducing the chemical
reaction that may be caused by the temperature increment of the
thermistor.

Figure 7 shows the linear relationship between R() vs f(w) in
Eq. (9a). The effective thermal conductivity can be evaluated by
Eq. (9¢) with the slope of the plot whose correlation coefficients
are over 0.9995. Table 2 shows the values of the effective thermal
conductivity of the graphite-CaCl,-nNH; complex we obtained.
For a powder bed of pure CaCl,, Hosatte and Rheault** reported a
thermal conductivity of 0.065 W/mK for the CaCl,-2NHj3 case, of
0.125 W/mK for the CaCl,-4NHj; case, and 0.145 W/mK for the
CaCl,-8NHj; case. For the system of CaCl,-8NH; powders mixed

Table 2 Effective thermal conductivities of
graphite- CaCl,-nNH;3; complex

b, kg/m? fos Wt% States of MS k., W/mK
110 70 CaCl, -8NHj; 24.040.45
CaCl, -4NHj; 21.240.56
CaCl, -2NHj; 18.040.21
165 70 CaCl,-8NH; 29.540.43
CaCl, -4NHj; 25.6+0.33
CaCl, -2NHj; 23.3+0.31
290 70 CaCl,-8NH; 38.0+0.50
CaCl, -4NHj; 31.940.25
CaCl, -2NHj; 29.340.10
380 70 CaCl,-8NH; 48.6+£0.35
CaCl, -4NHj; 40.240.20
CaCl, -2NHj; 35340.22
110 50 CaCly-8NH; 20.0+0.50
CaCl, -4NHj; 17.140.46
CaCl, -2NH; 15.14£0.30
170 50 CaCl, -8NHj; 23.4+0.31
CaCl, -4NHj; 20.1£0.25
CaCl, -2NH; 17.340.15
230 50 CaCly-8NH; 28.340.76
CaCl, -4NHj; 22.640.40
CaCl, -2NHj; 21.0£0.21
265 50 CaCl,-8NHj; 30.14£0.26
CaCl, -4NHj; 24.740.35
CaCl, -2NHj; 22.5+0.21
340 50 CaCl,-8NHj; 32.5+0.50
CaCl, -4NHj; 28.240.20
CaCl, -2NHj; 25.0+0.15
105 30 CaCl, -8NHj; 14.14£0.25
CaCl, -4NHj; 11.340.20
CaCl, -2NHj; 10.240.21
140 30 CaCl, -8NHj; 15240.32
CaCl, -4NHj; 13.040.20
CaCl, -2NHj; 11.140.15
165 30 CaCl, -8NHj; 16.140.22
CaCl, -4NHj; 13.840.15
CaCl, -2NHj; 12.940.15

with expandedgraphite powders, Valkov!” reported thermal conduc-
tivity of 0.49-0.50 W/mK when f, = 12% and of 0.67-0.74 W/mK
when f, =25%. For system of the graphite- CaCl,-4NH; mixture,
Valkov alsoreportedthermal conductivityof 0.35-0.43 W/mK when
fe=12% and of 0.51-0.55 W/mK when f, = 25%. The thermal
conductivity of MS-expanded graphite mixture is somewhat higher
than that of the ammoniated salt alone. However, the increase in the
thermal conductivity is not prominent when one simply mixes salts
and expanded graphite powders. The graphite-salt complex in this
work has distinctively higher thermal conductivity than the simple
mixture of graphite and salt. When f, is 70%, the thermal con-
ductivity of the graphite- CaCl,-2NH; complex was in the range of
18.0-35.3 W/mK with bulk density of 110-380kg/m?*. The thermal
conductivity of the graphite- CaCl,-4NH; complex was in the range
0f21.2-40.2 W/mK, and that of the graphite- CaCl,-8NH; complex
was in the range of 24.0-48.6 W/mK. The large difference in ther-
mal conductivity comes from the differentcontinuity of the graphite
phase inside the specimens. The specimen made by Valkov!” was
prepared by simply mixing expanded graphite powders and CaCl,
powders. However, the specimens made by Mauran et al.® and in
this work are consolidated graphite powders impregnated with MS.
Consolidation can provide a continuousheat-conductingpath made
of graphite, leading to higher conductivity. Accordingly, compared
to the effective thermal conductivity of an unconsolidated bed, a
noticeable gain of about 100 times was obtained using the graphite-
MS complex.

