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In this paper, mathomotical models for a single adsorbate component present in a gas phase 
have been developed for isothermal and adiabatic dynamic adsorption-derorption processes with 
special emphasis on adsorption drying by supported hygroscopic salts. The proposed generalized 
models am applicable to both an unsupported absorbent bed and a fixed bed of adsorbents im- 
pregnated on a supporter which may have nonlinear equilibrium relationships. The partial dif- 
ferential equations governing the dynamic adsorption-desorption processes and the nonlinear 
equilibrium relations were solved numerically on the digital computer. 
An experimrntol study was conducted to measure the adsorption and desorption rates of water 
vapor by lithium chloride impngnated on a solid supporter, Tonex. 
The proposed adiabatic adsorption-desorption model has been verified for unsupported adsorbent 
beds in the cams of water vapor adsorption from air by silica gel and of methane adsorption 
from a helium-methane mixture by activated carbon. The validity of the generalized adiabatic 
model for supported adsorbent beds with nonlinear equilibrium relationships was established 
by a direct conprison of experimental data obtained in this study with the predicted values. 

The major applications of adsorption methods have 
been in the field of air and gas drying and solvent re- 
covery. Adsorption drying has been competitive for a 
number of applications because it has many advantages 
over other methods, particularly when a high degree of 
moisture removal is required. 

An extensive literature search (9) disclosed that neither 
data nor adequate models have been presented for the 
dynamic dehydration in a fixed bed of supported ad- 
sorbents, des ite, the fact that such a method is com- 
mercially we H developed and its potential application for 
adsorption refrigeration has been recognized. 

The present study is concerned with the adsorption 
drying of air by hygroscopic salts impregnated on a sup- 
porter and the regeneration of adsorbents by a flow of hot 
air. The performance during the adsorption rtion of the 
cycle employing an unsupported absorbent E d  has been 
the subject of considerable interest. However, no work 
has been done on the reactivation of adsorbents, sup- 
ported or unsupported. The regeneration of an adsorber 
prior to its use is equally important in a cyclic process 
since its subsequent performance during adsorption is 
essentially dependent upon the thoroughness of the re- 
generation process and the thermal state of adsorbent 
bed. 

The objectives of this study are twofold: to develo the 

both an unsupported adsorbent bed and a fixed bed of 
adsorbents impregnated on a supported bed which may 
have nonlinear equilibrium relationships, and to verify the 
proposed models by a direct comparison of experimental 

isothermal and adiabatic adsorption-desorption mode P s for 
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data with the predicted values at simulated experimental 
conditions for design purposes. 

In an effort to clarify the general problem and demon- 
strate an application of the models presented, special at- 
tention is given to the water adsorption and desorption 
from air by lithium chloride impregnated on a supporter, 
Torvex. An elaborate experimental study was conducted 
to measure the adsorption-desorption rates. The approach 
used and the experimental technique are detailed else- 
where ( 9 ) .  

THEORETICAL ANALYSIS 

Isothermal Adsorption-Desorption Analysis 
Isothermal dynamic adsorption, by definition, precludes 

heat effects, so the analysis is based on the material 
balance and the equilibrium relationship between the 
adsorbate in the gas and in the adsorbent. 

The isothermal adsorption of water vapor from a mix- 
ture with an inert fluid has been treated by Hougen and 
Marshall (17) ,  Gamson, et al. (14 ) ,  Michaels (22 ) ,  
Treybal (35), Eagleton and Bliss (11), Vermeulen and 
Hiester (37),  Vermeulen (38) ,  Rosen (26, 27) ,  Testin 
(30 ) ,  Thomas (32 ) ,  Tien and Thodos ( 3 4 ) ,  and Fosber 

certain types of regenerators and preheaters have been 
solved by Anzelius ( 2 ) ,  Nusselt (24) ,  Schumann (28) ,  
Hausen (1 6 ) ,  and Brinkley (5). 

With exception of Thomas (32) ,  Vermeulen and 
Hiester (37) ,  and Fosberg (13), all other investigators 
assumed a linear adsorption isotherm. The solutions of 
Thomas and Vermeulen and Hiester are applicable to 
specific cases of nonlinear systems, that is at constant 
separation factor. Recently Fosberg (13), obtained the 
solution with an analog computer for nonlinear isotherm. 

(13). Similar problems in heat transfer associated wi d 
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Fig. 1. Schematic of control volume for adsorption analysis. 

In this study, the digital computer solution is sought 
for any equilibrium relationship for both supported and 
unsupported adsorbent beds by extending the Hougen- 
Marshall Model. 

The application of the Hougen-Marshall Model to the 
isothermal dynamic adsorption processes encounters 
several difficulties. First, assumption of a linear equi- 
librium between the adsorbate in the gas phase and in 
the adsorbent does not hold for many systems of interest. 
Second, Hougen and Marshall and other investigators 
failed to demonstrate how their solutions could be applied 
to systems where the adsorbent is coated on a supporter, 
which is the kind of system presently of interest. 

