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I - INTRODUCTION  

Moisture can be removed from gases by passing 

them through beds of activated alumina, activated 

bauxite ("Florite"), or silica gel. These materials 

are adsorbents, and the moisture is retained on their 

surfaces. These become saturated with water after a 

while, and the gas is not dried any more. When the 

first trace of moisture is noticed in the exit gas 

stream, the "break point" has been reached. The bed 

can be reactivated by heating it with a current of 

hot gas, thereby evaporating the adsorbed moisture and 

entraining it away. This is t reverse process or 

"desorption". After cooling, the bed is ready for 

another cycle of adsorption. 

For the continuous drying of a gas, two beds 

are necessary: while one is adsorbing moisture from 

the gas, the other is being reactivated. By alterna-

ting from one to the other in regular cycles, such 

4, 8, or 12 hours, a continuous supply of dry gas Is 

obtainable. 

In a well designed adsorber installation, the 

time required for reactivation and, cooling will be equal 

to the duration of the adsorption period. This is 

accomplished by chosing the proper reactivation gas rate 

and temperature. 



II - SCOPE  

It has been the purpose of the author to gather 

what information is to be found in the literature, to 

examine it critically, and then assemble it in usable 

form for design purposes. some of the articles have 

been abstracted at the end and should be referred to 

for the graphs and data they contain. The information 

presented should enable one to: 

1. Chose the adsorbent. 

2. Calculate the charge required. 

3. Fix the bed and vessel dimensions. 

4. Calculate the pressure drop through the bed during 

adsorption and reactivation. 

5. Calculate the maximum flow that the bed can stand. 

6. Chose the proper reactivation gas rate. 

7. Calculate the time required for reactivation and 

cooling. 

8. Calculate the reactivation heat load. 



III - DESIGN CALCULATIONS  

The subject matter of design has been divided 

into the following parts: 

A. PRESSURE DROP. 

B. MAXIMUM FLOW RATES. 

C. ISOTHERMAL 

D. ADIABATIC ADSORPTION. 

REACTIVATION. 

F. COOLING. 

Under each heading, the various methods found 

in the literature are given, compared, and analysed. 

some original ideas have been presented in parts E 

and F. 

A. PRESSURE DROP  

The pressure drop through the bed must be known 

in order to be able to specify the discharge pressure 

of the blower or compressor moving the gas. The following 

methods have been found in the literature: 



1. Amero, Moore, and Capell (2), present a graph of 

the friction factor "f" as a function of the Rey-

nolds number which is reproduced on page 5. The 

Reynolds number is based on the average particle 

diameter. Use is made of the Fanning equation. 

This method is illustrated in part B 'Maximum 

flow rates", and in section IV "Illustrative 

problems", Los. 1 & 2. 

2. Brown and Associates (12), give the method of 

Katz. This method is complicated but very general. 

3. Hougen and Watson (13), present a general method 

based on the Fanning equation. 

4. Mantell (14), gives graphs of pressure drop against 

flow for air through activated alumina and silica 

gel, but only for atmospheric pressure and. temperature. 



FIG. I PRESSURE DROP THROUGH BEDS OF GRANULAR ADSORBENTS 



 FLO-4 RATES  

A gas flowing upward through an adsorbent bed 

will entrain particles and cause fluidization if the 

velocity is excessive. It is important to know at 

what velocity these effects occur. For downward flow, 

the only disadvantage of too high a velocity is an 

excessive pressure drop. 

1. LEVA'S EQUATION  

An equation from Neva, Weintraub, and Grummer 

(17), gives the velocity required for minimum fluid-

ization, and is as follows: 

where G f = Mass velocity required for minimum 

fluidization, Lbs/(7r x Ft2). based on 

cross-sectional area of empty vessel. 

Dp = Composite particle diameter, Ft. 

gc = Gravitational constant, 4.18x108 ft/(Hr)2 

PF = Fluid density, Lbs/Ft3 

es = Solid density, Lbs/Ft3 

-f 
= Minimum voidage in a bed of solids at qn 

which fluidization starts, dimensionless. 

This is a function of the particle dia-

meter and material, and is read from fig.3 



FIG.2 MODIFIED FRICTION FACTORS VS. MODIFIED REYNOLDS NUMBERS 

FIG. 3 MINIMUM FLUID VOIDAGE Emf FOR VARIOUS MATERIALS 
IN RELATION TO EFFECTIVE PARTICLE DIAMETER Dp 



f = Modified friction factor. dimensionless, 

read from fig. 2 

λ = Particle shape factor, dimensionless, 

given by: A = .205 A 
V'2/3 

A = Surface area of a particle, Ft2. 

V = Volume of a particle, Ft3. 

n = State of flow factor, dimensionless, 

read from fig. 2 insert. 

= Fluid viscosity, Lbs/(Hr x Ft) 

The calculation of the maximum rate at which air 

could be sent upward through a desiccant bed was un-

dertaken. The air was taken at atmospheric pressure 

and 680F, when µ  = .0436 Lbs/(Hr x Ft) and. PF = .075 

Lbs/Ft3. The desiccant was taken as alumina of various 

mesh sizes, from 2-4 mesh to 16-20 mesh. The density 

of the solid, PS  was understood to mean the apparent 

density, which is the average density of the solid and 

its internal pores. This was taken as 100 Lbs/Ft3 after 

referring to Mantell (Ref. 14, p.75). 

The value of A , the shape factor, was taken 

as 1.6 the same as used for coal by Leva and co-workers. 

The value of Emf was taken as constant at 0.5 throughout 

the range of mesh sizes under consideration. This is 



in agreement with fig. 3, although the coarser particles 

have diameters outside the range of this figure. 

The results are tabulated below and plotted in 

fig. 4. 

TABLE 1 

FLUIDIZATION VELOCITY BY DEVA'S EQUATION 
 Mesh 

D P 
Ft 

DG 

µ 

n Gmf 
Lbs  
HrxFt 

v 

Ft/bee 

I 

.0219 725. 1.3 1.935 1,450 5.44 

4-8 .01092 230. 1.6 1.86 920 3.40 

8-12 .00541 65,8 2.6 1.60 530 1.96 

12-16 .00383 33.8 3.7 1.35 384 1.42 

16-20 .00301 19.2 5.8 1.15 278 1.03 



 
FIG. 4 LIMITING FLOW RATES  FOR AIR AT 68°F & 1-ATM.  

THROUGH BEDS OF ACTIVATED ALUMINA  



2. PRESSURE DROP METHOD 

It is known that fluidization starts when the 

pressure drop of the fluid through the bed equals 

the weight of the bed per unit area (See Brown & 

Associates, ref. 12 p.269). Using fig. 1 for the 

friction factor, the air velocity required to cause 

fluidization of alumina was calculated. The method 

is illustrated in the following calculation of the 

velocity required to start fluidization of 4-8 mesh 

alumina. 



Proceeding by trial and error, values of f are tried 

in the last equation, and a velocity obtained. The 

Reynolds number is then calculated for that velocity, 

and the value of f corresponding is read from fig. 1 

It should agree with the value tried. 

Try f = 9.5 

V2 97.5 10.27 
9.5 

V = 3.20 Ft/6e°. 

Re = 56.2 x 3.20 = 180 

f = 9.5 on fig. 1. 

Thus a velocity of 3.20 Ft/Sec. will start 

fluidization. Other values for different mesh sizes 

are listed in the table below and plotted in fig. 4. 

TABLE 2 

FLUIDIZATION VELOCITY 

BY PRESSURE DROP METHOD 

Alumina Mesh Size Velocity Ft/Sec. 

2-4 4.20 

4-8 3.20 

8-16 1.4U 



3. METHOD OF LEDOUX 

Ledoux (18), gives the following formula for 

calculating the maximum allowable velocity through 

an adsorbent bed: 

G2 = .0167 a dimensionless constant, 
dgdaDg 

where: 

G = Maximum allowable mass velocity, Lbs/(Hr x Ft2) 

dg = Fluid density, Lbs/Ft3 

da = Bulk density of the adsorbent bed, Lbs/Ft3 

D = Average particle diameter, Ft. 

g = Gravitational constant = 4.17 x 108 Ft/Hr2 

Using the units listed above, the formula 

reduces to: 

G 2,640 \/dgdaD 

Results obtained for air at 68°F and 1 atm. 

and alumina are given in the table below and plotted 

in fig. 4. 