For the graphite- CaCl,-nNH; complex with a fixed p, and f,, we
can also observe that the thermal conductivity depends on the am-
moniated state of the MS, which may change the total porosity and
MS phase in the complex. Generally, effective thermal conductivity
of a solid bed is primarily dependent on the thermal conductivity
of continuous phase, the porosity and the structure of the particles,
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etc. The total porosity of the graphite- CaCl,-nNH; complex can be
expressed as

¢ =1- (pb/pgraphile) - [(1 - fg)pb/fg] : (l_)x/MWx) (17)

The second term in Eq. (17) is related to the volume fraction
of graphite phase. The last term is related to the change of mo-
lar volume for the metallic salt. The molar volumes of CaCl,-
8NH;, CaCl,-4NH;, and CaCl,-2NH; are 211.6x 1078,
131.6 x 107°, and 91.6 x 10~ m?*/mol, respectively. The molar
volume of MS rapidly increases as the synthesis reaction of the
salt-ammonia proceeds. Thus, the pore volume of the graphite-
CaCl,-nNH; complex considerably diminishes as the value of n
increases, which inevitably induces the reduction of total porosity.
When f, is 70%, the total porosity of the graphite-CaCl,-2NH;
complex was 0.70 < ¢ < 0.91, depending on the bulk density of
complex, whereas the total porosity of the graphite- CaCl,-8NHj;
complex was 0.52 < ¢ < 0.86. When f, is 30%, the total porosity of
the graphite- CaCl,-2NHj; and the graphite- CaCl,-8NH; complexes
were 0.61 < ¢ < 0.75 and 0.18 < ¢ < 0.48, respectively. Therefore,
the decrease of total porosity and the change of salt phase from
CaCl,-2NHj; to CaCl,-8NHj; are responsible for the increase in the
effective thermal conductivity as the value of n increases.

When f, is 50%, the thermal conductivity of the graphite-
CaCl,-2NH; complex is in the range of 15.1-25.0 W/mK with bulk
densityof 110-340kg/m>. The thermal conductivityof the graphite-
CaCl,-4NH; complex and the graphite- CaCl,-8NH; complex are in
the range of 17.1-28.2 and 0of 20.0-32.5 W/mK, respectively. From
these results, we know that the effective thermal conductivity de-
creases as the weight fraction of the salt increases, which comes
from the increase of the volume fraction of the MS with the low
conducting and discontinuous phase. Because the specific heat of
the MS is higher than the graphite, the resulting specific heat of the
graphite-salt complex becomes higher as the weight fraction of the
salt increases, which induces the decrease of the conductive heat
flux by the absorption of heat into the complex. Moreover, there
may be a sharper temperature gradient within the complex due to
the low thermal diffusivity of the MS. Because the effective thermal
conductivity in a specified direction equals the conductive heat flux
divided by the negative temperature gradientin that direction, as the
weight fraction of saltincreases, this leads correspondinglyto lower
thermal conductivity. Consequently, when f, is 30%, the thermal
conductivity of the graphite- CaCl,-nNH; complex reduces to lower
values, as shown in Table 2.

Table 3 shows the effective thermal conductivity of the graphite-
MnCl,-nNH; complex. When f, is 50%, the thermal conduc-
tivities of the graphite-MnCl,-2NH; complex and the graphite-
MnCl,-6NH; complex are in the range of 13.7-21.8 and 14.6-
22.9 W/mK, respectively,in the bulk density of 95-235 kg/m>. The
same explanations can be given for the effect of the ammoniated
state of salt and the weight fraction of graphite on the thermal con-
ductivity of the graphite- MnCl,-nNH; complex as was given for the
graphite- CaCl,-nNH; complex. Mauran et al. have alsoreported the
effective thermal conductivity of the graphite- MnCl,-nNH; com-
plex using the transient hot wire method,? which is the only other
data known to the authors. Their results are included in Table 3 to-
gether with our results. Note that the effective apparent density is
defined by Mauran et al. as

px =mgy[[Vy = Vi(x)] (18a)

which is different from our definition [Eq. (9a)]. The volume occu-
pied by the MS, V,, may strongly vary with the weight fraction of
graphite and the ammoniated state of the salt, x. The relationship
between p, and p, can be derived from simple arrangements as

pe = {(1/pp) = (v /MWy) - [(1 = f)/f 1} (18b)

The density calculated by Eq. (18b) is also indicated in Table 3 to
compare the range of density in this work and the Mauran et al. data.
Unfortunately, Mauran et al. did not designate the weight fraction

