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Experimental and Theoretical Study on Silica Gel Regeneration
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Introduction

Silica gel was discovered by W.A. Patrick
for the Chemical Warfare Service for use in
Further
developments of the material made by the

gas masks during World War IL

Davison Chemical Corp. after the war have
resulted in a product which has been used in
the drying of liquids, as a catalyst carrier,
in cosmetic and toilet preparations, and in the
refining of oils (Dehler, 1940). However, its



principal use is in the drying of gases and
air.

Recently, several experiments have been
conducted (Chung and Fleske, 1973; Danziger
et al., 1972; Hsiao, 1974; Rodda, 1975) to
solve grain quality problems by using silica
gel as the agent for grain drying and main-
taining dry grain in storage. Danziger et al.
(1972) investigated tke utilization of silica
gel as an agent for drying wet corn at
ambient temperature. Two drying systems
were investigated in their study; one involved
an intimate mixture of corn and silica gel
sealed in a container and the other emp-
loyed air circulation through seperate beds of
silica gel and corn in which a pressure dif-
ference between the drying air and the corn
to be dried was created by simply removing
moisture from the air. The results showed
that the corn dried to a safe moisture contant
for storage with a definite quality advantage.
Chung and Fleske (1973) tested the effective-
ness of five solid adsorbents (lime, CaCl,,
NaCl, CaSO,, and silica gel) in grain drying.
They found that silica gel was the most
effective for removing water from corn.
Hsiao (1974) verified the tests of Chung and
Fleske (1973) and tested corn drying with
and without airflow in the corn bed. The
results showed that to dry the 24¢% 1initial
moisture content of the corn to the average
safe moisture content of 13%, it took 12 days
without corn deterioration. Rodda(1975)deve-
loped a humidity controlled drying process in
which a pressure difference between the air
and the material to be dried was created by
simply removing moisture from the air.

Once silica gel reaches the maximum
absorbing capacity it needs regeneration for
further use. Silica gel is ideally suited for
air drying; it remains dry and free flowing
even when saturated, it is resistant to attri-

BEALNMESL $2%5 B 29 1775

tion and fouling and is easily regenerated by
heating at an elevated temperature.

The main problem of the silica gel utili-
zation is its regeneration. It is estimated that
the annual production of silica gel in the
USA is 20x10% to 40x10° tons. Once this
amount of silica gel has reached a saturated
state, it has to be regenerated. Thus, the
energy required to regenerate this amount of
silica gel annually would be around 9. 31018
to 18. 6 1018k J (8 x 1013 to 16 x 1013 Btu) based
on an average 4652 kJ per kg (2000 Btu/lb)
of water removed. Furthermore, if the silica
gel is again regenerated for further use, the
energy requirement for the regeneration will
increase in proportion to the number of times
of regeneration.

Usually, silica gel is regenerated at 149—
177°C (300—350°F). However, from explo-
ratory laboratory tests it was found that
silica gel can be regenerated successfully at
a temperature in the range of 48,9—82.2°C
(120—180°F) which can be easily achieved
by a simple flat-plate solar collector. The
increased emphasis placed on solar energy
utilization in many areas is in response to the
diminishing expendable amount of fuels avai-
lable in the U.S.

There are a number of experiments on
silica gel adsorption(wetting). Static adsor-
ption measurements on silica gel have been
reported by a number of investigators(Ewing
and Bauer, 1937; Hubard, 1954; Patrick and
Cohan, 1973; Taylor, 1945). Dynamic adsor-
ption on silica gel has also been measured
and reported in the published literature(Ahl-
berg, 1939; Bullock and Threlkeld, 1966;
Ross and McLaughlin, 1956). Theories have
been advanced to explain the observed adsor-
ption phenomena by silica gel, and a number
of mathematical models have been proposed
(Bullock and Threlkeld, 1966; Hougen and
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Marshall,
1964).

However, an extensive literature review

1947, Simpson and Cummings,

disclosed that neither data nor adequate mo-
dels have been presented for the adiabatic
desorption of water vapor from silica gel
(regeneration).

The main objectives of this study are two
fold: to develop a fundamental analysis des-
cribing the regeneration process of silica gel
at temperatures obtainable from flat-plate
solar collectors and to verify the proposed
models by direct comparisons with the res-
ults of experiments.