To overcome these shortcomings, an attempt was made 
to develop a more generalized method of analysis. In the 
following section the Hougen-Marshall model was ex- 
tended to include the isothermal adsorption process for 
any equilibrium relationship. 

Fundamental equations for the present model have 
been derived relaxing all the assumptions of Hougen and 
Marshall except for the two, that is, the overall resistance 
to mass transfer is the sum of the diffusional resistances in 
the gas phase and the solid phase, and that the overall 
driving force is linear. Furthermore, in the subsequent de- 
velopment it is necessarily assumed that the adsorbent is 
uniformly impregnated on the supporter. 
Fundamental Equations for the Present Isothermal Model 

material balances on the adsorbate yield 
Referring to the control volume shown in Figure 1 the 

psct ( -$-) = Kyu, (Y-Y*) 
X 

where 

with the initial and boundary conditions, 
Y* = f ( w )  (3)  

w(x, t o )  = wo (4)  

Y(0, t )  = Yo ( 5 )  
Defining n and 7 by 

K Y W  n=- 
G 

(7) 

transforms Y (x, t )  and w(x, t )  into the new coordinate 
system Y (n, T) and w (n, 7 )  : 

ay (--) =-(Y-Yy') 
7 

( ;)n = (Y-Y*) (9) 
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Fig. 2. Schematic of rate apparatus. 

w(n, 0) = wo (11) 
Y(0,T) = Y o  (12) 

This set d equations and the initial and the boundary 
conditions define the adsorption process. The following 
numerical methods were adopted to obtain the solutions 
of these equations. 

Numerical Methods 
The numerical technique employed here was that sug- 

gested by Acrivos (1) and closely follows Bullock's ap- 
proach ( 7 ) .  

The system of differential equations was solved by the 
modified Euler method (23) and the predictor-corrector 
method ( 4 ) .  

To establish the accuracy and the validity of the numer- 
ical technique, the Anzelius equations were first solved on 
a digital computer. The numerical results obtained were 
compared with the Anzelius' analytical solutions ( 2 ) .  The 
agreements were found to be excellent (9). 

After some confidence was established in the numerical 
method, the system of differential Equations (8) and 
(9) with initial and boundary conditions (11) and (12) 
and a nonlinear equilibrium relationship (10) was solved 
both for silica gel and for lithium chloride impregnated on 
a solid supporter. A summary of the computer runs is 
listed elsewhere (9). 

These results indicated that a substantial error will 
be introduced if the effect of the supporter is neglected. 
It is to be pointed out that the same analysis together with 
the present computer program can be used to obtain solu- 
tions for isothermal desorption cases with nonlinear equi- 
librium relations. 

The general method of calculation can be applied to 
several systems of interest. In the case of single tube ad- 
sorbent the dimensionless variables n and 7 become 

(13) 
2KyaAx 

GR 
n=- 

and the solutions presented for fixed bed operation can be 
used directly. 

ADIABATIC ADSORPTION-DESORPTION ANALYSIS 

When water vapor is adsorbed by the desiccant, heat 
is released because the adsorption process is exothermic. 
It is difficult to maintain isothermal conditions, so in 
practice most adsorbent beds are operated adiabatically. 
Under alabatic operation the heat released raises the 
temperature of the bed and this rise in temperature de- 
creases the adsorption rate. Thus the analysis presented in 
the previous section for isothermal adsorption does not 
apply to most systems that operate nonisothermally. Even 
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if the exit stream temperatures remain nearly constant, the 
assumption that adsorption is isothermal is erroneous 
because the temperature of the mass transfer zone, rather 
than the inlet or outlet stream temperature, determines 
the adsorption rate. Therefore, the analysis should include 
the changes in enthalpy as well as the adsorbate con- 
centrations in the gas and the adsorbent phases. 

Hougen and Marshall (17) suggested a graphical 
method based upon Grossman's method for heat transfer 
for the adiabatic dynamic adsorption in gases flowing 
through granular beds. However, the graphical technique 
is tedious, costly, and impractical due to the small time 
interval and bed length increment required. Acrivos ( l ) ,  
Threlkeld (33), Van Arsdel (36) and Carter (8) de- 
veloped models and presented numerical techniques for 
this problem. 

Recently, Lee and Cummings (19) proposed a cor- 
relation between the experimental break capacity of a 
nonisothermal air drier with silica gel and that calculated 
from the analytical solution for isothermal conditions. The 
Lee-Cummings design method is applicable for systems 
whose equilibria can be linearized and when correlations 
are available. Collins (10) introduced the use of the LUB 
(equivalent length of unused bed) equilibrium section 
concept for design practice in sizing fixed-bed molecular 
sieve drying and purification systems. This empirical ap- 
proach is useful when experimental data or correlations 
are available to predict the break capacity. 

