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Effects of Adsorbent 
Conductivity and Permeability on 
the Performance of a Solid 
Sorption Heat Pump 
Solid sorption heat pumps can improve the effectiveness with which energy resources 
are used for heating and cooling. These systems operate by alternately heating and 
cooling beds of adsorbent material to produce a flow of refrigerant. The research 
presented here evaluates the effects of adsorbent thermal conductivity and permeabil­
ity on the performance of a thermal wave solid sorption heat pump. In order to 
evaluate these effects, a numerical model of the thermal wave heat pump is developed. 
This model incorporates not only the effects of the conductivity and permeability, 
but also the effects of the adsorption equilibrium properties, refrigerant properties, 
application parameters, operating parameters, and bed geometry. For a typical air 
conditioning application, the model is used to study the influence of conductivity and 
permeability on the COP for systems using ammonia as a refrigerant. The results 
indicate that for the geometry considered, increasing the thermal conductivity of the 
adsorbent to 1 W/m-K can improve the COP to approximately 0.75. Further increases 
in conductivity do not yield improved performance. Furthermore, the reduced perme­
ability associated with high conductivity adsorbents can impair vapor flow and lead 
to decreased performance. 

Introduction 
Thermally driven heat pumps can reduce the impact of grow­

ing global energy demands by improving the efficiency with 
which fossil fuel resources are used. Thermally driven heat 
pumps use the thermal energy produced by combustion to di­
rectly operate the heat pump cycle. Thus, they eliminate the 
generation and transmission losses associated with traditional 
electric heat pumps. The ability to operate a heat pump using 
thermal energy also provides industry with better opportunities 
for the recovery of waste heat. 

The solid sorption heat pump cycle is one of the more promis­
ing thermally driven heat pump cycles. Solid sorption cycles can 
provide high performance, simple operation, and wide operating 
temperature ranges. A variety of research and development is 
currently underway to improve the performance of these cycles 
and to make them commercially viable. This article investigates 
the feasibility of using adsorbent materials with enhanced ther­
mal properties to improve the performance of a particular type 
of solid sorption cycle known as the thermal wave cycle. 

The thermal wave cycle has been described by Shelton 
(1986) and by Tchernev (1987). The system is illustrated in 
Fig. 1. The equipment includes two adsorbent heat exchangers, 
each consisting of tubes embedded in adsorbent material. Fluid 
circulating through the tubes heats or cools the adsorbent mate­
rial. The heated adsorbent material in Bed A desorbs refrigerant 
at a relatively high pressure. The refrigerant leaving Bed A is 
condensed, expanded, and evaporated, and then adsorbed into 
the material in Bed B. This requires cooling Bed B to remove 
the heat released by the adsorbing refrigerant. Periodically, as 
Bed A is exhausted (and Bed B is saturated), the roles of the 
two beds are reversed. 

A portion of the energy removed from Bed B can be used to 
heat Bed A. This is called regeneration and can significantly 
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improve the cycle efficiency. In the thermal wave cycle, regen­
eration is accomplished by designing the adsorbent heat ex­
changers to yield steep thermal gradients along the direction of 
heat transfer fluid flow. As illustrated in Fig. 1, hot fluid at T,, 
enters the desorbing bed (Bed A) heat exchanger from the 
left. The temperature of the fluid decreases across a thermal 
wavefront as heat is transferred from the fluid to the adsorbent. 
The fluid leaves the right side of the bed at temperature r,+ 
which is slightly higher than the cycle's low temperature. The 
fluid is cooled to Tj in the fluid cooler and then enters the 
adsorbing bed (Bed B) heat exchanger from the right. The 
temperature of the fluid increases across the thermal wavefront 
in the adsorbing bed as heat is transferred from the adsorbent 
to the fluid, thereby recovering both sensible heat and the heat 
of adsorption. The fluid leaves the left side of the bed at temper­
ature r,,-, which is slightly lower than the cycle's high tempera­
ture. The fluid is heated to T^ in the fluid heater and then reenters 
the left side of the Bed A heat exchanger. Of the total heat 
required by the cycle, only the amount needed to raise the fluid 
from T^^ to 7;, is provided in the fluid heater. As the cycle 
progresses, the temperature of the fluid leaving the desorbing 
bed (Bed A) increases. This leads to a decline in efficiency as 
more heat is rejected in the fluid cooler. When the exit tempera­
ture reaches the reversing temperature Tjt, the flow direction is 
reversed and Bed A becomes the adsorbing bed, while Bed B 
becomes the desorbing bed. 