Nomenclature

English Letters

Symbol Definition

A Cross sectional area of silica gel
bin, m?

A,B,--,M Constants defined in Eqn. (24)

A, Silica gel external surface area
per unit volume, m?2/m3

Cr, Specific heat of dry air at con-
stant pressure, kJ/kg °C

C pa Specific heat of moist air, k]/kg
°C

Chrms Specific heat of moist air at the
temperature of silica gel, kJ/kg
°C

Cp, Specific heat of dry silica gel,
kJ/kg °C

Cow Specific heat of water vapor in
the air, kJ/kg water °C

Dy Average particle diameter of sil-
ica gel, m

F Porosity, dimensionless

G, Face air mass velocity, kg/hr m?

H, Enthalpy of moist air, kJ/kg dry
air; H,, is enthalpy of inlet air

H, Equilibrium enthalpy of moist air

at the temperature of silica gel,

b

4H

X

kJ/kg dry air

Enthalpy of moist silica gel, kJ/
kg dry silica gel; H,, is an initial
enthalpy of moist silica gel
Convection heat transfer coeffic-
ient, kJ/hr m? °C

Mass transfer coefficient, (kg
water/hr m?)/(kg water/kg dry
air)

Heat of vaporization of water in
silica gel, k]/kg water

Integral heat of wetting, kJ/kg
dry silica gel

Enthalpy of water vapor in the
moist air, kJ/kg

Lewis number defined in Eqn.
(27), dimensionless

Constant defined in Eqn. (24)
Constant defined in Eqn. (24)
Moist air pressure, in. Hg
Vapor pressure of water in equi-
librium with silica gel, in. Hg
Functions defined by Egns. (17)
and (19), respectively

Moist air temperature, °C

Silica gel temperature, °C

Air face velocity, m/hr
Humidity ratio of moist air, kg
water/kg dry air; W, is a hum-
idity ratio of inlet air

Humidity ratio of moist air in
equilibrium with silica gel, kg
water/kg dry air

Moisture content of silica gel, kg
water/kg dry silica gel; X, is an
initial moisture content of silica
gel

Distance along the bed, m; 4y is
an arbitrary increment in y
Total depth of silica gel in the
bin, m

Dimensionless bed depth defined



in Eqn. (15); 4Z is an arbitrary
increment in 7
Greek Letters

4 Time, hr; 46 is an arbitrary
increment in #, hr

y7 Dynamic viscosity of air, kg/m
hr

Pa Density of dry air, kg dry air/m3

Os Bulk density of silica gel based
on dry matter, kg dry silica gel
/m?

T Modified time defined in Eqgn.
(16), dimensionless; J4r is an

arbitary increment in 7

Fundamental Analysis

Consider a cylindrical bin containing silica
gel of depth y, a cross sectional area A and
an initial moisture content x, over which
warm air of known inlet properties is blown
at a constant rate. Consider also an elemental
control volume within the bin at a distance
y from the entrance, and of depth dy as shown
in Fig. 1. In developing the following gov-
erning equations of heat and mass transfer

b 3 adiadhadediadenii ettt ittt ety |
PaVaA(1+W)+§7paVaA(1+W)dy
7 14
T
PaVaA(1+w) v
-, e - o g - A v o~ . = e s A - v o — J-
r T Area=A
wO' Ha.o

Fig. 1. Schematic diagram of control
volume.

for the regeneration process, the following
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assumptions are made.

1. The sides of the bed are well-insulated,
and there are no transverse gradients in
temperature or moisture content across
the bed.

2. The air mass velocity is unidirectional
and constant with time.

3. The heat and mass transfer coefficients
are independent of temperature, moisture
content, position and time. The coeffic-
ients are overall quantities, and inclu-
de the effects of the air-side boundary
layer and mass diffusion and heat con-
duction within the solid particles.

4, The physical properties of silica gel
are considered constant.