Lula, 3 

MAXIMUM ALLOWABLE VELOCITY 
BY LEDOUX METHOD 

Alumina Mesh 
Size 

Velocity 
Ft/Sep. 

2-4 2.81 
4-8 1.98 
8-12 1.39 

12-16 1.17 
16-20 1.04 



C. ISOTHERMAL ADSORPTION 

Under this heading, the amount of adsorbent to 

use in an adsorber shall be indicated. The basic figure 

is the adsorbed water content of the bed at the break 

point, expressed as a percentage of the weight of the 

bed in its freshly reactivated condition. It should 

be noted that adsorbents lose a portion of their ad-

sorptive capacity with use, and a practical figure 

for design capacity should take that fact into con-

sideration. 

In order to have isothermal adsorption, the 

bed must contain cooling coils to absorb the heat 

liberated For high pressures, however, the gas 

itself serves to carry the heat away, so that con-

ditions can be considered isothermal. This was done 

in illustrative problem No. 2. 

1. ACTIVATED ALUMINA 

a. Mantell (14), in a table listing the properties 

of alumina gives the capacity as to 14% water 

adsorbed at the break point. 

b. Aluminum Co. of America (16) gives a capacity of 

12% water adsorbed at the break point. 



c. Eagleton and Lliss (11) report on the adsorption 

of water from air of low humidities. They find 

that in that region, = 3 Lb H20/Lb air, the 

capacity is very nearly that corresponding to 

saturation of the adsorbent under inlet air con-

ditions. Curves are presented giving the partial 

pressure of water over adsorbents, plotted against 

water adsorbed. Thus the capacity varies with the 

moisture content of the inlet gas. They find tat 

in an adsorber the capacity reaches 95 of the 

equilibrium value corresponding to the moisture 

in the inlet gas. 

Using their equilibrium curve for alumina 

at 80°F, the following capacities are obtained: 

TABLE 4 

CAPACITY OF ALUMINA IN LOW HUMIDITY REGION 

Humidity of incoming 
air, Lbs H2O/Lb air A, .001 .002 .003 

Partial pressure of T!20 
vapor, mm Hg 

 
1.22 

4 
2.45 3.66 

Water content of bed at  
equilibrium, weight % 3.6 5.0 5.8 

Capacity of bed, % of 
reactivated weight 3.42 4.74 5.5 



2. SILICA GEL 

a. Hougen and Watson (13), present a method for deter-

mining the depth of bed required. This method is 

illustrated in problem No. 2 and is briefly as 

follows: 

The diameter of the bed is chosen and the 

corresponding mass velocity calculated. The Rey-

nolds number is calculated, and from it, using a 

formula given for silica el, the height of a 

mass transfer unit is calculated. Then, from the 

inlet moisture content of the gas, the maximum 

humidity allowable in the outlet stream, and the 

duration of the adsorption cycle, the total number 

of transfer units requird is road on a graph. 

Knowing the height of one unit, the bed depth can 

be calculated. 

b. Kagleton and Bliss (11), report on the capacity of 

adsorbents at low air humidities. According 

to these authors, If the humidity of the inlet air 

stream is = .003 Lbs H2O/Lb air, 95% of the equil-

ibrium capacity of the bed is reached. Using their 

equilibrium curve at 800F for silica gel, the fol-

lowing capacities are obtained. 



TABLE 5 

CAPACITY OF SILICA GEL IN LOW HUMIDITY 

Humidity of incoming 
air, Lbs H2O/Lb air .001 .002 .003 

Partial pressure of H20  
vapor, mm Hg 1.22 2.45 3.66 

Water content of bed at 
equilibrium, weight A 4.0 7.0 9.2 

Capacity of bed, 0 of 
reactivated weight 3.8 6,65 8.84 

AS a matter of interest, the equilibrium 

capacity of silica gel at 80°F obtained from other 

sources is listed below. 

TABLE, 6 

EQUALIBRIUM DATA AT 80°F 

SILICA GEL - MOIST AIR 

Humidity of air 
Lbs H2O/Lb air .001 .002 .003 

Partial pressure of 1120 
vapor, mm Wg 1.22 2.45 3.66 

Water content of gel, A 
of reactivated weight 

Source: 
Eagleton el Bliss (11) 4.0 7.0 9.2 

Hubard (10) 4 6.2 8 

Hougen & Marshall 
formula (13) 

2.56 5.14 7.68 



3. FLORITE  

This is the trade name for an activated bauxite, 

and the adsorption capacity for water vapor reported 

in the literature is as follows: 

a. Amero, Moore, and Capell (2), recommend using b of 

the weight of the reactivated bed, as the adsorption 

capacity for design purposes. 

b. Mantell (14), reports on the experimental results of 

Deschner et al. For new Florite, the amount of water 

adsorbed up to the break point was 5.61 anti 6.250 of 

the weight of the bed, as obtained in two different 

tests. 



D. ADIABATIC ADSORPTION  

an adsorber that is insulated and that does not 

contain any means of cooling the bed during adsorption 

operates adiabatically. It is general practice to cover 

adsorbers with a layer of insulation to conserve heat 

during the reactivation period. The bed heats up during 

adsorption of water vapor, and the dried gas leaves at 

a higher temperature than it enters. 

The capacity of various adsorbents operating 

under adiabatic conditions as found in the literature 

is discussed below. 

1. ACTIVATED ALUMINA 

a. RathmeIl and Bateman (8), give the results of tests 

performed on the adiabatic drying of air through act-

ivated alumina at atmospheric pressure. Their work is 

summarized in two graphs which cover the following 

conditions: (The graphs are reproduced on page 78.) 

Humidity of incoming air: 

.005 to .010 Lbs H2O/Lb air 

35% to 69.3A Relative humidity at 680F 

380F to 570F Dew point. 



Humidity of outlet air: 

.0002 to .0005 Lbs H2O/Lb air 

1.40% to 3.497s Relative humidity at 680F 

-250F to -90F Dew point. 

Contact time: 1  — to 2 2 
 Seconds. 

2  

These contact times are rather short, and 

for the longer times currently used it would be con- 

servative practice to use the capacity given at 

2 1/2 seconds. The capacity ranges from 1.4 to 10% 

on the authors' caves. 

b. Derr (19), rerorts a test on the adiabatic drying of 

air of rather high moisture content at atmospheric 

pressure throurgh activated alumina. The data from 

this test can serve as a basis for design and has 

been so used for illustrative problem I:0. 1. 

Derr's conditions and results were the following: 

Humidity of incoming air: 

.0178 Lbs H20/Lb air 

95.9%  Relative humidity at 75°F 

73.8°F Dew poitt. 

Humidity of exit air: Practically nil. 

Contact time: 13.9 Seconds 

Water adsorbed at break 

Temperature of exit air at break 212°F 



2. SILICA GEL  

a. Blanchard (9), reports results of experiments on 

the adsorption of water vapor from air under at-

mospheric pressure and adiabatic conditions. The 

observations are summarized in u graph, reproduced 

on page 83, which gives the adsorbed water content 

of the gel at the break point as a function of the 

inlet air temperature and relative humidity. The 

temperature of the exit air at the break point can 

also be read from the graph. The conditions of the 

tests were the following: 

Depth of bed 50 cm or 1.64 feet. 

Air velocity 23.5 cm/sec or 0.77 Ft/6ec. 

Auxiliary graphs, reproduced on page 84, give the 

corrections to use for the adsorbent capacity for 

conditions other than those of the tests. 

b. Hubard (10), proposes a method, for calculating the 

adsorbent capacity. The method is also given in 

Mantell (14), and is the following: 

At the end of, the adsorption cycle, the gel 

at the air entrance is very nearly in equilibrium with 

the incoming air, since the contact has lasted the 

duration of the adsorbing cycle, ordinarily eight 



hours. At the exit air end of the bed, the moisture in 

the air will be the. maximum allowable. This humidity 

corresponds to a certain moisture content in the gel. 

If it is admitted that equilibrium is attained also at 

this end of the bed, the moisture content could be read 

on the author's equilibrium curve provided the tempera- 

ture is known. This temperature arm be calculated by 

taking a rise of 100F for each grain of moisture removed 

from a cubic foot of incoming air. 