Thus, each bed executes an intermittent cycle that can be 
divided into four phases. During the first phase, pressurization, 
the heated adsorbent releases vapor, causing the bed pressure 
to rise. The desorption phase begins when the bed pressure 
exceeds the condenser pressure and refrigerant begins to flow 
out of the bed. After the heat transfer fluid flow direction is 
reversed, the cooled adsorbent captures vapor, causing the bed 
pressure to decrease during the depressurization phase. Finally, 
the adsorption phase begins when the bed pressure falls below 
the evaporator pressure and refrigerant begins to flow into the 
bed. 
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Fig. 1 Thermal wave heat pump system diagram 

N o m e n c l a t u r e 

b = tube wall thickness (m) 
B = constant in vapor pressure curve 

correlation 
c = specific heat (kJ/kg-K) 
D = coefficient in Dubinin-Radusch-

kovich equation (K"^) 
A/?av = integral enthalpy of adsorption 

(kJ/kg) 
h = specific enthalpy (kJ/kg) 

hi = convective heat transfer coeffi­
cient at fluid/tube interface (W/ 
m'-K) 

ho = contact heat transfer coef. at tube/ 
adsorbent interface (W/m^-K) 

k = thermal conductivity (W/m-K) 
m = coefficient in vapor pressure curve 

correlation (K) 
yfi = mass flow rate (kg/s) 
P = pressure (kPa) 
q = rate of heat transfer (W) 
Q = heat transfer (kJ) 
r = radial coordinate (m) 
R = ideal gas constant (kPa-m'/kg-K) 
t = time (s) 

u = specific internal energy (kJ/kg) 
T = temperature (K) 

Vfl = heat transfer fluid velocity (m/s) 
V = vapor velocity vector (m/s) 
V = component of vapor velocity vec­

tor (m/s) 
z = axial coordinate (m) 
e = void volume 
K = permeability (m^) 
p = density (kg/m^) 
/Li = dynamic viscosity (N-s/m^) 
oj = adsorption level (kga/kg„) 
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Other types of regenerative cycles have been proposed, in­
cluding thermal wave cycles using metal hydrides (Fateev and 
Rabinovich, 1997) and cascade cycles using adsorbent materi­
als. The cascade cycle is similar in operation to the thermal wave 
cycle, except that the adsorbent heat exchangers are designed to 
yield a uniform temperature within each adsorbent bed. With 
this configuration, the heating and cooling operations are ac­
complished by separate circulating fluid loops. Heat recovery 
is accomplished intermittently by interconnecting the loops and 
"cascading" heat from one bed to the other. The system de­
scribed by Douss et al. (1988), which uses water as a refrigerant 
and two zeolite adsorbent beds, is representative of a typical 
cascade design. 

Cascade cycles allow greater flexibility in the design of the 
adsorbent heat exchangers and can achieve a higher utilization 
of the adsorbent. However, they require more complex piping 
and controls, impose longer delays between half-cycles, and do 
not recover heat as effectively as thermal wave cycles. The 
effectiveness of the heat recovery can be improved by increasing 
the number of adsorbent beds, but this comes at the expense of 
additional system complexity. Meunier found that in the limit 
of an infinite number of cascades, the efficiency of the cascade 
cycle approached 68 percent of the Camot efficiency (Meunier, 
1985). 

For both the thermal wave cycle and the cascade cycle, the 
performance is strongly influenced by the heat and mass transfer 
properties of the adsorbent. A number of researchers have inves­
tigated techniques for improving the thermal conductivity of 
adsorbent materials. These techniques include the introduction 
of fins and metal matrices into the bed and the use of binders 
by themselves and with metal matrices (Guilleminot and Gurgel, 
1990; Guilleminot et al., 1993; Basile et al., 1991, 1992; Cacci-
ola et al., 1990, 1992; GroU, 1992). The use of binders and 
pressure forming to create a consolidated adsorbent is particu­
larly attractive and researchers have reported significant in­
creases in the bed thermal conductivity and in the heat transfer 
coefficient at the interface between the heat transfer tubes and 
the adsorbent. For example, Guilleminot et al. (1993) described 
a consolidated adsorbent with an embedded metal matrix that 
exhibited a thermal conductivity 100 times greater than that of 
a typical packed bed. However, these improvements come at 
the expense of a reduction in the permeability of the adsorbent. 
The reduced permeability can diminish performance by re­
stricting the flow of refrigerant through the material. The net 
effect on the performance of a thermal wave heat pump can 
only be determined through the development of a heat pump 
model that incorporates the effects of both heat and mass trans­
fer within the adsorbent material. 

Several thermal wave heat pump models have been proposed, 
ranging from simple thermodynamic models to more complex 
models that also include heat transfer effects. Early heat pump 
models assumed temperature profiles within the adsorbent heat 
exchanger and calculated performance strictly from a thermody­
namic analysis (Shelton et al., 1990; Harkonen and Aittomaki, 
1992). Subsequent analyses incorporated a one-dimensional 
heat transfer model in which the adsorbent temperature gradient 
normal to the heat transfer tubes was assumed small compared 
to the temperature gradient along the axis of the tube (Tchernev 
and Emerson, 1988; Hajji and Worek, 1991; Fuller e ta l , 1994). 