Table 3 Effective thermal conductivities of graphite- MnCl,-nNH3

complex
Pbs kg/m3 fo» Wt% MS states k., W/mK Reference
95(108%) 50 MnCL-6NH;  14.6+0.15 This work
(101%) MnClL-2NH;  13.74+0.10 This work
155(193%) 50 MnClL-6NH;  16.440.40 This work
(172%) MnClL-2NH;  15.74+0.12 This work
180(234%) 50 MnCL-6NH;  20.34+0.25 This work
(204%) MnCl-2NH;  18.6+0.20 This work
235(337%) 50 MnCL-6NH;  22.94+0.32 This work
(278%) MnCL-2NH;  21.84+0.25 This work
90(123%) 30 MnClL-6NH;  11.54+0.20 This work
(104%) MnCL-2NH;  10.8+0.15 This work
120(188%) 30 MnCL-6NH;  13.240.21 This work
(147%) MnCL-2NH;  11.54+0.15 This work
145(257%) 30 MnCL-6NH;  14.1+0.21 This work
(1864) MnCL-2NH;  12.740.25 This work
165° R MnCl,-6NH; 6.4 Mauran et al.3
2852 R MnCl,-6NH; 32.8 Mauran et al.3
350? —_ MnCl,-6NH; 38.1 Mauran et al.3
150° R MnCl,-2NH; 8.4 Mauran et al.3
2352 R MnCl,-2NH; 23.3 Mauran et al.3
320° R MnCl,-2NH; 322 Mauran et al.3

*Densities were calculated with Eq. (18a) using the definition of Mauran et al.

Table 4 Effective thermal conductivities
of graphite- BaCl,-8NH;3 complex?®

oy, kg/m? for Wt% k., W/mK
100 50 16.9£0.50
170 50 21.540.25
215 50 23.3+£0.65
255 50 30.7+£0.35
75 30 9.63+0.15
160 30 16.2£0.55

4State of metallic salt BaCl,-8NH3.

of graphite, which is an important parameter for thermal conduc-
tivity. Thus, it is impossible to compare directly the Mauran et al.
results with ourresults. When f,, is 30%, the thermal conductivity of
the graphite-MnCl,-2NH; complex and the graphite- MnCl,-6NHj;
complex are in the range of 10.8-12.7 and 11.5-14.1 W/mK, re-
spectively, in bulk density of 90- 145 kg/m?.

Table 4 shows the effective thermal conductivity of the graphite-
BaCl,-8NH; complex from this work. The ammoniated state of
BaCl, only exists as BaCl,-8NH;. When f, is 50%, thermal con-
ductivity of the complex is in the range of 16.9-30.7 W/mK with
bulk densities of 100-255 kg/m*. When f, is 30%, thermal con-
ductivity is in the range of 9.6-16.2 W/mK with bulk densities of
75-160 kg/m?. The overall behavior of the effective thermal con-
ductivity is similar to the case of the graphite- CaCl,-nNH; and
MnCl,-nNH; complexes. For all of the graphite-MS complexes
investigated here, the effect of pressure of the ammonia gas on the
effectivethermal conductivityis negligiblein comparisonwith other
factors.

The preferred design for a reactor in a CHP frequently takes a
cylindrical shape with the heat exchanger attached to the outer wall
of the reactor as a form of a jacket. The heat transfer of the reactor
can be characterized by thermal parameters® The parameters that
control the heat transfer in the reactor are the thermal resistance of
the graphite- salt complex, the thermal resistance of the reactor wall,
the thermal resistance between the wall and the complex, and the
thermal resistance between heat transfer fluid and the wall. Overall
heat transfer coefficient U, can then be expressed as

A/Up) = (1) hy) + (ew/ky) + (1) hy) + (€5 /ke) (19

The value of &, depends on many variables, such as fluid prop-
erties, system geometry, flow velocity, and so on. Generally, high
h can be achieved with fluids, in particular, when evaporation or
condensation is involved. For turbulent fluid flow of water, typical
values are in the range of 2000- 6000 W/m?K (Ref. 6). If a gas is
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used as the heat transfer fluid, the thermal resistance can be a crit-
ical factor. The thermal resistance of reactor wall (e, /k,,), which
is usually made of steel (~14 W/mK), can be neglected. Thus, the
first and the second terms in Eq. (19) can be easily eliminated by
an appropriate selection of the heat transfer fluid and the material
of reactor. The value of &, changes considerably with the degree
of contact by initial filling of graphite- MS complex into the reactor
and the extent of reaction. Therefore, the value of &, can fluctu-
ate over a wide range from 50 to 1000 W/m?K (Refs. 6 and 8). In
this work, the effective thermal conductivity of the graphite-MS
complex is in the range of 10-49 W/mK, depending on the bulk
density and the weight fraction of the graphite. For the reactor with
a diameter of 20 cm, we can estimate the two thermal resistances,
1/h, and e,/ k.. From simple calculations, the valuesof 1/ 4, and
e,/ ke are in the range of 2 x 1072-1073 and 1072-2 x 1073, re-
spectively. Thus, we know that the two thermal resistances affect
the performance of the reactor to a same degree. The contact re-
sistance between the complex and the wall can be reduced with a
good contact. The thermal resistance of the graphite- MS complex
decreases with a smaller diameter of the complex or with a higher
thermal conductivity obtained by increasing the bulk density of the
complex. However, the graphite-salt complex with high bulk den-
sity may suffer from the mass transfer problem that results from low
gas permeability through the complex.? Optimum specifications for
graphite-MS complexes, such as the bed thickness, the bulk den-
sity, the weight fraction of graphite, etc., should be determined by
modeling the reactor that is coupled with chemical kinetics and heat
and mass transfer. Such a work is ongoing in our laboratory.