More recently Meyer and Weber (20) extended 
Rosen's model (26, 27) and obtained a numerical solu- 
tion of the differential equations. The model incorporates 
heat and mass transfer resistances within and around the 
adsorbent particles. It is developed for packed beds of 
homogeneous spherical particles of uniform size. The 
governing differential equations, six in number, were 
solved numerically on a digital computer. The model was 
tested using a packed bed 2 in. in diameter and 60 in. 
deep with activated carbon. A methane-helium mixture 
was passed through the bed. Since no pore diffusivity cor- 
relations are available, the effective intraparticle diffusivity 
was determined by simulating the actual experiments on 
the digital computer and matching the observed and 
calculated effluent curves. Meyer's (21) data did not 
produce a consistent effective intraparticle diffusivity, but 
varied from 0.058 (2 runs) to 0.10 (1 run) for the limited 
range of operation. Consequently, the results of the ex- 
periment confirmation are inconclusive and the validity of 
the model is yet to be established by a crucial test. 

There are several drawbacks in Meyer-Weber model: 
many of the adsorbent beds cannot be adequately ap- 
proximated as spherical particles of uniform size; t,he 
solid diffusion coefficients are unknown but the solution 
of the model is sensitive to the intraparticle diffusivity 
and requires a hi h accuracy of the diffusivity determina- 

can be evaluated by matching the experimental data 
and the numerical solutions; and the model is not appli- 
cable to fixed beds of hygroscopic salts impregnated on 
supporters that are of special interest in the present study. 

Therefore effort has been directed to developing gen- 
eralized models that describe the dynamic behavior of a 
fixed bed by applying the overall resistance--linear driv- 
ing force concept. An assumption is made that the over- 
all resistance to the mass transfer is the sum of the dif- 
fusional resistances in the gas and solid phases. Bullock 
(6) recently obtained the numerical solutions of the dif- 
ferential equations developed by Thelkeld (33) for a 
case of adsorption of water vapor by silica gel in a fixed 
bed. Bullock also confirmed the validi of the model by 

tion while only t% e magnitude of the transfer coefficient 

direct comparisons with the results o 7 experiments. His 
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Fig. 3. Test section. 

model, developed for a fixed bed of adsorbent, is not 
applicable when an adsorbent is impregnated on a sup- 
porter. It is to be noted that the Threlkeld-Bullock 
model ( 7 )  can be readily reduced from the generalized 
model which is presented next. 
Derivation of Fundamental Equations far the 
Generalized Model for Adiabatic Adsorption 

The behavior of a fixed bed adsorber is described if the 
concentrations and temperatures in the gas stream and 
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Fig. 4. Comparison of experimental and predicted axit humidity *.. 
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Fig. 5. Comparison of experimental and predicted exit humidity vs. 
time for silica gel (run 12). 

in the solid phase are evaluated at any time and position 
in the bed. The equations required to evaluate these 
principal dependent variables were formulated from the 
laws of conservation of material and energy. The analysis 
developed in this section apply in general to the adiabatic 
adsorption and desorption of a single fluid from and to 
a mixture with an inert fluid. 

Consider a flow of humid air through a freshly regen- 
erated fived bed of adsorbents or adsorbents coated on a 
supporter, as shown in Figure 1. 

eneralized governing differential equations for 

under the same simplifying assumptions as in the case of 
isothermal analysis except that the adsorption takes place 
adiabatically; the flow is one dimensional, and that the 
heat and mass transfer coefficients are constant. 

Referring to the control volume as shown in Figure 1 
the material balances on the adsorbate in the gas and 
in the adsorbent are as follows: 

The 
the adia % atic dynamic adsorption process were derived 

(15) 

The heat balances in the gas and solid phases yield 

0 4 8 I2 I6 20 
TIME, min 

Fig. 6. Comparison of experimental and predicted exit humidity vs. 
time for silica gel (run 63). 

(18) 
The equilibrium humidity, Y*, is a function of the amount 
of adsorbate in the adsorbent, w, and the temperature of 
the supporter on the adsorbent bed, TB, that is, 

yo = f (w,  T B )  (19) 

w(x, t") = wo (20) 

HB(x,  6') = HBO (21) 

Y(0, t )  = Yo (22) 

H ( 0 ,  t )  = Ho (23) 

The initial and boundary conditions are 

Defining dimensionless variables n and t by Equations 
(6) and (7) transforms Y(x, t), w(x,  t),  H ( x ,  t), and 
H B ( ~ ,  t) into Y(n, t) ~ ( n ,  t) H(n,  t),  and H B ( ~ ,  t) by 
application of chain differentiation. The resulting trans- 
formed equation may be written as follows: 

( g)T =- (Y-YO) 

($In =, (Y - YO) 1 

+ (Y - Yo) ( H g  - 1060.91 N L ~ ) ]  (26) ($q = "b ( H - H a )  