In general, however, the normal gradients are significant and 
more advanced two-dimensional models were developed to ac­
count for these effects (Miles and Shelton, 1991; Harkonen 
and Aittomaki, 1991; Zheng et al., 1995). Amar et al. (1992) 
developed a two-dimensional heat and mass transfer model that 
considered the effects of thermal conductivity and permeability 
on temperature and pressure gradients within an adsorbent bed. 
However, their model was not incorporated into a system model, 
and, therefore, was not able to assess the effects of conductivity 
and permeability on performance. 

The evaluation of the effects of conductivity and permeability 
on thermal wave cycle performance requires the development 
of a heat and mass transfer model that is integrated into a system 
model. This integrated model can then be used to evaluate per­
formance for the range of adsorbent material properties identi­
fied by Guilleminot et al. (1993). This analysis is complicated 
by the fact that heat pump performance is a function, not only of 
material properties, but also of a variety of design and operating 
variables. In order to achieve a meaningful comparison, the 
performance for each set of adsorbent material properties must 
be evaluated at the optimum design and operating condiuons 
for that property set. The following sections describe the heat 
pump model, the application of the model, and the results of 
the property evaluation. 

Model Development 

System Performance Model. A model of the thermal wave 
heat pump that calculates the capacity and the coefficient of 
performance (COP) can be developed by applying the principle 
of conservation of energy to the components of the heat pump 
illustrated in Fig. 1. For the evaporator, this yields 

q, = m„(/i,(PJ - hf(P,)) (1) 

Since the refrigerant flow rate varies from zero during the pres-
surization phase to a maximum during the desorption phase, it 
is more meaningful to describe the performance in terms of the 
cooling rate averaged over the half-cycle 

g.. = {h,{P,)-h,(P,)) -.r 
t[l2 Jo 

m„dt (2) 

In order to achieve this rate of cooling, energy must be sup­
plied at the fluid heater. Applying conservation of energy to the 
fluid heater and averaging over a half-cycle yields the average 
rate of heat addition 

qh = 
1 

, • '0 
rfinCaiTi, - Tn,^^it(t))dt (3) 

The cooling coefficient of performance COPe for the cycle is 
calculated as the average cooling rate divided by the average 
rate of heat addition 

COP, = ^ (4) 

The refrigerant mass flow rate required to calculate q^ and 
the fluid heater exit temperature required to calculate q^ must 

N o m e n c l a t u r e ( c o n t . ) 

Subscripts 
a = adsorbate 
c = condenser 
e = evaporator 

/ = saturated liquid 
fl = heat transfer fluid 

g = saturated vapor 
h = high 
/ = low 

n = adsorbent 
p = pore 
s = saturation 
; = tube 

11 = refrigerant vapor 
1 /2 = half-cycle 

Superscripts 
= nondimensional value 
= average value 
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(a) Actual adsorbent heat exchanger geometry 

K***r ^ t v l Adsorbent 
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{b) Model Adsorbent heat exchanger geometry 

Heat 
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Heat 
Transfer 
Tube 

3 vapor—the sorbate that exists as a gas and that is free to 
move within the void space surrounding the adsorbent particles. 

These three phases are assumed to exist at the same tempera­
ture, T„. The fraction of the bed that is not occupied by adsor­
bent particles is called the void fraction and is represented by 
the symbol e. The void space is occupied by the vapor phase, 
which is assumed to behave as an ideal gas with constant spe­
cific heat. The remaining volume fraction, (1 - e), is occupied 
by the adsorbent and adsorbate, both of which are assumed to be 
stationary. The mass of adsorbate contained within the control 
volume varies and is equal to the product of the adsorbent 
density, p„, and the adsorption level, u>, which is defined as the 
ratio of the mass of adsorbate to the mass of adsorbent. The 
adsorption level is a function of both the pressure and tempera­
ture existing within the control volume. This function is given 
by an adsorption equilibrium relation that is specific to the 
adsorbent/sorbate combination. 

The analysis of the heat pump system is simplified by em­
ploying the following assumptions: 

(a) constant magnitude for the heat transfer fluid flow rate; 
(b) constant thermal conductivities for all materials; 
(c) constant specific heats for all materials; 
(d) constant densities for solids and liquids; 
(e) refrigerant vapor behaves as an ideal gas; 
( / ) adsorbate phase behaves as a liquid with a very small 
specific volume; 
(g) stationary adsorbent and adsorbate phases; 
(h) local thermal equilibrium between the adsorbent, ad­
sorbate, and vapor phases; 
(i) local adsorption equilibrium. 