Error Analysis

We considerthe lateralheatloss by the externalnatural convection
andby theradiationat the external surfaceof the specimento validate
the one-dimensional heat flow. The maximum heat loss by natural
convectioncan be estimated by assuming the surface temperature of
332 K and the ambient temperature of 330 K. The dimension of the
specimenis 5.5 x 5.6 x 10.0 (mm?*). All propertiessuchas 8, ks, v,
and Pr were evaluated at a mean film temperature of 331 K. Thus,
the Rayleigh number is calculated as

BATL? Py (1/331)(2)(9.81)(1072)* (0.89)
iE - (17.9-10-6)3

Ra; = Gr; - Pr =

= 1.65-10° (20)

Because Ra; <« 10°, the flow is laminar. From the definition by
Churchill and Usagi (see Ref. 18), Prandtl number function v is
evaluated as 0.383. Churchill and Usagi also correlated the average
Nusselt number for the external natural flow on a vertical wall, and
then the corresponding heat transfer coefficient was evaluated as

Nu, = 0.68 +0.670 - (Ray - ¥)¥ = 2.57 (21a)
h, = (k/L)(Nu,) = 7.17W/m>K 21b)

Thus, the heat loss by natural convectionis evaluated as
Qo =hy - S- (T, = T,) =3.15x 10° W (21c)

Because the specimen is completely enclosed by the ambient am-
monia and the wall, the maximum radiative heat loss is evaluated
as

Qrad =0-S- (T‘4

The heat liberation by the thermistor is evaluated using Eq. (11b)
as 2.04 x 10~" W. Therefore, heat loss by natural convection and
radiationis at most 3.3% of the total heatliberation. However, actual
heat loss is a much lower value because the temperature of the
external surface during measurement is lower than 332 K, which
is the temperature at the boundary between the thermistor and the
specimen.

The error in the thermal conductivity resulting from current and
voltagemeasurementsis within 1.0%, which comes from the change

—TH=363x10°W  (21d)

of the heat flux by the variation of the thermistor’s resistance, the
intrinsic noise of the digital multimeter, the power supply, the resis-
tance of the external circuit, etc. From the consideration of the total
error analysis, the final precision of thermal conductivity measure-
ments is estimated to be within 5.0%.

Conclusion

MS have been used as reactive materials for CHPs. Zeolite, active
carbon, silica gel, etc., have been used as adsorbent materials for
adsorption heat pumps (AHPs). These materials have a very low
thermal conductivity of 0.1-0.5 W/mK, which made it impossible
to transfer rapidly the thermal energy accompanied by the chem-
ical reaction or adsorption to the heat transfer fluid. A number of
methods have been considered to promote heat transfer in the re-
action/adsorption bed. Accurate measurement of effective thermal
conductivity has been essential to heat transfer analysis and to the
dynamic simulation of reactor in CHPs.

Measurements of effective thermal conductivity were carried out
inaspecially designedapparatusthat was builtaccordingto the tran-
sient one-dimensionalheat flow method. The method developed in
this work proved to be appropriate for measuring the effective ther-
mal conductivity of reaction beds for CHPs. Moreover, we could
also expect the measurement method to apply to other reaction beds
for AHPs or metal hydride heat pump systems. The effective ther-
mal conductivitiesof graphite- CaCl,, MnCl,, and BaCl, complexes
were in the range of 10- 49 W/mK depending on the bulk density,
weight fraction of the graphite, and ammoniated state of the MS.
Significant enhancement of heat transfer can be obtained using the
graphite-MS complex, which results in a much shorter cycle time
in therefrigerationand the heat pumping operations of CHPs. Thus,
heat pump systems based on these materials are expected to provide
an alternative to compression machines that use environmentally
unfavorable CFCs and HCFCs as working fluids.
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