+ (Y-Y*)(H~-1060.01 N L ~ ) ]  (27) 

The generalized equilibrium relationship may be written as 

Yo = f (w,  T B )  (28) 

w(n, 0) = wo (29) 

(30) 

Y(0,T) =Yo (31) 

H ( 0 , T )  = Ho (32) 

(33) 

(34) 

with initial and boundary. conditions 

H B  (n, 0) = H B o  

H B  = Cp,, (T-32) + Q [Ha + W ( H L  + ~ R ) I  

k Nb=- 
hCP 

Equations (24), (25), (26), and (27), the equilibrium 
relationship for any given adsorbent, (28), and the initial 
and boundary conditions given by Equations (29) through 
(32) were solved numerically on the digital computer 
employing the same teohnique described in the previous 
section. 

The theoretical predictions of the present mode1 were 
first checked by calculating several of Bullocks experi- 
mental data on silica gel. This was achieved by setting 
the weight fraction of salt impregnated on a supporter, a, 
equal to 1 in Equation (24) and the heat capacity of the 
solid adsorbent supporter, C,, s, equal to zero in Equation 

The numerical solutions obtained for the general case 
are also applicable for the case of adiabatic adsorption in 

(33). 
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a single porous tube, provided n and t are redefined by 
Equations (13) and (14). 

EXPERIMENTAL PROCEDURE 

TWO methods are commonly employed to measure dynamic 
adsorption and desorption rates. One is to measure the inlet 
and effluent humidities of the stream b c m i l o r g  a hygrom- 
eter and the other is to weigh the adsor nt e intermittently. 
In this study the latter technique was adopted because the time 
lag involved in weighing the adsorbent is virtually negligible. 

Apparatus 
The apparatus shown in Figure 2 was designed and con- 

structed to study the effect of major variables such as inlet 
humidity, inlet temperature and mass velocity. 
Measuring devices, recorders, and instruments to control 

flow, temperature, humidity, and weight were installed. 
The following discussion gives the functions of each section 

of the ap aratus and delineates those capabilities and limita- 
tions of 5, instruments that are critical to the experiment. 
For further details the reader is referred to elsewhere (9). 

The compressed air contained excessive oil, dirt, and mois- 
ture, and required cleaning. The air was passed through two 
knockout drums in series and through a fine stone filter in the 
purification section. 

The dehumidification and saturation section consists of two 
Gilbarco molecular sieve dryers (Model No. 200-120-058) to 

the air for reactivation and to regulate the humidity of the 
inet Y stream by mixin it with saturated air, and a saturator 
with an isothermal bak. Temperature control is essential. The 
cleaned air was dried and/or humidified by regulating the 
relative flow rates with precision valves. 

respecified inlet humidity was attained by mixing the 
d r y 1  an wet streams in a stainless steel tank. The resulting 
humidity was measured by a Gilbarco Hygrometer (Model 
SHL-100) and recorded on a Varian Model G-14A-1. 

The desired temperature of the inlet stream was obtained by 
heating the air in a 9 kw.-capacity Chromalox circulating 
heater (Model CGH-6) controlled by a Chromalox industrial 
thermostat (Model AX-5519) and by a Fenwal recision 
temperature controller (Model 52-3XX2XX-XXX) g a t  con- 
trols temperature to within k 1 % of the desired range. 

The heart of the apparatus is the test section shown in 
Figure 3. This a paratus was constructed with &ax-tempered 
glass pipes whici have metal joints and insulation; it consists 
of a weighing mechanism that includes a linear displacement 
transducer, a power sup ly, a calibrated spring, a transducer 

a test block holder, and a weight-change recorder. This is the 
section where the adsorption and desorption rates are measured. 

Procedure for Adsarption-Derorption Rate Experiments 
Sampk Preparation. The 2 in. diameter by 1 in. length 

Torvex blocks were conditioned in an oven for a minimum of 
12 hr. at 150°C. The block was weighed on an analytical 
balance and dipped into the desired salt solution. Excess 
solution was allowed to drip from the wet block. The salt- 
impregnated block was enclosed in a glass jar specially made 

The 

supporter, a center gui B e adjuster, two two-way ball valves, 

for this urpose and placed in a vacuum oven overnight. The 
combine3 weight of the salt-impregnated test block and the 
glass was determined on an analytical balance. During weight 
measurement, the glass jar was kept closed to prevent adso 
tion of moisture by freshly regenerated adsorbent. Knowin 
weight "of the d r ~  sample and the jar, the amount o f  salt 
impregnated was etermined. 

The test block thus prepared was placed in a thin-walled 
stainless steel cylindrical test block protector. The stainless 
steel center-guide rod was passed through the block and held 
to it by a nut. 

Prior to the start of the experiments, the dryers ran for at 
least 24 hr. and the isothermal bath for the saturator was 
normally on for 4 hr. to reach steady state. 