5. Temperature and moisture gradients
within the silica gel granules are negli-
gible.

Mass Balance on the Moist Air

The rate of water vapor carried by the air
out of the control volume minus its rate
carried in, plus the rate of change in the
humidity of the air in the void spaces, is
equal to the rate of moisture loss by the

silica gel within the control volume.

oW oW oX
IAS y +o.F 30 =055 (1

Energy Balance on the Moist Air

Similarly, the energy balance on the moist

air is given by Eqgn. (2).

oH, 8H, 3,

PaV a5, " T F—gp® = —p. —55% (2)

Mass Balance on the Silica Gel

The rate of change of mass of the silica
gel within the control volume is equal to the
rate of moisture transfer from the silica
gel granules to the air which can be written

as.:
_.ps<_%§_>=hDAu(We—W) (3

Energy Balance on the Silica Gel
The rate of energy transfer by convection
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from the air to the silica gel has two com-
ponents: (a) the energy transferred by con-
vection

Q=h A,(—t)A dv €))
and (b) The energy rate required for the
.evaporation of moisture from the granules,
given by

e=hpA,(W ., —W)A dy h, (5

“Thus, the equation for the energy balance of
silica gel is:

P e < oAyt —t) + oAy W =W D,
(6)
“The moist air enthalpy of dry air is
H =C,t+WL )]
where
L=1075+1. 86t (®
‘Therefore, we have
H,=(1.005+1. 86W)t+1075W
=C ppat +1075W €©))
and similarly
H,=C ppats+1075W, 10

From Eqns. (9) and (10) and assuming

Cr1a=Cpns=Crn=1.005+1.86W (11)
‘We have

t—te =g ((H,—H ) 10758 =)
(12)
Using the above relations, and the Lewis

number, defined by the following equation:
/]

Li=—— (13)
we obtain the energy balance on the silica gel
as

dH _ hpA,

36 0Os [Le(Ha_-He)

+W =W, (h,—1075L,)] (14)

In order to non-dimensionalize the space

and time coordinates in Eqns.(1)-(3), and

(14), modified space and time coordinates
were defined as:

z= (—h(%é)y (15)

a

= [~ (5)] (19

With the new coordinates, the mass and
energy balance equations [Eqns. (1), (2),
(3), and (14)] are reduced to

%IZ/K»:—(W—WZ):*RI(I/V:X’HS) (17)
E—w-wy=RWXH) (8
e e (Lot ~H )+ =W ) (h,
—1075 Le))=—R,(W,H_,X,H,)
a9
0H,
'_aT_‘:[Le(}Iu_He)+(VV—VV‘)(/{L\/
—1075 Le)=R,(W,H,,X,H,)
20)
The initial and boundary conditions are
X(Z,00=X,
H,(Z,0)=H,o0
W(0,z)=W,

Ha<0,7)=HU,0

In general, the set of four partial difieren-
tial equations (Eqns. (17)—(20)] has no
analytical solution, due to the nonlinear
relations among the four unknowns W, H,,
X, and H,. However, these equaticns with
known initial and boundary conditions can
be solved numerically on a digital computer
employing a combined modified Euler and
predictor-corrector method (Milne, 1953;
Hamming, 1962).

In Eqn. (16), the second term acccunts for
the effect of air-filled voids between silica
gel particles. The effect, however, can safely
be neglected for the bed depth of 30.48cm
(1ft) or less.

Evaluation of Parameters

Certain parameters ars needed for solving
the governing equations. These parameters
are certain physical and thermal properties
of silica gel and the heat and mass transfer



coefficients.

Hougen and Marshall (1947) have given
dimensional properties of silica gel particles
including the equivalent particle diameter D,
and the particle external surface area A,.
The bulk density may be found to be 736, 85
kg/m3 (46, 0 Ibm/ft3) for particle size passing
through a6to 16 mesh screen (Grace, 1967).

The enthalpy of moist silica gel may be
expressed in terms of the enthalpies of the
pure components and the heat of wetting.
Thus

H,=(Cps+Cp, XDt +H,, @D

The integral heat of wetting AH, repre-
sents the enthalpy change of the system,
expressed per unit mass of dry solid, resul-
ting from the addition of a given quantity
of liquid to an initially dry solid. Ewing and
Bauer (1937) have presented data for AH,
for silica gel and Bullock (1966) expressed
their data in the following polynomials:

For X <0, 05kg water/kg dry gel
AH,=2,326(—237,500X3
+23,000X2—916. 25X)
For X>0. 05kg water/kg dry gel
AH,=2 236(—459. 43X3
4598, 65X2—283. 01X —5, 28)