Knowing the adsorbed water content of the bed 

at the two ends, the mean content is calculated and used 

as a basis for calculating the amount of adsorbent required. 

This method is illustrated in problem No. 3 

This method resting on broad simplifying assumptions 

should be used with caution. Under the high inlet humid- 

ity conditions of problem 3 ( pa ;es 53-56), it gives 

an adsorption capacity which appears much too high. 



TWEE) 
Fig.5 Time-temperature curve 

during reactivation. 

E. REACTIVATION 

It is necessary to know the heat required as well 

as the time required for reactivation. The higher the 

temperature of the reactivation gas, the shorter will be 

the reactivation period. The temperature which must be 

attained by the adsorbent at the end of the reactivation 

period is as follows: 

Alumina 350 to 600°F 

Florite 350 to 500°F 

Silica gel 300 to 350°F 

The reactivation must be done countercurrent to 

the adsorption: if the flow of gas was downward during 

adsorption, it must be upward during reactivation. The 

reactivating gas enters the bed at a fixed temperature 

to and leaves at a variable 

temperature t, cold at first 

but gradually getting hotter 

until it attains the desired 

final temperature tf. The 

time-temperature curve of the 

exit reactivation gas always 

exhibits a plateau, as shown 

in fig. 5. This plateau 



occurs during the evaporation of the adsorbed water. 

It is useful to divide the reactivation into 

three periods: before the plateau, the plateau, after 

o the plateau, and to study each period separately. 

since the plateau has to be located. .at the start, it 

is necessary to calculate the second period first. 

SECOND PERIOD: THE PLATEAU  

The adsorbed water is evaporated at the constant 

temperature tl. The following sketch, fig. 6, illus-

trates the arrangement to be considered. Air is used 

in the example, and for another gas it would be necessary 

to substitute the proper values of specific heat and 

molecular weight. 

Fig. 6. Reactivation during constant temperature period 



Let w 2 Humidity of the air, Lbs H2O/Lb air. 

P = Vapor pressure of water, mm Hg. 

A = Latent heat of vaporization of water, BTU/Lb. 

subscript o for entering air. 

subscript 1 for air leaving. 

The air leaves the apparatus at temperature 

tl, the plateau temperature. This temperature is obtained 

by trial and error and checked by heat balance, The 

given values are to  and wo. The heat balance is calculated 

as follows: 

Heat required es q1 = X1 (w1 wo ) BTU/Lb air 

Heat available = cio  = (.24+015 wo)(to-t1) BTU/Lb air 

Heat balance: qo 2  ql 

A value of t1 is chosen, and the corresponding values 

for P1 and are read in a steam table. The outlet 

humidity wig is then calculated by the following formula: 

The heat required qi, and the heat available go , are 

calculated and must be equal. 

When the value of t1 whioh satisfies Vie heat 

balance has been found, the time required for the second 

period can be calculated as follows: 



Let We = Adsorbed water, Lbs. 

A = Reactivation gas rate, Lbs/Hr. 

!Teat to be transferred during the 

second period, BTU. 

q = Treat transfer rate, BTU/Hr 

Then ,„; = we A t  BTU 

q = Ago  BTU/Hr 

0 = Q/q Hr = Duration of second period. 

FIRST PERIOD: HEAT DUTY 

During this period the bed and vessel are heated 

from ambiant temperature tA to the plateau temperature 

tl. The heat to be transferred is composed of the 

following parts: 

1 ) Heat Wa  Lbs of adsorbent daca(ti tA) 

la) Treat We  Lbs of adsorbed water W000(ti tA) 

2 ) Heat Ws  Lbs of steel a escs(ti tA) 

3 ) Heat do Lbs of insulation dccc(t1 tA)/2 

4 ) Heat losses through insulation negligible 

THIRD PERIOD: HEAT DUTY 

Treating the adsorbent and vessel from the plateau 

temperature t1 to the final temperature t2 requires the 

following heat quantities: 



I) Heat Wa  Lbs of adsorbent "a°a(t2 tl) 

2) Neat :45  Lbs of steel dsc8(t2 - t1) 

3) Neat Lbs of insulation docs(t2 t1)/2 

4) Heat  losses through the insulation: 

a) Cylindrical part: 

b) Through the two ends together: 

The following symbols are used: 

k = Thermal conductivity of the insulation BTU  
r x Ft'x0F 

Ft 
1 m Length of adsorber, Ft. 

ts Average temperature of the steel wall during 
the period. 

tA = Ambiant temperature 0F 

r2 = External radius of the insulation, Ft. 

ri Internal radius of the insulation, Ft. 

ht = Total heat transfer coefficient, convection and 
radiation combined, BTU  

Hr x FtzxOF 
Take ht = 1.5 

• Surface area of the two ends of the adsorber 
together, Ft2 

L Thickness of the insulation, Ft. 



FIRST AND THIRD  

During the first and third periods the temperature 

of the bed is on the increase and three methods are avail- 

able to calculate the required time. These methods are: 

1. Method of Ledoux. 

2. ilethod of arithmetic mean transfer. 

3. Method of logarithmic mean transfer. 

In the order named, these methods give progressively longer 

times of transfer for the third period. The method of Ledoux 

should give the best answer for the third period. This 

method is not applicable for the first period because 

at the end of that period an even temperature throughout 

the bed has been postulated. Ledoux's method applies only 

when there is a temperature gradient from one end of the 

bed to the other at the end of the process. ethod 3. 

should be used for the first period. 

1. METHOD OF LEDOUX 

This method is given in reference No. 4 for the 

cooling of beds but is also applicable to the heating 

of beds by following the indications below. 

The coefficient of heat transfer from the gas to 

the bed is first calculated by the method of Hougen and 

Watson, reference No.13, page 985. This will be the 



Fig.7. Tempertures during 
reactivation. 

Coefficient per unit area of the particles, and by mul-

tiplying by the surface area per unit volume for the 

particular adsorbent used, the coefficient per unit 

volume is obtained. 

The following symbols, 

illustrated in fig. 7 are to 

be used: 

to= Temperature of the reactivating 
gas as it enters the bed. 

'4= The uniform temperature of the 
bed at the start of the heating 
period. 

tl= Temperature of the bed, at the 
reactivating gas exit, after 
heating time 0 

0 Heating time in hours since the 
start of the heating period. 

The dimensionless temperature of the bed, T' is 

defined as follows: 

Two groups are then formed (dimensionless): 

X = h x and co h 
op 0. 0 r 

where: 

h = Heat transfer coefficient from gas to bed per unit 
volume of bed, BTU  

Ur x Ft3x of 

x = Bed depth, Ft 

op  a Specific heat of the reactivating gas at constant 
pressure, BTU  

Lb x oF 



Fig.8. Method of reading 
Ledoux graphs. 

G : Mass velocity of the reactivating gas Lb  
ilr x Fte 

C = Specific heat of the bed, BTU  
Lb x -uF 

C m Density of the bed, Lbs/ Ft3 

X is first calculated. 

The corresponding value of 

is read on Ledoux's graphs, 

for the required 1,, as shown 

in fig. 8 for X = 20. The 

heating time is then calcula-

ted by: 

= 

It is to be noted that the time thus obtained is 

for the bed only and not for the container. In order to 

compensate for the heat transferred to the vessel, to the 

insulation*  and lost to the surroundings, it is proposed 

that the time obtained be corrected for the total duty 

as follows: 



2. METHOD OF ARITHMETIC MEAN TRANSFER  

This method consists in evaluating the heat transfer 

rate from the gas to the bed at the start and end of the 

heating period, and taking the arithmetic mean. 

The reactivating gas enters the bed at constant 

temperature to and leaves at variable temperature t. 

The rate of heat transfer at any moment is given by: 

q = A op (to  - t) 

where A = Rate of flow of reactivating gas, Lbs/Hr. 

If the exit gas temperature is assumed to 

be the same as the bed temperature at the exit end, then: 

q a A op (to  - t , ) 

flow if t; = Uniform temperature of the bed at the strt. 

and 4 = Desired temperature of the bed at the exit 
end at the end of the heating period. 

.he rate of heat transfer at the start is: 

qo A op  (to - t4) 
The rate of heat transfer at the end is: 

(If = A op  (to  - ti) 
The arithmetic mean rate of heat transfer is: 

(lam =  qo qf  
2 

Knowing the total heat to be transferred and the mean 

rate of transfer q ' the required time can be calculated: am 

(lam 



3. METHOD OF LOGARITHMIC MEAN TRANSFER  

The reactivating gas enters the bed at constant 

temperature to, and leaves at variable temperature t. 