Subject to these assumptions, conservation of energy for the 
circulating fluid yields 

7rr,pf,cn dt 
TTrjkfi 

dTn 

dz 
-rrrj pnCfiVfi 

dz 

(c) Typical adsorbent heat exchanger element 

Fig. 2 Adsorbent heat exchanger geometry 

be found by solving the coupled conservation equations describ­
ing heat and mass transfer in the adsorbent heat exchangers. 

Heat and Mass Transfer Model. The fluid exit tempera­
ture and mass flow rate of refrigerant can be determined by 
applying the equations of conservation of mass, momentum, 
and energy in the adsorbent heat exchangers. For this analysis, 
each adsorbent bed heat exchanger is assumed to consist of an 
array of cylindrical heat transfer tubes surrounded by adsorbent 
material. Each tube in the heat exchanger is approximated by 
the element shown in Fig. 2 where the adsorbent diameter is 
selected to enclose the same area of adsorbent as the square 
area in Fig. 2(a). This approximation allows the analysis to be 
accomplished in two dimensions—axial and radial. 

The adsorbent material is treated as a continuum with a repre­
sentative elementary volume as depicted in Fig. 3. This volume 
is much larger than the individual adsorbent particles, but much 
smaller than the overall system dimensions. Likewise, the sur­
face area of the elementary volume is much larger than the 
individual pore and solid grain cross sections. This representa­
tive volume contains three phases defined as: 

1 adsorbent—the microporous material in which adsorption 
occurs; 
2 adsorbate—the sorbate (refrigerant) that is captured within 
the adsorbent; 

+ 2TrrA(Tn ~ T,) = 0 (5) 

where the sign of the third term is positive during pressuriza-
tion/desorption and negative during depressurization/adsorp­
tion. 

Applying conservation of energy to the tube wall and assum­
ing that the tube cross-sectional area can be approximated as 
2Trr,b, where r, is the tube radius and b the wall thickness yields 

2'Krpp,c, —^ - 2'Kr,bk, 
dT, 

dz \ dz 
- 27rr,h,(Ta - T,) 

+ 27rrA(r, - T„(r„ z)) = 0 (6) 

Vapor located in 
void space. 

Solid 

Open 

Void space 

Adsorbent particle 

Adsorbate contained 
within micropores of 
particle 

Fig. 3 Representative adsorbent volume 
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Fig. 4 Adsorbent heat exchanger configuration 

In Eqs. (5) and (6), radial temperature gradients are negligi­
ble relative to axial gradients, and both equations are one-di­
mensional, unsteady equations coupled to each other at the tube 
wall. The tube wall equation is also coupled to the adsorbent 
at the tube/adsorbent interface. 

The conservation equations for mass, momentum and energy 
within the adsorbent material are two-dimensional, unsteady 
equations, coupled to each other and coupled to the tube wall 
energy equation at the inner boundary of the adsorbent. These 
equations can be simplified by considering the flow configura­
tion of the adsorbent heat exchanger as illustrated in Fig. 4. 
With this configuration, the refrigerant vapor flow is axial and 
the outer perimeter of each annular adsorbent element is effec­
tively closed to mass flow due to the influence of the adjacent 
elements. In addition, the inner boundary is closed to mass flow 
due to the presence of the impermeable tube wall. Therefore, 
radial mass flux is neglected and the conservation of mass equa­
tion can be averaged over the radial direction. Furthermore, 
if the radial mass flux is neglected, then the conservation of 
momentum equation must only be developed for the axial direc­
tion. The conservation of energy equation must still include 
both radial and axial effects since the temperature variations in 
both directions are significant. 

The conservation of mass equation for the adsorbent bed is 

9 , 
^ ( e p . + (1 
at 

e)p„oj) + V-(p„v) = 0 (7) 

In Eq. (7) , the first time derivative term accounts for storage 
of refrigerant vapor within the void space of the material. The 
second time derivative term accounts for storage of refrigerant 
in the adsorbed phase. The flux term reflects the movement of 
vapor due to pressure-driven flow at the area averaged or Dar-
cian velocity, v. Neglecting radial mass flux terms and averag­
ing the remaining variables over the radial direction yields 

— (ep„ + (1 - e)p„tu) + — 
at oz 

= 0 (8) 

where the overbars indicate radially averaged terms. 
Since the radial mass flux is negligible, only the axial compo­

nent of the momentum equation must be considered. Further­
more, an order of magnitude analysis for typical heat pump 
operating conditions indicates that bulk convective and viscous 

terms as well as unsteady terms in the momentum equation are 
relatively small when compared to the pore level viscous and 
inertial terms (Ellis, 1996). Therefore, the conservation of mo­
mentum equation represents a balance between the pressure 
gradient and the force per unit volume imposed by the porous 
adsorbent. The force imposed by a porous medium is a function 
of the flow velocity and can be determined from empirical 
correlations. Many of these expressions are based on the work 
of Ergun, who developed a correlation for pressure loss due to 
flow through a porous medium that includes both microscale 
viscous and inertial forces (Vafai and Tien, 1981). Using Er­
gun's approach, the pressure gradient and the velocity are re­
lated by 

f = - ^ (1 -f C.Rê .̂ O 
oz K 

where 

R e i'2 = 

CE = 0.55 (Ward, 1964) 

(9a) 

(9fo) 

(9c) 

The 1 in parentheses in Eq. (9a) accounts for the viscous, or 
Darcy's law, component of the friction. The second term in 
parentheses accounts for the turbulent component of friction 
and is significant at higher Re^'". 