By substituting the values of C,,(=0.921
k]/kg°C=0.22Btu/Ib,,°F) and C,,(=4.187
k] °C=1,0Btu/Ib,°F) in Eqn. (21), the
enthalpy H, is given by

H,=(0.921+4,187X){,+ AH, (22)
where the enthalpies of the ‘dry silica gel
and water are taken as zero at 0°C(32°F),

The equilibrium humidity ratio W, can be
expressed by

Pue
wW,=0. 622—’5_13 (23)

The equilibrium vapor pressure data for
silica gel were presented by Hubard (1954)

and it was represented as polynomials by
Bullock and Thelkeld (1966) in the following

ve
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equation in which P and P,, were given in
inch Hg and ¢, in °F.
P, =(At3+Bt24+-Ct,+DYX™

+ (Et3+Ft24-Gt,+ M) X 24
where A through G and M are constants.
which apply to a specific interval over X
and are given in the paper of Bullock and
Threlkeld (1966).

The heat of vaporization of water in silica
gel, h,, is defined as the energy required to
vaporize moisture from the silica gel and is
a function of moisture content and tempera-
ture of silica gel. Unfortunately, no infor-
mation could be found on the change in %,
with moisture content and temperature. Ho-
wever, its value was found to be 4652k]J/kg
(2000Btu/Ib,,) of water removed from the
reference(Williams-Gardner, 1971).

Hougen and Marshall (1947) have given the
following semiempirical relations for heat
and mass transfer coefficients and Lewis.
number for the adiabatic adsorption of water
vapor from moist air by silica gel based on
the experimental data of Ahlberg (1939):

-0-51
h,=0. 671@,0,,,,,( D:G, ) (25)
—0.51
Jip=0. 7O4Ga(—D—L£‘?—) (26)
he  _
Le=——¢-—=0.953 (27)

Since the regeneration process is precisely
the reverse of adsorption, it appears reason-
able to use the above equations for the

present study.

Experimental Investigation

Laboratory tests were performed to check
the accuracy of the fnndamental analysis for
the regeneration process. The tests consisted
of forcing warm air heated to temperatures
in the range of 48.9-—82 2°C(120—180°F)
through the silica gel bed and measuring the
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moisture content at the top layer of the silica
gel bed and outlet air temperature and humi-
dity ratio from the bed.

A schematic view of the experimental
apparatus is shown in Fig.2. It included a
cylindrical steel bin 76.2 c¢m(30 in) in dia-

Electric Heaters

— Air

Motor
Fan [
S
L1+

\
Meta! Duct { 21" x 24")

10" Dia. Metai Duct

Flow Nozzle
s LLZ

¢ m

T Locations where measurements were 7
(D Ambient air temperature

(@) Heated air temperature

@ Outlet air temperature

[1] Ambient air relative humidity

Outlet air relative humidity

%Q ﬂ

X Thermostat
Switeh insutation

SO R S -

Fig. 2. Plan view of silica gel regeneration system

meter and 122 cm(48 in) high. The bin was
attached from the bottom to a duct system
which supplied the air at the desired tempe-
rature and flow rate. The desired temperature
was obtained by a 9 kW electric heater and
controlled by a [thermostat. The fan with
variable-speed drive arrangement was a back-
ward curved centrifugal blower with a 30, 48
c¢m(12 in) diameter wheel and was powered
by a 0.375kW (1/2 hp) motor.

Three copper-constantan thermocouples were
used to measure air temperatures at locations
shown in Fig. 2 and the temperatures were
recorded continuously. To measure the airflow
rate, a nozzle was attached to the entrance
of the air duct and the pressure drop across

the nozzle was measured by an inclined mi-
cromanometer. Airflow rate was estimated
based on the pressure drop. The relative
humidity was measured by using a hygrot-
hermograph and a hygrometer.

Before each test, the bed was wetted with
atmospheric air until the desired moisture
content was obtained. As soon as the silica
gel bed reached a desired moisture content,
heated air was forced through the bed. The
regeneration was continued until no change in
the moisture content of the bed was noticed.
In measuring the moisture content of silica
gel during regeneration, samples at different
locations on the top layer were collected for
every one to four hours. The reason for



sampling the top layer only was to avoid
disturbing the rest of the silica gel bed
during regeneration.