If t' represents the mean temperature of the bed, and 

if it assumed, that the gas leaves also at that tempera-

ture, the heat balance is as follows: 

Heat lost by the gas: 

A cp (to  - t') BTU/Hr (1) 

where A = Rate of flow of reactivating gas, Lbs/Hr. 

The heat gained by the bed is: 

= Oa  oa  dt' 

where da  a ieight of bed, Lbs. 

ca  = specific heat of the bed, BTU  
Lb x oF 

Substituting for d4 in equation (1): 

from which: 

Integrating between the limits of tc; and t' for the bed: 



Taking the logarithmic mean rate of heat transfer from 

the gas to the bed leads to the same result: 

(10 A ap  (to 0 - t') BTU/Hr at the start 

of  = A Op (to t') BTU/Hr at the end 

The logarithmic mean rate is: 

The heat transmitted is: 

4a as (t' - to) BTU 

The required heating time is therefore: 



F. COOLING 

After the reactivation, the bed must be cooled 

from temperature to to temperature 'C I  a few degrees 

above the temperature of the coolant gas, to. The heat 

to be removed is composed of three parts: 

1) Cool Oda  Lbs of adsorbent viaca(to t') 

2) Cool 48  Lbs of steel 4808(tL ti) 

3) Cool de Lbs of insulation Aoco(t6 - t')/2 

The cooling time can be obtained by Ledoux's 

method.* The coefficient of heat transfer is obtained 

by using the method shown in Hougen and 4atson, refer-

ence No. 13. page 985. This coefficient is then trans-

formed to volume basis by multiplying it by the number 

of square feet of surface area in a cubic foot of ad-

sorbent. For this value, see the same reference page 

1085. 

The cooling time so calculated. is for cooling the 

bed alone. In order to compensate for the cooling of 

the vessel and insulation, the following formula is pro-

posed: 

* See reference No. 4 abstracted on pages 62-64 



IV - ILLUSTRATIVE PROBLEMS  

- .PROBLEM NO. 1 - 

It is desired to dry 10O0 SCFW of air, measured 

dry at 60°F and 1 atm. The air is at atmospheric pres-

sure and 80°F and has a relative humidity of 700. The 

dried air must have a dew point below -60°F. Using 

2-4 mesh alumina and an 8 hour period for adsorption, 

design an adsorber to operate adiabatically. For reactiv-

ation hot air is available at 400°F. Find the adsorbent 

charge, the vessel dimensions, the reactivation air flow, 

the pressure drop during adsorption and during reactiva-

tion, and the reactivation heat load. 

PRELIMINARY CALCULATIONS  

DRY AIR FLOW:  

By weight 1O00 x 492 x 29 x 60  2 4,600 Lbs/Hr. 
520 x 359 

By volume 1000 x 540  2  17.30 CFS (60°F, 1 atm) 
60 x -620 

aJ:aLit 5.0 ALSOAlia:  

Inlet moisture  .0154 Lbs r20/Lb dry air 

Maximum exit moisture  .00002 Lbs H20/Lb dry air 
(;.t end of adsorbing cycle) 

:eater to be adsorbed 4,600 x .0154 2  70.8 Lbs/Ur 



SOLUTION 

BASIS:  

Adsorbent: 2 to 4 mesh activated alumina 

Conditions: Adiabatic 

Adsorbing cycle: 8 'Tours 

Reactivating and cooling cycle: 8 Hours 

ADSORBITT CHARGE 

BASIS:  

Adiabatic adsorption experiments of Derr, ref. 1•:o.19 

Break point obtained: .0476 Lbs H20/Lb alumina. 

Inlet moisture: .0178 Lbs 1120/Lb air. 

Inlet air temperature: 750F. 

Pressure: 1 atmosphere. 

Our conditions are nearly the same except for our 

inlet moisture which is lesser: .0154 Lbs 720 per Lb. 

of air. Under adiabatic conditions and at high humidities, 

the capacity of an adsorbent increases with a decrease in 

inlet moisture. The break point should then be about 

.050 Lbs 720/Lb alumina for our conditions. 

Mater to be adsorbed per cycle 70.8 x 8 1,  566 Lbs. 

Required adsorbent charge 566/.050 = 11,320 Lbs 

Plus 20%. excess 2g264 

/3,584 Lbs. 

Say 13,600 Lbs. 



ADSORB:a  

Basis: Ratio of height to diameter to lie between 
2 and 5 (Amero, reference je. 2) 

Volume of adsorbent: 13,600/50 sit 292 Ft3 

Diameter: 51-0" 

Cross-sectional area: 19.62 Ft2 
(Pis cross-sectional area must 
be chosen in regards to pressure 
drop during adsorption and re-
activation, and to maximum allow-
able velocity during reactivation. 
These have been calculated at the 
end of the problem.) 

Height of bed: 272/19,62 13.88 Ft 

Height of adsorber: 20t-0" 

dEIGgl OF STEEL:  

Basis: 1/4" Wall thickness 

Cylinder: 5 x Trx 20 = 314 Ft2 

Ends: 2 x 19.6 * 39 

353 

Weight: 353 x 10.2 * 3600 Lbs. 

wEIGHT OF INSULATION:  

Baldwin-Hill Co, rockwool felt. 

Density: 8 Lbs/Ft3 

Thermal conductivity: .025 BTU/(Hr x Ft x °F) 

Specific heat: .24 BTU/(Lb x °F) 

Thickness: 2" 

Cylinder: 20 x Tr [(5.33)2 (5.00)2] • 53.4 Ft3 

Ends: 2 x 2 x Tr (5.33)2 = 7.44 

60,8 

Weight: 6o.8 x 8 = 486 Lbs. 

'Fig. 9. Adsorber for 
problem 1. 



REACTIVATION 

BASIS:  

Reactivating fluid: Air at atmospheric pressure and 400°F. 

Rate of flow: 6500 Lbs/Hr 

This rate is arrived at by trial and error to give 

a duration within 8 hours for reactivating and cooling; 

DETERMINATION OF PLATEAU:  

Given to  = 4000F 

wo  = .U184 Lbs H2U/Lb air 

Try ti = 121°F (The plateau) 

Then 1,1 = 89.8 mm Hg 

At = 1,024 BTU/Lb 

w =  .62 11, a  .62 x 89.8  2  .U831 Lbs H2U/Lb air 
760 - 760 - 89.d 

Heat required ql =X1(w1-wo) = 1024(.0831-.0154) = 693 BTU/Lb air 

Heat available q2 a (.24 t .45w0)(to  - t1) 

[.241-(.45)(.0154)
3 

(400 - 121) 

= 688 BTU/Lb dry air 

The rlateau is 121°F to the nearest deree. 

H..;AT DUTY:  

First period: Heating adsorber from 80°F to to 121°F. 

1 ) Alumina 13.600 (.25)(121 - 80) = 139,300 BTU 

la) Adsorbed water 566 ( 1 ) (121 - 80) = 23,200 

2 ) bteel 3,600(.113)(121 - 80) = 16,700 

3) Insulation 486 (.24)(121 - 80)/2 2 2,390 

4 ) Losses 

181,590 BTU 



Seoond period: Evaporation of water at 121°F. 

neat duty ' 566 x 1024 r- 580,000 BTU 

Third period: Heating adsorber from 121°F to 350°F 

1) Alumina 13,600 (.25)(350 - 121) 2 778,000 BTU 

2) Steel 3,600(.113)(350 - 121) 2 93,100 

3) Insulation 486 (.24)(550 - 121)/2 = 13,300 

4) Losses (see below) 2.5 x 7,900 .1: 19,700 

904,100 BTU 

Losses: Ambiant tcmperature 80°F 

Mean temly.rature of steel 350 1-  121 236°F 
2 

qc  = .025 x 2x rx 20 (236 - 80) = 6,910 BTU/Hr 
2.3 log 2.667  A-  .025  

1.5x2.6e/ 
-rr 

qb = .025 x -1—(5.33)2 x 2(236-80) 2 972 
t .025 

--176 
7,882 

Say 7,900 BTU/Hr 

Estimating 2.5 hours for the third period: 

Losses II 2.5 x 7,900 2 19,700 BTU 



DURATION OF FIRST PERIOD 

Method of logarithmic mean transfer. 