The final conservation equation, conservation of energy for 
the adsorbent, can be written 

d_ 
dt 

(ep„u„ + (1 - e)p„u„ -I- (1 - e)p„wUa) + 
dz 

~y-(k„VT„) = 0 (10) 

In this expression, the components of the first term represent 
storage of energy in the vapor, adsorbent, and adsorbate phases, 
respectively. The second term represents the convection of en­
ergy with the refrigerant vapor, and the third term represents 
conduction within the adsorbent. Incorporating Eq. (8) , 
applying the assumptions presented previously, and rearranging 
yields 
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e-PvCp 

- d 

dt 
(1 e)p„c„ —- + (1 

dua Table 1 Nondimensional groups 

e)p„h«v — 
at 

dP_ 

dt 
dT„ 

k„v%, + c,,;pj,—^ = o (11) 
dz 

Property Relations. In order to complete the set of equa­
tions required to analyze the behavior of the solid sorption heat 
pump, property relations must be specified for the adsorption 
equilibrium behavior, the refrigerant vapor pressure curve, the 
enthalpy of adsorption, and the internal energy of the adsorbate. 

The Dubinin-Raduschkovich equation is a semi-empirical 
equation based on the work of Dubinin (1967) that describes 
the adsorption equilibrium behavior for a variety of adsorbent/ 
sorbate systems. The systems considered in this study are de­
scribed using a modified form of the Dubinin-Raduschkovich 
equation 

CO = ujii exp — DT Mf (12) 

where ujo and D are experimentally determined parameters. Val­
ues for these parameters for ammonia interacting with various 
adsorbents can be found in the literature (Critoph and Turner, 
1988). 

Refrigerant vapor pressure data can be fit to an equation of 
the form 

In P, = B 
1 

m — 
T 

(13) 

The differential enthalpy of adsorption can be determined from 
the adsorption equilibrium expression and the refrigerant vapor 
pressure parameters. Within the typical range of adsorption lev­
els, 0.05 < w/wo ^ 0.95, the differential enthalpy of adsorption 
can be approximated by the linear expression (Ellis, 1996) 

Ky(uj) = Rm + 
1.58ff 1A2R 

D"'uJo 
(14) 

Assuming that the specific volume of the adsorbed phase is 
small, the adsorbed phase internal energy is approximately equal 
to the adsorbed phase enthalpy, which can be determined with 
respect to a reference enthalpy in the vapor phase 

Ua ha = h„f + Cp,„(T - Tref) - A/Ja. (15) 

where the integral enthalpy of adsorption, Ah^y, is the mean 
difference between the adsorbed phase enthalpy and the vapor 
phase enthalpy. The integral enthalpy of adsorption is deter­
mined by averaging the differential enthalpy of adsorption from 
an adsorption level of 0 to the adsorption level at the state of 
interest. Applying this approach yields 

W« ^ ha — href ~^ ^p,v{^ ' r„f) - Rm + 

1 
+ -

2 

1.5SR' 

' 1.42/ 
(16) 

Nondimensional Governing Equations. The governing 
equations for heat and mass transfer in the adsorbent heat ex­
changer can be written in nondimensional form by introducing 
the following variables (Elhs, 1996); 

z f - - p - -
r„ Pc 

TH T„ 

{\la,b, c) 

( 1 7 r f , e , / ) 

Symbol 
Name 

A 
ND Vapor 
Specific Volume 

Contact Biot 
number 

c 
ND Heat of 
Adsorption 

MD Tube Thermal 
Capacitance 

ND Vapor 

Specific Heal 

ND Compression 
Work 

Fo 
Fourier No. 

Ho 
Time ratio 

Aspect ratio 

NTU 
Number of 
transfer units 

Pe 
Peclet No. 

Non-dimensional 
tube resistance 

Definition 

l - E p „ I B e 

s p; 

PA?H 

2bp,c, 

rfifCf 

( l - s )pA 

&P, 

(1-E)p,c,r, 

kf 
(l-e)p,i;/„' 

L 

L 

2nr,Lh, 

kf/PfC, 

Ibk, 

Interpretation 

Ratio of the vapor specific volume 
to the adsorbate specific volume. 