The zero point of the linear transducer reading-the com- 
bined wei ht of the anhydrous salt and the test block-was 

ing dry air heated to 240°F. through the test block for an 
hour or more and then equilibrating with extradry nitrogen 
having a moisture content of less than one ppm. To minimize 
the use of the extradry nitrogen the low pressure flow regu- 
lator Matheson Model 1260-3s was used. Because the system 
was heated to a high temperature to reactivate the adsorbent, 
and low flow rates were employed to conserve the extradry 
nitrogen, it generally took 24 hr. or more for the test block to 
equilibrate. 

Adsorption. A small amount of cleaned air in accordance with 
the cleaning procedures of Figure 2, about 1,500 cc./min., was 
used to measure the inlet humidity. The upper ball valve was 
closed to maintain the equilibrated condition of the test block 
with dry nitrogen and the lower two-way ball valve was 
open to bleed the stream into the room when adjusting for 
humidi control. When desired inlet conditions were achieved 
and staTilized, the zero time was set simultaneously with the 
opening of the upper two-way ball valve and the closing of 
the other. 

After a short period of time elapsed, usually a minute, the 
flow was reversed and the test block was released from the 
holder to measure the weight change of the block. To minimize 
the time required for the spring to reach its equilibrium dis- 
placement with the weight, very soft vibration was applied to 
the top of the spring holder with an engraver. As soon as the 
recording was complete, the block was set in place and the 
flow was switched back. 

Every new adsorption experiment was started with the re- 
moval of moisture adsorbed in a previous run. This was accom- 
plished by sendin dry air heated to 240°F. through the wet 
test block for an iour or more, and equilibrating with liquid- 
pump dry nitrogen (humidity level of 17 to 20 ppm) . 

Desorption. In principle, cyclic adsorption-desorption rate 
experiments can be camed out, but the experiments were 
conducted separately. 

The desorption rate experiment was camed out in a similar 
manner to that of the adsorption rate measurement except 
that the initial adsorbate content in the adsorbent was raised 
to a desired level by passing wet air through the bed, and the 
inlet temperature of the air was elevated. 

establishe B before the start of each set of experiments by pass- 
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Fig. 9. Comparison of experimental and predicted exit methane con- 
centration vs. time for activated carbon (run 4). 

RESULTS A N D  DISCUSSION 

Comparison of the Proposed Model with Published Experimental 
Data 

Tqhe isothermal adsorption-desorption processes have 
not been well studied experimentally because of some of 
the inherent experimental difEculties generally encoun- 
tered in maintaining isothermal conditions. Therefore, the 
proposed model for the isothermal adsorption process can 
not be directly verified. However, the literature data on 
the adsorption of water vapor from air by silica gel and 
on the adsorption of methane from helium by activated 
carbon are available to verify the proposed adiabatic 
adsorption-desorption model. The comparisons are pre- 
sented below. 
Air-Water-Silica Gel System 

Three representative experimental runs (11, 12, and 
63) of Bullock (6) for an unsupported adsorbent bed 
of silica gel were simulated on a digital computer with 
the models developed in the present study for isothermal 
and adiabatic dynamic adsorption-desorption processes. 

Comparisons of the experimental and predicted humid- 
ities of the effluent stream plotted against time are pre- 
sented Figures 4, 5, and 6. The heat and mass transfer 
coefficients and the Lewis number were determined from 
the empirical correlations for the adiabatic dynamic ad- 
sorption of water from humid air by silica gel presented 
by Hougen and Marshall ( 1 7 ) .  T,he equilibrium vapor 
pressure data used in obtaining the solutions were those 
reported by Hubard (1 8) and mathematically repre- 
sented by Bullock. 

Figure 4 compares Bullock's run 11. The agreement be- 
tween Bullocks predictions and this study of the adi- 
abatic adsorption process is quite satisfactory. The experi- 
mental data agree well with the adiabatic predictions 
during the initial period of the run, but, during the 
remainder of the run, the data fell between the adiabatic 
and isothermal predictions, indicating that a substantial 
amount of heat was lost during the experiment. 

Figure 5 compares the results for run 12. The bed depth 
in this run was the same as in run 11 (1 in.), but the inlet 
air humidity and temperatures were lower. The experi- 
mental data fell closer to the results predicted by the iso- 
thermal analysis than to the prediction from the adiabatic 
analysis. This was expected from the results of run 11 be- 
cause the lower inlet humidity would decrease the ad- 
sorption rate and lower the rate of heat release at a con- 
stant mass velocity. 

Figure 6, which shows the results for a run that had 
the Same inlet humidity as run 11 but had a deeper bed 
(6 in.> and a higher mass velocity, shows a sharp con- 
trast to Figure 5. For deeper beds, maintaining a constant 
temperame in the gas stream flowing through a granular 
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bed and undergoing adsorption becomes increasingly dif- 
ficult because of the low thermal conductivity of the gas 
stream. Consequently, the experimental data closely fol- 
low the predictions of the adiabatic analysis. 