Heat transfer rate at start: 

go  = A Op (to-t 6500 x .24 (400-81) = 499,0.)0 BTU/jr 

Heat transfer rate at end: 

qf = a cp (to-t,) = 650U x .24 (400-121)= 435,000 BTU/Hr 

..Lean transfer rate: 

gams 499,000- 435 000 = 467,000 JAU/Nr 
2.3 lot; 499,0"  

4b 5,u00 

Duration: 

-7. 181,600  7- 0.388 "our. 
40,000 

DURAiI01: OF ;.)00i;D L RiUD 

Heat transfer rate: 

q 6500 x .24 (400 - 121) 435,000 BTU/7r 

Duration: 

58u000 = 1.33 Itors 
43b,006 

DURAII01; OF 171,,D r  

Llethod of Lodoux. 

Calculation of heat tr'tnsfer coefficient by method of 

Hougen and .atson. 

G = 6500 = 332 Lbs/(lrr x Ft2) 
19.62 

Viscosity of air for the ranrse 80-400°F .C187F.025 '4..0215 qp. 
2 

pt. = .0215 x 2.42 2 .052 Lb/(17r x Ft) 

D .022 Ft for 2-4 'nosh mfItcri•A 13, r. 1085) 



REACTIVATION SUMMARY  

HEAT DUTY 
BTU 

DURATION HOURS 

First period  181,600 0.39 

Second period  580,000 1.33 

Third period  904,100 2.69 

1,665 7 0 4.41 



COOLING 

The bed an shell are to be cooled from 350°F to 85°F 

using a stream of air at 80°F. The rate of flow is to be 

the same as for the reactivation. 

HEAT DUTY:  

1) Alumina 13,600 (.25)(350 - 85) = 900,000 BTU 

2) Steel 3,600 (.113)(350 - 85) = 108,000 

3) Insulatlon 486 (.24)(350 - 85)/2= 15,400  
1,023,400 BTU 

DORATIOi;: Method of Ledoux 

= h x = 1790 x 13.9 312 
Op G .24 x 532 

T1 2  t' - to  a 85 - 80 = .0185 
tc; - to 35J - 80 

e = h 9 1790 9- 143 6 
o .25 x 50 

= 319 from Ledoux's graph. 

e = 319 = 2.23 TTours for bed. alone. 
Drg 

(10m= 2.23 x 1023,400 = 2.54 Hours for complete adsorber. 
9Q0,000 

SUMIAARY REACTIVATIGr rIJUS 000LING 

DUALIO1 
UOURb 

Reactivation 4.41 

Cooling 2.54 

Total 6.95 

Safety margin 1.05 

Cycle 8.00 



PRESSURE DROP  

Allen's method given in reference No. 2 

ADSORBING CYCLE:  

Basis: Air temperature 800F 

e 29 x 492 .0736 LbsiFt3 
359 x 540 

= .018 x 2.42 .0435 Lb/(7Tr. x Ft) 

G 4600  = 234 Lbs/(1rr x Ft2) 
19.62 

D = .013 Ft (T,:ffective spherical particle diameter 
eb iven by Allen for 2-.4 mesh) 

D G = .013 x 234 70 
.0435 

14 on Allen chart (Figure 1 on page 5.) 

ets.P= ,fiae =  2 x 14 x 13.9 (234)2  
D g e  144 .013 x 4.17 x 108 x .0136 x 144 

= 0.36 Lb/i.u2 

RL1ACTIVATill',1`CYCL...:  

:Basis: Air temperature 40 ()F 

e =  29 x 492  - .0462 Lb/Ft3 
359' x 860 

/' .025 x 2.42 = .0605 Lb/(7'r x Ft) 

G 6500 = 332 Lbs/(ir x Ft2) 
19.62 

D = .013 Ft 

D G = .013 x 332  2  71.3 
fr` .0462 

f 14 

Ap2 2 x 14 x 13.9 x (332)2  
.013 x 4.17 x itj6 x .U462 x 144 

11 1.19 Lbs/In2 



MAXIMUM MASS VELOCITY  

Basis: Reactivation period 

Method of Ledoux. 

Gmax = 2,640 Vdg  da D 

= 2,640 V(.U462)(50)(.022) 

= 594 Lbs/(nr x PO) 

The actual mass velocity is 332 Lbs/Wr x Ft-) 

or 56,10 of the maximum allowable. 

-PROBLLM _60. 

it is is desired to dry 1000 6CF.. of air, measured 

dry at 60°F and 1 atm. The air is at a pressure of 

1000 PSIA and 80°F and is saturated with water. The 

dried air must have a dew point below -600F measured 

at atmospheric pressure. Using 2-4 mesh silica gel 

and an 8 hour adsorption period, design an adsorber. 

..q.t the high pressure isothermal conditions can be 

assumed during adsorption. For reactivation hot air 

at 1 atm. and 400°F is available. Find the adsorbent 

charge, the vessel dimensions, the reactivation air 

flow, the pressure drop during adsorption and reactiva-

tion, and the reactivation heat load. 



PRELIMINARY CALCULATIONS  

DIZY AIR FLOW:  

By weight 1000 x 492 x 29 x 60 4,600 Lbs/Hr. 
520 x 359 

By volume 1000 x 540 x 14.7  44  0.255 CFS 
60 x 520 x 1000 

Lt) 13":, ADoORBED: 

Inlet moisture  .000316 Lbs F2O/Lb dry air. 

lAaximum exit moisture  .0000213 Lbs H4U/Lb dry air. 
(At end of adsorbing cycle) 

dater to be adsorbed 4,600 x .000316 = 1.45 Lbs/Hr. 

SJLUTIQ11  

Adsorbent: Silica 3e1, 2 to 4 mesh. 

Conditions: Isothermal. 

Adsorbing cycle: 8 Hours. 

Reactivating and cooling cycle: 8 !Tours. 

At high pressure conditions are very nearly isothermal 

during adsorption without use of cooling coils. 

MAXIZUM  

Basis: Adsorption period 

kethod of Ledo= 

G = 2,640 Vdg da  D max 
d = 29 x 1000 x 492  7. 5.00 Lbs/Ft3 

359 x 14.7 x 540 

Gmax * = 2 640 0(5.00)(39)(422) 

5,460 Lbs/(Hr x Ft2) 



ABSORBANTT CHARGE  

Method of Hougen and Watson, reference NO. 13. 

Try a column of 18" inside diameter. 

Inside cross-sectional area 1.76 Ft2 

G = 4600 = 2615 Lbs/(Hr x Ft2) or 48A of maximum allowable 
1.76 

D 2  .022 Ft (Particle diameter) P 
.018 x 2,42 x 1.1 = .0479 Lb/(Hr x Ft) 

(The 1.1 is a pressure correction factor) 

D G : .022 x 2615 = 1,200 
...P...._. .0479 

( 

Dp Gr.512 (1200r.bi 3 .0269 

A* 
For silica gel: 

il  
a - .703 a 

- 51
v  (5I) 6  

7"- 

= .703 x 117 x .0269 = 2.21 Transfer units per foot 

b = .789 G pa  ay  
Yes ,4  

/r n 1000/14.7 = 68 atm. 

b = .789 x 2615 x .0345 x 117 x .0269  
68 x 39 

2 .0845 per Hour 

At the break point: 

Y/Y0  2 .0000213/.000316 =. .0675 

Bed depth, Z: . . 

Try z = 2.0 Ft. 

aZ 2  2.21 x 2.0 = 4.42 

Referring to fig 216a, page 1087 of Hougen & ,oatson: 

b -e a  .68 

2- -4. .68/.0845 = 8.05 Hours 



A bed two feet thick will thus reach the break 

through point in 8,05 hours. A depth of three feet 

will be used to give a safety margin of about 50%2. 

Volume of the adsorbent: 3 x 1.76 2  5.28 Ft3 

deight of the adsorbent; 5.28 x 39 = 206 Lbs. 

ADCURBER  

An adsorber 18" ID 61-0" long 

shall be used. 

;;a11 thickness per AbAE code: 

t =  100U x 9 .948" 
10,000 - 600 

Use 1" wall thickness. 