Ratio of tube/adsorbent contact heat 
transfer coefficient to the convective 
coefficient (Zheng et al., 1995). 
Ratio of the thermal capacitance 
associated with adsorption to that of 
the adsorbent. 
Ratio of the heat transfer tube 
thermal capacitance to the heat 
transfer fluid thermal capacitance. 
Ratio of the vapor thermal 
capacitance to the adsorbent thermal 
capacitance. 
Ratio of the compression work to 
the adsorbent thermal capacitance. 

Ratio of the system time scale to the 
time scale for radial conduction. 

Ratio of the system time to the time 
for fluid to traverse the length of the 
tube. 
Ratio of adsorbent length to the 
adsorbent radius. 

Ratio of the heat transfer at the tube 
wall to the advection of energy in 
the fluid. 
Ratio of axial advection to axial 
conduction in the fluid. 

Ratio of the thermal resistance of the 
tube to the thermal resistance of the 
heat transfer fluid. 

Pv 
PCIRTH 

t 

r,VfpfCf p„u}o 

rlp„c„ PJRT, 
(1 - e)rlLp„c„ 

{llg,h,i) 

07j,k) 

'•jVfPfCf 

Expressing Eqs. (5) and (6) in terms of these variables and 
dividing each equation by the heat transfer rate scale, g ^ where 

fi' = TrrjVfPfCfTi, (18) 

yields 

1 Off 1 d% 

Ho df Pe Of 

and: 

c,f df, 1 d^f, 

dT 
—^-h N T U ( f / - f,) = 0 (19) 
dz 

Ho df n,Pe df 
- N T U ( f f - f,) 

+ NTU- BUT, - f„(f„ z)) = 0 (20) 

where the nondimensional groups are defined in Table 1. 
Writing Eq. (8) in terms of the nondimensional variables and 

dividing by the resulting coefficient of the first term yields the 
following nondimensional equation for conservation of mass in 
the adsorbent bed: 

^ + A ^ + A^^M) = o 
df df dz 

(21) 

The conservation of momentum equation, Eq. (11), can be 
expressed in nondimensional form as 
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Table 2 Boundary conditions 

Fluid temperature: 

Pressurization and desorption: 

Depressurization and adsorption: 

Tube temperature fait phases): 

Adsorbent temperature (all phasesV 

Pressure: 

Pressurization and depressurizatior 

Desorption: 

Adsorption: 

%(9h\ ^ ( i ) = o 

^(o)=o t„(i)=t, 

dz oz 

f(f,.£)=^(T,0-T.(f„j)) 

f(.,.)4(^o)4(M)^o 

f(.) = o 
dz 
P{1) = P. 

P(1) = P. 

= -FE,.(Re/-) 
dz 

where the function f EI is defined as 

FEr(Re„'") 
KP* 

^„(1 + 0.55Re,"^)v'L 

(22a) 

(22b) 

with P* representing the maximum pressure differential avail­
able for driving vapor flow. As defined by Eq. (22b), Fpj, is a 
measure of the pressure available for driving vapor flow relative 
to the pore level viscous and inertial forces. A high value of 
this function would indicate that the pressure differential is 
relatively high and that the sorption process is less likely to be 
limited by vapor flow restrictions. 

Finally, the conservation of energy equation in the adsorbent 
bed, Eq. ( I I ) , can be expressed in nondimensional form by 
introducing the variables from Eqs. (17) and dividing by the 
coefficient of the adsorbent sensible heat storage term to get 

C ^ + x ^ 
" df df 

dt„ ^ , d 

at 

\A2R dill 

O.llR 

- C , 
dP_ 

df 

1 d 

P of \ df 

Fo d^t, 
Nf at 

r + CpKp„v, dt„ 
dz 

0 (23) 

Boundary Conditions. The boundary conditions associ­
ated with Eqs. (19) to (23) vary with the phase of the heat 
pump cycle. During the pressurization phase, the adsorbent heat 
exchanger is closed to vapor flow and the temperature of the 
fluid entering the heat exchanger at the left boundary is equal 
to the cycle high temperature. Once the pressure in the adsorbent 
reaches the condenser pressure, P^, the right boundary of the 
adsorbent is opened to vapor flow initiating the desorption 
phase. During this phase, the fluid entering from the left remains 
at T,,, and the pressure of the vapor at the right end of the 
adsorbent is maintained at P,.. When the temperature of the 
fluid leaving the right end of the heat exchanger exceeds the 
reversing criterion, T^, the direction of flow is reversed and the 
system begins the depressurization phase. During this phase, 
the adsorbent heat exchanger is closed to vapor flow and the 
fluid entering the right end of the tube is maintained at the cycle 
low temperature, T,. Once the pressure in the adsorbent reaches 
the evaporator pressure, P^, the left boundary of the adsorbent 

is opened to vapor flow, initiating the adsorption phase. During 
this phase, the fluid entering from the right remains at T,, and 
the pressure of the vapor at the right end of the adsorbent is 
maintained at P,,. During all phases, the axial and outer radial 
boundaries of the adsorbent and the axial boundaries of the tube 
are assumed to be insulated. At the inner radial boundary of 
the adsorbent, conduction at the adsorbent boundary must be 
equal to the heat transfer across the contact resistance at the 
tube/adsorbent interface. These conditions are summarized in 
Table 2. 