In summary, Figures 4, 5, and 6, which show typical 
results for an unsupported adsorbent bed, illustrate the 
governing processes, that is, adiabatic or isothermal, the 
relative importance of the major variables, and the role of 
analysis which determines the upper and the lower bounds 
of the rate. The results of the proposed model are in ex- 
cellent agreement with Bullock s prediction for the adia- 
batic adsorption of water vapor by an unsupported adsor- 
bent bed; therefore, this comparison is believed to con- 
stitute a satisfactory test of the proposed generalized 
model for adiabatic adsorption. The discrepancies between 
the experimental data and the predictions of the adiabatic 
analysis may be attributed to the heat losses; to uncertain- 
ties in the equilibrium vapor pressure data, the heat of 
wetting data, and in determining the initial bed moisture 
content; and to simplifying assumptions made in the anal- 
ysis. 

Helium-Methane-Activated Carbon System 
The adsorption rate data on the adsorption of methane 

by activated carbon recently reported by Meyer and 
Weber (20, 21) were analyzed next. Two experimental 
runs (3  and 4) for an unsupported adsorbent bed of Co- 
lumbia SXC activated carbon were simulated on the com- 
puter. 

Figures 7, 8, 9 and 10 show comparisons of the experi- 
mental and computed results of methane concentration 
in the effluent stream vs. time and the temperature-his- 
tory of the gas phase at the three-quarter length of the 
adsorber. In this analysis, the effective heat and mass 
transfer coefficients were determined semi-empirically by 
comparing one set of experimental data (run 3) with the 
corresponding theoretical solutions. These coefficients 
were then employed to predict the rest of the data. The 

TABLE 1. SUMMARY OF RUNS FOR ADSORPTION AND 
DESORPTION RATE EXPERIMENT 

Test Block: Lithium Chloride Impregnated on Torvex 

a 
YO, YO, lb.salt/ Wo, 

lb.water/ u, Ib. lb.water/ 
RunNo. lb. air To, O F .  ft./min. L,in. Torvex 1b.salt 

707 0.015 90 300 1.0 0.03 0.10 
713 0.015 110 300 1.0 0.03 0.10 
807 0.010 150 300 1.0 0.03 2.0 
808 0.010 200 300 1.0 0.03 2.0 
805 0.001 150 300 1.0 0.03 2.0 
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Weight of Torvex 17.1 g. 

a, 
PTorvex 40 lb./cu.ft. 
CP,LiCl 0.282 B.t.u./lb. OF. 
Cp,Torvcx 0.20 B.t.uJlb. “F. 

33.4 lb. HzO/hr. sq.ft.-lb. HZO/lb. air 
384 sq. ft./cu. ft. 

KY 

equilibrium vapor pressure data used in theoretical com- 
putations were those reported by Meyer (21 ) . 

Figures 7 and 8 compare the results for run 3. Meyer 
determined the effective intraparticle Musivity of 0.058 
sq. ft./hr. The present authors determined the effective 
mass transfer coefficient of 2.7 lb. methane/hr./sq. ft.-lb. 
methane/lb. helium. The agreement between Meyer’s 
simulated results and this study is satisfactory. Also, the 
experimental data for run 3 agree reasonably well with 
the computed results. 

Figures 9 and 10 compare the results for run 4. The 
operating conditions of runs 3 and 4 were the same but 
the total pressure was changed from 99 to 64 lb./sq. in 
abs. The total pressure effects the capacity of the ad- 
sorbent and the lower pressure led to lower loading. 
Meyer could not predict the behavior of the adsorber 
(run 4) with the effective intraparticle diffusivity de- 
termined from the previous run. He therefore matched 
the observed and the computed effluent curves and found 
a Werent value for intraparticle Musivity of 0.10 sq. 
ft./hr. for run 4. 

The solid line in Figures 9 and 10 represents the pre- 
dicted results of the present study for run 4 by employ- 
ing the same transfer coefficients and the packing con- 
stant as determined in run 3. The experimental data agree 
reasonably well with the theoretical predictions. The de- 
viations between the experimental data and the predic- 
tions of this study may be attributed (a)  to uncertainties 
in the equilibrium vapor pressure data and in determin- 
ing the initial bed moisture content, and (b) to simplify- 
ing assum tions made in the analysis. 

sistent effective intraparticle diffusivity may be attributed 
to several factors: the model might not actually represent 
the physical process, the low accuracies of the transfer 
coefficients, and the truncation errors of the numerical 
solutions. 