6LIWIT OF ST141,L  

Cylinder  19 xr x 6 29.8 Ft2 
12 

Ends 2 x 202 = 4.4 
LT ) 34.2 

deight of steel 34.2 x 40 2 1370 Lbs. 

ii-43I0H1 OF Iki- ULA5.10 

Baldwin-Hill Roekwool felt. 

Density: 8 Lbs/Ft3 

Thermal conductiviti: .025 BU/(Hr x Ft x °F) 

Specific heat: .24 BTU/(Lb x °F) 

r.ihickness: 2" 

Cylinder: 6 x ir  (2)21
, 

- (1.667)2] = 5.80 Ft3 
-4-   

Ends: 2 x 2 x Tr (2)2 1.05 
V70 

aeiht: 6.85 x 8 55 Lbs. 

Fig. 10. 4dsorber for 
problem iio.2 



REACTIVATION 

BASIS:  

Reactivating fluid: Air at atmospheric pressure and 400°F. 

Rate of flow: 400 Lbs air/Hr. 

This rate of flow is obtained by trial and error 

so that the reactivation and cooling can be finished 

within 8 hours. 

i'LATEAU:  

The plateau will occur at 121°F as in problem 1. 

HEAT DUTI:  

yirst period: Heat adsorber from 800F to 121°F 

1 ) bilioa gel 206 (.22)(121 - 8u) 0  1,860 B1U 

la) Adsorbed water 11.6(1) (121 - 80) = 476 

2 ) Liteel 1370(.113)(121 - 80) 6,350 

3 ) Insulation 55 (.24)(121 - 80)/20 271 

4) Losses Negligible 
8, 7 BTU 

Second period: Evaporation of the adsorbed water at 121°F. 

Duty = 11.6 x 1024 11,900 BTU 

Thirdleriod: Heating the adsorber from 121°F to 400°F. 

1) Silica gel 206 (.22)(350 - 121) 10,400 BTU 

2) Steel 1370(.113)(350 - 121) = 35,400 

3) Insulation 55 (.24)(350 - 121)/2 1,510 

4) Losses 874 x 4 = 3,500  

50,810 BTU 



Losses: Ambiant temperature 80°F 

1Aes,n temperature of steel shell 350 + 121  = 236°F 
2 

go  7: .025 x 2 x1 x 6 (236 80)  r. 740 i3T'U/Hr 

2.3 log 51.080303 at-  1.51x0215.00 

gb = .025 x -Tr' (2)2 x 2 (236-80) = 134 

2 .025 
12 ' "MY 

874 1311J/11r 

Estimating 4 hours for the third. period: 

Losses 4 x 874 7: 3,500 Br.r;ril 

DURA:LI0k; OF  

:.4.ethod of logarithmic mean transfer rate. 

Transfer rate at start: 

qo A Op (to  - t41)) = 400 x .24 (400 - 80) = 30,700 BIU/Hr 

Transfer rate at end: 

= A cp (to - 400 x .24 (400 - 1,1) 26,800 B[(J/Hr 

lilean transfer rate: 

qim  '` 30,700 - 262?00  = 28,700 MU/Iir 
30 700 2.3 log --°-- 26 18GO 

Duration: 

6 8957 = 0.312 Hour 
28,700- 

DIJIZA:II01; OF JLCOND  

Transfer rate: 

q = 400 x .24 (400 - 121) = 26,800 BilitHr 

Duration: 

=  11)900  = 0.444 "1:our 
26,800 



DURATION OF THIRD PERIOD 

1. Method of  Ledo=  

G = 400/1.76 = 228 Lbs/arr x Ft2) 

Viscosity of air between 800F and 400°F .018 + .025 = .0215 op. 
2 

.0215 x 2.42 .17  .052 Lb/(Hr x rt ) 

D - .022 Ft for 2-4 mesh adsorbent (Ref. 13 p. 1085) 

Re = D G = .022 x 228 96.4 
.052 

jh 0 1.95 = 1.95 = 0.189 
de) .51 (9 6.Alibi 

Pr =  = 0.74 for air 

hc.;. * jh G op 11. 0.189 x 228 x .24 : 12.6 13TU/ItrxFt4x°1') 
2/3 

(L'r)2/3 (.74) 

h = 12.6 x 117 '4  1470 .8111/(Hr x Ft3 x OF) 

X = h x 0  1470 (3)_ = 00.6 
c ( .24 228) 

T' =ti = 400 - 350 82 .179 
400 - 121 to  - to 

1470 0 :1710 
0 e .22 x 59 

e 93 on Ledoux's graph 

a = 93/171 = 0.544 Hour for bed alone. 

e 
CoRR. 0.544 x b0810 = 2.66 Hours for complete adsorber. 

10.400 

itIAG i VAT I0.6 SITIAARY  

HEAT DUTY 
BTU  

DUATIO,. 
Hu UR b  

First period 8,960 0.312 

Second period 11,900 0.444 

Third period 50 0810  2.66  

71,670 3.42 



COOLING 

HUT TO BE REMOVED;  

The adsorbent and shell will be 000led from 35007 

to 8507 with air at 80°F. The flow rate is to be the 

same as used during reaotitation, namely 400 Lbs/Hr. 

1) Silioa gel 206 (.22)(350 - 85) a  12,000 BTU 

2) Steel 1370(.113)(350 - 85) a 41,000 

3) Insulation 55 (.24)(350 - 85)/2s  1,750, 

54,750 

DURATIOJN: Method of Ledoax. 

Ihx 0 1470AN = 80.6 
447 3 .24 (228) 

T1  = t' - to = 85 - 80 .0185 
- to 3145-7-55 

Q m he = 470 B = 171 G 
o c .22 x 3,9 

C) = 115 according to Ledoux's chart. 

s 115/171 2 .673 Hour for bed alone. 

0 
oRR. = .673 x giAtm 3.06 Hours for complete adsorber. 

12,00 

SUMMARY OF REACTIVATION PLUS COOLING 

DURATION IN HOURS  

Reactivation 3.42 

Cooling 3.06  

6.48 

Safety margin , 1.52, 

Cycle 8.00 



PRESSURE DROPS  

ADSORBING CYCLE:  

Basis: Air at 8007 and. 1000 PSIA 

P Z  5.00 Lbs/Ft3 

CA" .0479 Lb/(Hr x Ft) 

G 2615 Lbs/(Hr x Ft2) 

D = .013 Ft (Effective spherical particle diameter 
for 2-4 mesh material) 

= .013 x 2615 = 709 
fr" .64/0 

F s  6.6 according to fig. 1. 
QP r. 2 f L a 2 x 6.6 x 3 (2615)2  

144
02  

D g .013 x4.17 z3,©0  S.00 z144 

= .069 PSI 

REACTIVATING CYCLE:  

Basis: Air at 4000F and. 1 atmosphere. 

(c) la 29 * 498 = .0462 Lbs/Ft3 
t59 x 86b 

= .025 z 2.42 = .0605 Lb/(Hr x Ft) 

G = 40011.76 = 228 Lbs/(iir z Ft2) 

D = .013 Ft 

 a 
.9l3 

,* 288 49.0 
frt- .b 60 

t = 17 

.6P 2 g 17 x 3 (220!  
.013 x 4.17 x z .0462 z 144 

31  0.15 PSI 



MAXIMUM FLOW RATE  

Basic: Reactivation period 

Method of Ledoux 

USX = 2,640 Vdg da  D 

* 2,640 V(.0462)(39)(.022) 

= 525 Lbe/(Hr x rt2) 

The actual mass velocity is 228 Lbs/(Hr x Ft2) 

or 430 of the maximum allowable. 

PROBLEM BO. 3  

AAAffibatie drYin4.  

Comvarison at silica gel with alumin4.  

00!parieon of Blanchard's method. with Rutard'ai  

It is desired to dry 546 CFH of air at atmospheric 

pressure, at 75F and 95.90 relative humidity. There 

must be no trace of moisture in the exit air. For an 

adiabatic trier using: 

a) Alumina 

b) silica gel 

calculate the adsorbent charge requized for a 7.1 hour 

adsorption period. For silica gel use the methods of: 

a) Blanchard (9) 

b) !Inbar& (10) 



CONDITIONS:  

Air flow: 546 CPR 

Pressure: Atmospheric 

Temperature: 75°F (23.9°C) 

Humidity of entering air: 

9 Grains per oublo foot 

.0178 Lbs K20 per Lb of air 

95.90 relative humidity 

21.15 am H20 vapor pressure 

73.8°F (23.2°C) Dew point 

Running time to break point: 7.1 Hours 

Water adsorbed: 7.1 x 546 x 9 / 7000 Ir. 4.98 Lbs. 