Initial Conditions. The heat pump cycle begins with the 
fluid, tube, and adsorbent at a uniform temperature equal to the 
cycle low temperature, Ti. The adsorbent pressure is also uni­
form and is equal to the evaporator pressure P,,. The heat pump 
then executes the four phases of the cycle. The temperature and 
pressure distributions that exist at the conclusion of the first 
cycle become the initial temperature and pressure distributions 
for the second cycle. After a number of cycles, usually 3 -
10, the system reaches a steady condition such that the final 
distributions of temperature and pressure at the conclusion of 
the cycle are approximately equal to the initial conditions that 
existed at the start of the cycle. Once the system reaches this 
steady state, the system performance remains constant through 
any additional cycles. 

Numerical Analysis 
The set of conservation equations represented by Eqs. (19) 

to (23) along with the boundary conditions listed in Table 2 
and the property relations can be solved to yield the refrigerant 
mass flow rate and the fluid temperature entering the fluid heater 
as functions of time. These quantities can then be integrated in 
accordance with Eqs. (2) and (3) to determine system capacity 
and COP. 

The set of equations consisting of the conservation equations 
and property relations is nonlinear and must be solved using 
numerical techniques. The solution was accomplished using a 
finite difference technique that is implicit in time to improve 
the numerical stability. First-order spatial derivatives that do 
not involve convection were replaced by second-order accurate 
central difference approximations. First derivatives that do ap­
pear in convective terms were discretized using a first-order 
accurate upwind approximation to minimize numerical instabil­
ity (Hall and Porsching, 1990). Second-order spatial derivatives 
were replaced by second-order accurate central difference ap­
proximations. The resulting set of nonlinear algebraic equations 
was solved at each time step using an iterative approach as 
follows: 

1 Solve the finite difference forms of the energy equations, 
Eqs. (19), (20), and (23), for the fluid, tube, and adsorbent 
temperatures using a line iterative approach based on values of 
P(z) and Lo(f, z) from the most recent iteration. 
2 Update uj(f, z) based on the new adsorbent temperatures. 
3 Solve the finite difference forms of Eqs. (21) and (22) for 
the axial pressure distribution, P(z), in the adsorbent assuming 
T„(f, z) and Cj(f, z) are known from the most recent iteration. 
4 Update Cj(f, z) based on the new adsorbent pressures. 
5 Repeat steps 1 to 4 to convergence and then advance to the 
next time step. 

Table 3 Base case parameters 

Application Temperatures: 
Coinfort cooling in sutnmer: T, = VC, T, = Ti = 41 °C 
Gas fired heat source: Th = 230°C 

Refrigerant: Ammonia 
Adsorbent: Activated carbon AX21 (Critoph and Turner, 1988) 
Heat transfer tubes: Steel tubes, 4m L x 3ntm Dx 0.6mm wall 
Heat transfer fluid: Pf= 914 kg/m3; ct= 1.93 kI/kg°C; k,= 0115W/m°C 
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Appropriate values for the temporal and spatial increments 
were determined by reducing the size of the increment until 
further changes did not affect the results. The numerical code 
was verified by applying it to simplified problems with pub­
lished solutions, by utilizing test functions, and by comparison 
to limited experimental data (Ellis, 1996). 

Results 
As indicated by Eqs. (19) to (23), the performance of the 

thermal wave heat pump is a function of a number of parame­
ters. In order to analyze the influence of thermal conductivity 
and permeability, a basis that specifies the remaining parameters 
must be established. The base case parameters assumed for this 
paper are indicated in Table 3. The application temperatures 
are based on comfort cooling applications during the summer 
months. The heat source temperature is representative of the 
temperatures utilized in prototype systems reported in the litera­
ture (Miles et al., 1992; Poyelle et al., 1996). Ammonia is 
chosen as the refrigerant because it has excellent refrigeration 
properties, adsorbs well on carbon, can be used at sub-freezing 
temperatures, and operates at a pressure high enough to facilitate 
vapor transport. The AX21 carbon exhibits a relatively high 
saturation sorption level and an equilibrium coefficient, £>, that 
is very close to the optimum for the given application (Ellis, 
1996). The dimensions of the heat transfer tube are of the same 
order of magnitude as those for a prototype thermal wave heat 
pump described by Miles and Shelton (1991). The fluid charac­
teristics are also similar to those used in the prototype. These 
assumptions regarding the application, refrigerant, adsorbent, 
and heat transfer tube, establish values for the following vari­
ables: 