In summary, the validity of the Meyer-Weber model 
is et to be established by a crucial test. The practical 
u d * ‘ty of their model is limited because of its severe re- 
striction on the geometry of the adsorbents and its in- 

The fai P ure of Meyer-Weber’s model to produce a con- 

I .B 1 I I 1 1 
I - PREDICTED BY ADIAWTIC ANALYSIS I I 0 RUN707 

o v  I I I I I 1 
I 2 3 4 5 6 

Fig. 11. Comparison of experimental and predicted weight gain VS. 

time (run 707). 

TIME, min 

ability to predict the adsorber behavior of adsorbents im- 
pregnated on a supporter. Furthermore, in their study, 
they found that although the effective pore diffusivity is 
one of the most important parameters, its value is uncer- 
tain and the simulation of the experiments did not pro- 
duce a consistent effective pore diffusivity. 

The model proposed in this study is quite adequate for 
predicting the behavior of the adsorber, provided that 
the effective transfer coefficients are determined from the 
simulation of an actual experiment. 
Comparison of the Proposed Model with the Present 
Experimental Data for the Lithium Chloride-Water-Tonex 
System 

A total of 11 runs, of which five runs were desorption 
rate measurements, were made to determine the individ- 
ual effects of the major variables as well as their com- 
bined effects. The details of these runs can be found else- 
where (9). 

In this analysis the effective heat and mass transfer co- 
efficients were determined from run 707. An effective mass 
transfer coefficient of 33.4 lb. water/hr. sq. ft.-lb. water/ 
lb. air was used to predict the rest of the data for both 
adsorption and desorption experiments. The summary of 
the runs is presented in Table 1. 

The effect of mass velocity on the mass transfer coeffi- 
cient was determined from Hausen’s empirical formula 
(12); it was found to be negligible over the range in- 
vestigated in the present study. The literature equilibrium 
vapor pressure data (3, 9, 15, 29, 31) for unsupported 
lithium chloride-water system were used in obtaining the 
theoretical predictions, since it was found (9) that Torvex 
does not effect the vapor pressure of lithium chloride- 
water system. Some of the selected properties of this sys- 
tem are listed in Table 2. 
Adsorption Data 

Figures 11 and 12 compare the results for weight gain 
versus time and for the temperature history, respectively, 
for run 707. The solid line represents the results obtained 
by the adiabatic adsorption analysis compared with the 
experimental data. An excellent simulation was obtained. 

Figure 13 illustrates the effect of inlet temperatures 
from 90 to 110°F. on the adsorption rate. The data agree 
with the theoretical predictions. As expected the adsorp- 
tion rate decreased when the inlet temperature was raised. 
An increase in inlet temperature reduces the capacity of 
the adsorber substantially. 

Tbe effects of inlet humidity, mass velocity and the 
combined effects of these variables on the adsorption rate 
were also investigated. Again, in all these cases the theo- 
retical model predicted the experimental data very well. 

I10 
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Fig. 12. Comparison of experimental and predicted exit tamparatura 
vs. time (run 707). 
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1.6 These comparisons can be readily found elsewhere (9). 
Demrption Doto 

The desorption rate data obtained for the lithium chlo- 
ride-water-Torvex system were also analyzed using the 
same transfer coefficients as determined from the adsorp- 
tion rate experiment (run 707). Comparisons of the ex- 
perimental data with the theoretical predietions for several 
of these desorption runs are shown in Figures 14 and 15. 

Figure 14 illustrates the effect of inlet temperature on 
the adiabatic desorption rate. Run 807 may be used as a 
basis for comparison. The inlet temperature was increased 
from 150" (run 807) to 200°F. (run 808). The de- 
sorption rate increased considerabl . A thorough regenera- 

perature (for example 200°F.). The agreement between 
the experimental results for desorption and the theoretical 
predictions is satisfactory. 

Figure 15 shows the effect of inlet humidity on adi- 
abatic desorption rate. In this run the inlet humidity was 
reduced from 0.010 to 0.001 lb. water/lb. air. Its effect 
is similar to that of an increase in inlet temperature be- 
cause both effects increase the concentration driving 
force and lead to a lower equilibrium loading. The experi- 
mental data agree well with the theoretical predictions. 

The combined effects of the several independent va- 
riables that effect the desorption rate were also deter- 
mined with good agreement between theory and data 
( 9 ) .  

In general, the agreement between the present experi- 
mental data and the theoretical predictions is good within 
about +lo%. The sight discrepancies may be attributed 
to the following uncertainties: (a)  in the vapor pressure 
relations used in obtaining the numerical solutions, (b)  
in determining the effective heat and mass transfer co- 
efficients, (c) in the transfer area of the supporter, (d)  
in measuring the initial moisture content of the adsorbent 
and the temperature of the bed, and (e)  in the simplify- 
ing assumptions (for example, that the heats of wetting 
and reaction remained constant, etc.). Also, in the adi- 
abatic analysis it was assumed that there was no radial 
temperature gradient at the wall of the adsorbent bed, 
but in the experimental system, heat loss to the surround- 
ing was inevitable. The effect of heat loss was probabl 
quite small for most of the runs because the bed was shal 
low and the duration of the experiment was short. This 
is substantiated by the agreement between the experi- 
mental data and the predicted values. The discrepancies 
in the numerical solutions could have been introduced by 

tion of the adsorbent bed is possi i le only at a high tem- 

I I 
0 RUN807(150.F) 
c 5  RUN BOB (200-F) 