SOLUTIONS  

a) Alumina. Using Derr's data (19). • 

Al4sorbent charge: 105 Lbs. 

Bed dimensions: 12" Dia. x 32" 

Bed volume : 2.09 Cuat. 

Average adsorbed water content of bed at break point: 

4.98 x 100 / 105 r- 4.755k 

Maximum bed temperatures: 

245°F at 12" after 2.5 Houza operation 

213°P at 30" after 7.1 Roars operation 

Superfioial air velooity : .152 ( .785 = .193 FPS 



b) Silica del. method of Blanchard. (Using graphs pages 83-84) 

dater adsorbed by bed at break point: 6.8% 

Adsorbent charge: 4.98 / .068 = 73 Lbs. 

Bed volume: 73 / 44 = 1.66 Cu.Ft. 

Bed dimensions: 13.5' Dia. x 2G" 

Superficial velocity: .152 / 1.0 2 452 FPS or 4.6 Cm/Sec 

Correction to adsorbed water: 6.8 x 1.07 : 7.3A 

Corrected figures: 

Adsorbent charge: 4.98 / .073 = 68 Lbs. 

Bed volume: 68 / 44 = 1.55 Cu.Ft. 

Bed dimensions: 13" Dia. x 20" 

Superficial velocity: .152 / .92 = .165 F20 or 5.0 Cm/Sec 

liaximum bed temperature: 169°F (76°C) 

Silica gel.  Method  of Hubards (Described on pages 21-22) 

Bed entrance: Gel is in equilibrium with incoming air at 

75°F and 95.W. relative humidity (73.80F dew point 

or .83" Hg). Hubard's graph indicates an adsorbed 

water content above 35A. (The roint is beyond the 

range of the, graph.) 

Bed outlet: Gel is dry. 

Average adsorbed water content: 35/2  • 17.5P 

Adsorbent charge: 4.98 / .175 = 18.5 Lbs. 

Maximum bed temperature: 75 -1 (9x10) = 1650F 



TABLE 7  SUMMARY 

SOLUTIONS TO PROBLEM 3. 
METHOD DERR " 

7' ,'  
BLAA4GICAid.) HUBARD 

ADSORB;JA A.I.J1.ii:.INI. SI.141. 6ILIOA 

J TLR ADWRE_A.; AT B.AK kOINT ch 4.75 7.3 17.5 

ApsoRBENT OHARA:i'L LB6 105 68 19 

BED VOLWAE OU.FT• 2.09 1.55 -- 

BED DIMI0116 12'x32" 13"Ox20" -- 

blikERFICIAL V,LOCITY FP6 .193 .165 -- 

.LAX.L.1U141 T.:11)ZRAaUR!:, OF BL1) °F 245 169 165 
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VI - LITERATURE ABSTRACTS 

ABSTRACT FROM REFERENCE No. 2 

Amero, 1:C., Moore, 4.n., and Capell, R.G. 
Chem, ing. 'Proress 43, 349-370 (1947) 
"Design aild use of adsorptive Oryin6 

Units described use "Floritt" desiccant. 

Analysis: A1203 ••'•''''''' 60  
ai.Q2 4,00e.igie• 5- 11 

Fe2 10 - 2U 
TiC2 1 Iv 3 
Ignition Loss.... 4 - 

The capacity of the riesideant as wc.b:Iht per c_nt 

moisture adsorbed between regcnerations is deter-

mined. The amount oT moisture to be adsorbed pr cycle 

is determine. .he weight o-j:' desiccant ruauired is 

calculated and its volume determined. From considera-

tions of flow rate and allowable pressure drop, the 

tower diameter is established. fihe calouk,ted design 

is then compared v-ith unite in table i0. 6 to see if it 

is reasonable. 

Table No. 6 is a list of 11 Floritc drying units 

built for drying gaseous and liquid hydrocarbons. It 

gives location, Quantity of gas or liquid, pressure, 

height and diameter of towers, number of towers, and 

total weielt of Florite in the units. 

Suggested design bases are the following: 

I. Desiccant capacity: 5A,  moisture 

2. Length of drying cycle: 8 or 12 or 24 hours 

3. Dirensions of tower 
Ratio of height to diameter: 2 to 5 forcamplete drying 

1 or less for air conditioning 
(to minimize pressure drop) 

4, Pressure drop: Use Allen chart for f vs Re. 

5. Regeneration: Table o. 8 discusses factors involyed. 



ABSTRACT FROM REFERENCE No. 3  

Chem. Eng. 59, 322 (Jan. 1952) 
"Drying of air in a fixed bed: Can calculations be made?". 

A method of calculating the moisture content of 

effluent gas from adsorbers is presented. It was checked 

against experimental runs conducted at Yale by Eagleton 

and Bliss. The adsorption is considered taking place in 

a zone of constant width which moves up the bed in the 

direction of gas flow. Two resistances are used: one 

through the Sas film and the other through the solid film. 

Lass transfer through the solid film is given by: 

dq/dt ksS (qi-q) 

Typical calculation;  

A dryer is fed, with air at 95°F having a 300F dew 

point. The dew point of the outlet air is to be minus 

25°F or less. Determine when this maximum dew point will 

be reached. The dryer is 12"  in diameter and filled with 

8 to 14 mesh alumina to a depth of 4 feet. The air flow 

rate is 150 lbs/hr. 

Solution:  

G 150 tmr2 : 191 lbs/hr. x sq. ft.) 

'bxperimental data: 

For alumina and Florite kgS : 9.3 G'55 

For silica gel k = 6.3 G.55 

For ksS an average value of 7.3 can be used 

a = .U480 lbs. H20/lb solid @Co  = .00.)45 lbs.H20/lb air 
pp 2  4.20 mm Hg 

- - .022 lbs. It20/1b solid 



k 9.3 (191)*" = 167.5 

-kgS/ksS 2 -167.5/7.3 = -23.0 

cd oc r oo  
oo 

oo = .00345 corresponding to 30°F (-1.11°0) inlet 
air dewpoint 

cd - .f) 
.022
46 
 (23.0)(.00345) 454 

oo 

Inlet air vapor pressure is 4.20 mm Hg. 

Outlet air vapor pressure is 0.328 mm 11g. 

0/0o .328/4,20 = .078 

This is less than od/o00  therefore the following equation 

is used: 

ln cd/co  = - ookeSy + 2 co 
c/co aV V GD 

The bed weight is 40(1)2(51.2)/4 2  161 lbs. 

In .456 = -(.00345)(167.5) y (167.5)(161)  2 -1/.456 
.078 1.048)1150) 150 

1.768 = -.0802 y 1- 179.8 -1- 2 -2.19 

y ' 2220 lbs. of air 

t = 2220/150 2  14.8 hours. 

Note: See reference 11 for symbols and their units. 

Kathematical errors which appeared in the original 

article have been corrected in this abstract. 



ABSTRACT FROM REFERENCE NO. 4.  

Edward Ledoux 
Ind. -4ng. Chem. 40,1970-1977 (1948) 
"Dynamic cooling of adsorbent beds". 

A graphical, method is presented for the determination 

of the cooling curve of a bed. 

dt 2 Rate of heating of the gas per unit distaroe 
-dx 

-dt1  = Rate of cooling of the bed per unit time 
do 

c.„Gdt Heat picked up by the gas, BTU/(cu.ft.x hr.) 
dx 

-cd.dt'''Heat lost by adsorbent bed 
do 

h(t1-t) "Heat transferred from bed to gas stream 

The last three expressions being equal: 

onG. dt = h(t'-t) -cd.dt, ....... (1) 
dx de 

Although h, op, a, are functions of temperature, the 

ratios hie and h/c are nearly constant with tenperature. 

Let X hx 0 he 
ad P G 

T 2 t-to T1  2 ti"-to 
T7=To 111 '"t 0 o 

Then substitution in (1) gives: 

dT (T1-T) -dT' (2) 



All variables in equation(2) 

are dimensionless. The solu-

tion to equation (2) is given 

in three graphs similar to the 

one shown at the ri6.ht and cov-

ering the range shown. 