A = 113 fi, = 0.0083 Cav = 2.67 (24a, b, c) 

C„ = 1.8 Cp = 0.014 Cpr = 0.0028 (24d, e, f) 

In order to determine the remaining dimensionless variables, 
values must be specified for the design parameters of fluid 
velocity, adsorbent radius, and reversing criteria, and the mate­
rial parameters of thermal conductivity, contact heat transfer 
coefficient, and permeability. Each of these parameters has a 
significant effect on performance and the effects are interrelated. 
For example, increased consolidation of the adsorbent improves 
not only the conductivity of the adsorbent, but also the contact 
heat transfer coefficient. Thermal properties may also be af­
fected by the pressure within the adsorbent bed; however, the 
effect of pressure is less important in ammonia-based systems 
that operate at relatively high pressures and is neglected here. 
The effects of thermal conductivity, contact heat transfer coef­

ficient, and permeability are evaluated as if they can be varied 
independently. This approach identifies the effect of each of 
these parameters on system performance. These results coupled 
with data from other research defining the relationship among 
adsorbent properties can be used to improve system design. 

In order to evaluate the effects of thermal conductivity, con­
tact heat transfer coefficient, and permeability, a multi-dimen­
sional optimization technique was employed to adjust the design 
variables to obtain the "best performance" for a given set of 
these three material parameters. Best performance was defined 
as the highest cooling COP achievable subject to minimum 
capacity constraints of 100 W/kg-adsorbent and 50 W/kg-heat 
exchanger. The optimization technique that was employed was 
based on the multidimensional simplex method (Nelder and 
Mead, 1965; Press et al , 1992). Constraints were imposed 
through penalty functions as described by Pike (1986). 

Results obtained using this approach are illustrated in Fig. 5. 
This figure indicates the influence of the thermal conductivity 
for different values of the contact heat transfer coefficient and 
for a permeability of 1 X 10 ' m^, which corresponds to the 
permeability of a granular bed. Values for the thermal conduc­
tivity and contact heat transfer coefficient were chosen to span 
the range of values reported by Guilleminot et al. (1993). As 
this figure indicates, increasing conductivity improves perfor­
mance up to a value of approximately 1 W/m-K. Further in­
creases in the conductivity yield little improvement in COP. 
This figure also indicates that COP can be improved by increas­
ing the contact heat transfer coefficient. These results suggest 
that for values of thermal conductivity in excess of 1 W/m-K, 
the conductive resistance of the adsorbent is relatively small 
compared to the resistance imposed by the fluid film and the 
adsorbent/tube contact. 

The results depicted in Fig. 5 were obtained assuming that 
the improvements in conductivity and contact heat transfer coef­
ficient could be achieved without decreasing the permeability. 
The maximum COP predicted for these idealized conditions 
was 0.75. However, the consolidation process that produces the 
improvement in thermal properties also reduces the conductivity 
(Guilleminot et al., 1993). The effect of this reduction in perme­
ability on performance is indicated in Fig. 6. Values of COP 
were obtained by varying permeability while maintaining a con­
tact heat transfer coefficient of 180 W/m'-K and a permeability 
of 10 W/m-K. These results indicate that even with enhanced 
thermal properties, values of permeability below 1.5 X 10 " 
m^ result in performance that is less than that achieved by 
typical granular materials with their lower thermal properties. 
The high conductivity materials reported by Guilleminot exhib­
ited permeability values as low as 10"" m^. Clearly materials 
with values of permeability this low could not produce enhanced 
performance. However, Poyelle notes that arteries may be pro-
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vided in these materials to increase the effective permeability 
to approximately 6.1 X 10"'m^(Poyelleetal., 1996). Materials 
combining these higher effective values for permeability with 
enhanced thermal properties could produce significant improve­
ments in performance. 

Conclusions 

The model developed in this study incoiporates both the ther­
modynamic effects and the heat and mass effects occurring 
within the thermal wave heat pump system. The resulting model 
is capable of assessing the influence of a variety of parameters 
on heat pump performance. This study has focused on the influ­
ence of adsorbent thermal conductivity and permeability. The 
results indicate that for the base case considered here, improve­
ments in thermal conductivity up to 1 W/m-K can lead to higher 
performance provided the permeability remains greater than 1.5 
X 10"' m^. When the thermal conductivity exceeds 1 W/m-K, 
the resistance of the adsorbent becomes small relative to other 
elements of the overall resistance. Consequently, further in­
creases in conductivity have a relatively small effect on perfor­
mance. This study also indicates that if the permeability is less 
than 1.5 X 10"' m^, the performance of the heat pump is re­
duced below that which can be obtained by low-conductivity/ 
high-permeability granular materials. The modeling techniques 
and results described here can provide assistance for ongoing 
research into the development of adsorbent materials with en­
hanced thermal properties. 
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