It is known that commercial silica gel
adsorbs water equivalent to about 40% of its
weight. Properly activated silica gel contains

5to 6% residual water. This residual water
can be removed by heating at 816°C(1500°F),

JOF

Moisture Content, %
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but this treatment reduces its adsorptive
capacity. Since no standard way is available
for the determination of silica gel moisture
content, it is necessary to determine the time
required to reach the residual moisture con-
tent of silica gel by heating it at a tempe-
rature of 148, 9°C(300°F).

Approximately 50 gm of silica gel with a
given moisture content were placed in a small
can and heated in an oven until no change in
the moisture content of the sample was
observed. The result of moisture content as
a function of time is shown in Fig. 3. To
determine a silica gel moisture content, a
sample of silica gel with known weight is

first dried in an oven at the temperature of

120 150 180 210 240

Regeneration Time ., minutes

Fig. 3. Moisture content of silica gel versus regeneration time.

148,9°C(300°F) for 3 hours, the time for
silica gel to reach the moisture content which
contains residual water. The moisture content
of silica gel is obtained by dividing the
difference of the weight before and after 3
hours of drying by the weight of dried
matter. The moisture content used in this
study represents the moisture content based
on the residual moisture.

A total of nineteen runs were performed
using various bed depths and initial moisture
contents of silica gel, various inlet air tem
The

silica gel used in this study was grade 05

peratures, and various air velocities.

(6—16) mesh and had an average particle
diameter of about 0. 00176m(0. 00577 ft).

Results and Discussion

Before a complete numerical solution, it
was attempted to compare a preliminary
numberical solution with the experimental
measurements, and to make the necessary
adjustments in the heat and mass transfer
coefficients to bring about the closest agre-
ement between the numerical solution and
experiments. Equations (25) and (26) for /¢

and %, were used for the analysis.
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One of the experiments was used:to test the
accuracy of the predictions. Figure 4 shows
the comparison of the predicted and measured

outlet air temperature and humidity ratio
and moisture content of silica gel at the top
layer of the bed. The agreement between
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Fig. 4. Comparsion between experimental and predicted outlet air temperature and humidity

ratio and silica gel moisture content before the adjustment of parameters.

-experimental measurements and the predicted
values is quite good during the early period
of regeneration but the deviation increased
as regeneration continued. The results indi-
-cate that the predicted time required to reach
equilibrium is faster than experimental time.
This could be due to the high mass transfer
«coefficient hyp, used in the analysis.
Brunauer (1943) pointed out that the rate

of adsorption of water on silica gel at constant
pressure decreased with increasing tempera-
ture, and the regeneration(desorption) and
adsorption processes are reversible. The heat
and mass transfer coefficients used in this
study were developed based on the experim-
ental data of Ahlberg(1939) of the adsorption
of water vapor from air by sillica gel at lower

temperatures. Since the regeneration process



BEHBAEEREGE Fo& F25 1977

was performed at higher temperatures in this
study than Ahlberg’s, the mass transfer co-
efficient in the regeneration process should
be smaller than that obtained in the adsorption
process.

Therefore, an attempt was made to reduce
h. and h, to obtain closer agreement between
the analytical predictions and experimental
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% T
z RSN N
) S~
Jam RN
O 20 \\\\\
w
5 \
P \}\
o \
= 0 S
e—e——sExperimental Data \ \\
M A\
....... 1/3 hp of Eq, (25) A
N [~ ==
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o H 4 5 8 (o] 2 14 I
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Fig. 5. Effect of mass transter coefficient
on the regeneration rate of silica
gel.
measurements. Figure 5 shows the effect of
such changes on the rate of sillica gel regener-
ation. Finally, the modified heat and mass
transfer coefficients reduced by 1/5 of the
original values experessed by Eqns. (25) and
(26), were used in this study.

Out of nineteen experimental runs, 14 were
selected for comparison between experimental
and predicted results. Computer solutions
were made for these 14 runs using the same
initial and boundary conditions as those of
the experiments.