-PREDICTED BY ADIABATIC ANALYSIS 

. _.  
I I 

0 RUN 707 (90.f) 
b RUN 173 (110.F) - PREDICTED BY AMABATIC ANALYSIS 

TIME, min 

Fig. 13. Effect of inlet temperature on adiabatic adsorption rate and 
comparison of experimental and predicted weight gain vs. time (run 

(713). 
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Fig. 14. Effect of inlet temperature on adiabatic desorption rate and 
comparison of experimental and predicted weight loss vs. time (runs 

807 and 808). 

uncertainties in the assumed operating conditions. 
In an effort to further explain the deviations between 

the experimental data and the theoretical predictions, the 
effects of the parameters were determined quantitatively 
whenever possible. The effects of small deviations of the 
Lewis number, the initial bed temperature, and the initial 
moisture content of the adsorbent from the assumed val- 
ues were studied and found to be negligible (9). Since 
a more sophisticated analysis would require excessive 
computer time, any additional effort to improve the ac- 
curacy of the models seems unjustifiable at the present 
time. 

There are several limitations in the present model. The 
most serious limitation of the models is that they apply 
strictly to a single adsorbate component present in the 
gas phase. However, the eneral analytical approach 

can be employed to the analysis of more complicated 
systems. Furthermore, this model has been satisfactorily 
tested only under the conditions where diffusion is the 
rate limiting step. 

developed in this study and t a e numerical technique used 

CONCLUSIONS 

The mathematical models for a single adsorbate com- 
ponent present in a gas phase have been developed for 
isothermal and adiabatic dynamic adsorption-desorption 
processes with nonlinear equilibrium relationships. The 
proposed models describe, with sufficient accuracy, the 
design of unsupported fixed bed adsorbers. 

The present models show considerable effects of sup- 
porters on the performance of both isothermal and adi- 
abatic fixed beds of supported hygroscopic salts. 

An experimental technique was developed to measure 
the adiabatic adsorption and desorption rates of water 
vapor by and from the hygroscopic salts impregnated on 
a supporter. The effects of major independent variables, 
temperature, humidity inlet stream and mass velocity, on 
the rates of adsorption and desorption have been de- 
termined experimentally. The experimental data were 
found to be in agreement with the proposed theory. 

This type of analysis can be modified to include a mixed 
adsorbent bed and may be extended to types of engineer- 
ing problems, such as regenerator, ion exchange and com- 
posite drying agents, molecular sieves, etc. 
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NOTATION 

A =area 
UA = transfer area per unit superficial area 
a, = transfer area per unit volume 
C,,, = heat capacity of solid/or adsorbent supporter 
d = differential operator 
F = orosity 
f = Lct ion  
G = massvelocity 
Ha = enthalpy of adsorbent 
HE 

(33) 
= enthalpy of adsorbent bed defined by Equation 

1.6 1 I 

0 RUN 801 IOOlO LB WATERILE AIR) 
A RUNBOS (0.001 LE WATERILEAIR) - PREDICTED BY ADIABATIC ANALYSIS 

= $n&dpy of water vapor 
= enthalpy of liquid water 
= enthalpy difference between the heat of adsorption 

and heat of normal condensation 
= enthalpy of adsorbent supporter 
= enthalpy of humid air at the surface of adsorbent 
= enthalpy of inlet stream 
= initial enthalpy of bed 
= heat transfer coefficient 
= overall mass transfer coefficient 
= length of adsorbent bed 
= Lewis number defined by Equation (34) 
= dimensionless bed length 
= radius 
= temperature of the gas 
= temperature of the solid 
= temperature of the adsorbent or adsorbent sup- 

= time 
= average linear velocity at the fluid 
= adsorbate content in the adsorbent 
= initial adsorbate content in the adsorbent 
= axialdistance 
= humidity 
= inlethumidity 
= equilibrium humidity at the surface of adsorbent 

porter 

Greek Letters 
OL 

c 
p = densizof air 
pa 

ps, 
ps 
T = dimensionless time 

Superscript 

* = equilibrium value 
0 = initial condition 

Subscript 

a = adsorbent 
A =area 
B =bed  
g = gasphase 
s 
w = water 
x = cross section 
0 = inlet condition 

= ratio of salt weight to weight of supporter 
= thickness of salt coating/tolerance in the program 

= bulk ensity of adsorbent 
= bulk density of solid or adsorbent supporter 
= apparent density of adsorbent supporter 

= solid phase, adsorbent supporter 
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