One of the experimental results, shown in
Fig. 6, demonstrates the changes in outelt
air temperature and humidity ratio, and
moisture content at the top layer of the bed
with respect to regeneration time, In general,
the outlet air temperature rises very rapidly

to a certain temperature after which the rate
of temperature rise decreases as the major
portion of the heat input is utilized in rem-
oving the adsorbed water. The slow rate of
temperature rise continues until the major
portion of the water contained in the silica
gel is released. At this point the latent heat
requirements begin to diminish and the
sensible heat of the air is not wutilized and
again results in an increase of the outlet air
temperature. Towards the completion of the
regeneration process the temperature of the
outelt air rises rapidly to approach the inlet
air temperature,

The curves of the silica gel moisture
content as a function of the regeneration
time indicate that no appreciable changes
occur in moisture content before the outlet
air temperatures begin -to rise. Once the
outlet tempreatures of drying air begin to-
rise, the moisture contents of silica gel
decrease continuously to an equilibrium state-
with the drying air.

The outlet air humidity ratio of air from
the bed also rises very rapidly at the start..
When water is practically released from the
silica gel, it begins to drop, thus approaching
the inlet air humidity ratio.

To conserve space, comparisons for only
two typical runs are shown in Figs. 7(a),
(b), (c) and 8 (a), (b), (c), respectively,.
for both outlet air temperature and humidity
ratio, and silica gel moisture content at the
top layer of the bed. Initial and boundary
conditions of the tests are summarized in.
Table 1.

In general, the agreement between the
experimental data and the predicted values
is satisfactory. However, the predicted outlet
air temperatures and humidity ratios are
slightly higher than their
experimental values during the initial period

corresponding
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Fig. 6. Experimental outlet air temperature and humidity ratio and moisture content of the
top layer of silica gel bed. T, and W, are the average inlet air temperature and

humidity rato, respectively.

of regeneration. Following the initial period
the experimental outlet air humidity ratio
remained relatively higher than the predicted
value and the experimental outlet air temp-
erature remained lower than the predicted
value for the remainder of the regenreation
in almost all comparisons.

The slight discrepancie smay be attributed
to the following uncertainties: (a) the vapor
pressure data used in obtaining numerical
solutions, (b) in neglecting the variability
of h, with moisture content and temperature

of silica gel, (c¢) in measuring the moisture
(d) the simplified
assumptions (for example, air mass flow

content of silica gel,

rate remained constant). Also, in the analy-
sis it was assumed that there was no radial
temperature gradient in the silica gel bed,
but in the actual experiment heat loss to the
surrounding air was inevitable. The assumed
operating conditions may have also resulted
in the discrepancies.

Finally, statistical tests of the comparison
of two groups by predicted and experimental
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TABLE 1
Fig. 7 Fig. 8 Units
Bed depth 8.89(3.5) 26.67(10. 5) cm(inch)
Inlet air temperature 82. 2(180) 15. 55(150) *CCF)
Inlet air humidity ratio 0. 01421 0. 00352 kg water/kg dry air
Initial silica gel temperature  26.67(80.0) 11.67(53.0) °C (°F)
Initial silica gel moisture content 0. 2575 0. 2654 kg water/kg dry gel

Air face velocity 4,41(14. 47)

moisture content data were performed. The
null hypothesis of no difference between the
group of experimental data and the group of
predicted data was accepted at a (the proba-
bility of a type I error) equal to 0.01 for

11. 86(38. 92) m/min(ft/min)

some selected experimental runs. Thereforé
the mathematical model developed in this
study will be very useful in predicting, with
minimum eff(‘)rt, the regeneration process of

silica gel.

Conclusion

1. The mathematical model developed in this study satisfactorily represents the

regeneration process of silica gel.

2. Heat and mass transfer coefficients were adjusted to achieve closer agreement
between experimental and predicted results. The improvement was obtained by

reducing the coefficients to one-fifth of those reported in the original adsorption

studies.

3. The silica gel can be regenerated to about 9,0% moisture level with tempe-
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rature of 48, 9°C (120°F) and 1 0% with 8, 22°C(180°F), depending on the inlet

air humidity.

4. The analysis presented can be extended to other types of engineering problems,

such as drying or cooling of an irregular shape of material, if the appropriate

parameters can be identified.
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