The following example 

illustrates the method. A bed of adsorbent 2.92 feet 

deep is initially at 400°F and is to be cooled with air 

at 750F. The air rate of flow will be 4.5 lbs/(minxsq.ft.) 

The coefficient of heat transfer is given by the expression: 

h 2 10 G0.7 BTU/(min. x °F x Ft of bed) 

The specific heat of the bed is .22 and that of the air 

is .24. How long will it take to cool the bed down to 

75°F? 

h 10 dP 17 = 10 (4.5)0.7 = 29.6 

X =  hx  2  (29.6)(2.92)  .1: 80 
0 G (.24)(4.5) 

E) = he = (29.6) e = 2.45e 
cd (.22)(55) 

Use the author's fig. 3 which covers this range. uead 

the T' and scales. The curves are then constant for 

X. For X 2 80, T' is practically zero at 115. 

Therefore, the time required to cool the bed to 75°F 

will be: 

e 6/2.45 2 115/2.45 = 47 minutes. 

Fig.11. Range of Ledoux graphs. 



SYMBOLS  

G Mass velocity of the gas. 

= 4,ecific heat of the solid. 

cp=  Specific heat of the gas. 

d = Apparent density of the bed. 

h = Coefficient of heat transfer for the bed per unit volume. 

t = Temp'rature of the gas. 
t,2  Temrerature of the bed. 

te Temperature of the gas at inlet to bed. 
1_ to TKAT,Irature of the solid at the start at the gas inlet. 

a = Time. 



ABSTRACT FROM REFERENCE NO. 5.  

Othmer, D.F., and Josefowitz, S. 
Ind. Lug. Chem. 40, 723-725 (1948) 
"Correlating adsorption data". 

It has been noted by Berdnyi that dF/do does not 

vary muoh with temperature at some distance below the 

critical points' is the free energy and c the concen-

tration of adsorbate adsorbed on the solid. The free 

energy change in isothermal adsorption is expressed. by: 

O F 2 HT In (2/20) or in ( 2040 2 "A F/RT 

where k equilibrium pressure. 

Po = vapor pressure. 

This expression is accurate if the gas phase obeys the 

ideal gas laws, and the adsorbed phase is inoompressible. 

It can be used to calculate the adsorption isotherm at 

any temperature if the isotherm at one temperature is 

known. For example at 80°C the vapor pressure of pure 

benzene is 759 mm,and the equilibrium pressure of .15 

gram of benzene adsorbed on 1 gram of carbon is 4.15 mm. 

p/hat is the equilibrium pressure for the same adsorbate 

concentration at 120°C when the vapor pressure is 2233 mm? 

Solution:, 

At 8000 or 353°K 2.3 log ( 7591 =  -AF  
(1.987} 3v3 

LIF 2  3660 

At 120°C or 393°K 2.3 log (2233) 3660  
(1.987)(393) 

2 2 20.8 mm 

The experimentally determined value is 19 mm. 



ABSTRACT FROM REFRENCE 0. 6. 

Max L. Riley 
World Oil 130, IIo.1, 184-186 (Jan. 1950) 

"Operating and design features of adsorption type dehydrators". 

Adsorption drying is used for natural gas to pre-

vent the formation of hydrates 11? pipe lines. It is also 

used in high pressure gasoline plants to remove moisture 

from condensate gas. In practice a tower is switched either 

on a definite time cycle or when the outlet gas shows too 

much moisture. Using aluminum oxide type desiccants, when 

the dew point reaches 5 to 10°F the tower is put on regenera-

tion. 

Typical System:  

A typical flow diagram for a natural gas drying plant 

is shown on the next page. During the drying cycle the gas 

flows downward in the tower, whereas during regeneration it 

flows upward. For regeneration the gas is heated. to 350°F 

to 400°F by means of a steam heated exchanger before being 

introduced into the tower. The regeneration, gas stream im-

poses an additional load on the drying tower Lnd ghould be 

kept to a minimum. It is only a small part (10A of the 

total, gas flow. If cooling water is not available, the 

dried gas stream can be used to pick up the heat from the 

regeneration stream in an exchanger. Such a practice will 

result in the dried gas stream being heated about 20°F. 

Precoolli4g of the regenerated tower:  

krecooling of the regenerated tower is done by con- 

tinuing the regeneration gas stream but by making it by-pass 

the heater. 



TYPICAL FLOW DIAGRAM OF NATURAL GAS DRYING  PLANT 

FIG. 12 
 

TYP ICAL Fc"-_c;ENE PA-T)c)N CYCLE 

CoNDI-noNS : PPEsSuPE" 900 P.- Ir.,-

.ENTE-12ING GAS -re MP .1?,61. °F 
(7A!„ Sf G. 0.60 

FIG. 13  



Adsorption capacity of bauxite.  

The adsorption capacity of bauxite varies with the 

temperature as shown in table 8. 

Optimum conditions consist of 

high pressure and low tempera-

ture. However around 80°F con-

siderable hydrocarbons get ad-

sorbed along with the water. 

Table 9 shows the analysis of liquid taken from the separator 

following the regeneration J 

cooler. This table is for 

the drying of a gas at 900 

PSIG and 80°F containing 

1000 gpm of propane plus 

fractions. 

Basic ,design features:  

1. Pressure drop 

2. Desiccant L.,uantity 

3. Accessibility to desiccant for replacement. 

Design basis:  

Velocity for 4-8 mesh 25 to 40 feet per minute 

Capacity of "Florite" 

Cycles per day affect only the height of tower. 

;v1inimum cycle tiL4e 6 hours required for reeneration and 

precooling. 

TABLE 9  
.NALYSIS OF ADSORBED HYDROCARBONS. 

Ilydrocarbon 1101 0 
-kethane 10.70 
.tl.thane 7.96 
Propane 7.29 
I-Butane 2.54 
N-Butane 5.68 
I-Pentane 4.46 
V-kentane 3.95 
Hexanes plus 57.42 

TABLE 8  
ADSORPTION CAPACITY OF BAUXITE. 

Gas Temp. ;.-dsorption Cap. 
oF g:..A) b wit. ___ /:36 
65 6.67 
70 6.00 
60 5.00 
90 4.00 
100 3.00 
120 1.90 
3.40 1.10 



Example.  

It is required to dry 20,000 MCF/Day of gad, under 

the following conditions: 

Input pressure 1500 psi 
Separator temperature 80°F 
Moisture in saturated gas 2.95 gallons / .LLICF 

A. Desiccant required. 

295 x 6.33 x 20 = 9830 lbs. 
.05 

At 50 lbs per ou. ft. 196.6 cu. ft. 

For each tower on au 8-hour cycle: 

.333 x 9630 = 5275 lbs. or 65.5 cu. ft. 

B. Tower size. 

Allowable velocity 25 feet per minute. 

Gas in at a specific ;ravity of .700 

Flow is 20,000 Std. aF/Day or 13,689 CF:._ (5td.) 

Superoompressibility factor for 1500 psi and Euei 
is found to be .760 

Q 2  13,869 x 15 x 540 x .760 a 109.6C1, 
1500 x 520 

A 2 109.6 / 25 1. 4.38 sq. ft. 

Diameter a 2.36 feet 

C. Hei4ht of bed. 

2.36 x 2.36 x .785 x L m 65.5 

L = 15 feet 

Ratio H/D 15/2.36 = 6.35 

Note: Increasing the tower diameter to the next standard 

size would make the ratio H/D fall within the desired ran-e. 



ABSTRACT FROM REFLECTION NO. 7  

I. Levi. Butter and C.D. Van Vliet 
2etroleum Refiner 3(, iwo. 5, 98-102 (:„ay 1951) 
"iJanoma plant achieves low maintenance-operation costs". 

Lquipment in a natural gasoline plant of the .Panoma 

Corporation near Hooker, Oklahoma, is described. The gas 

dehydration plant is of the dry desiccant type and consists 

of tuo towers, one of which dries gas while the other is 

being re-:cnerated. On the drying vole, gas enters the 

bottom of the tower tangentially and is rid of liquid drop-

lets. The bottom serves as a separator for entrained liquid. 

The gas leaves the separator compartment and pauses up a 

large ccbtral pipe within thetower to about the middle. 

There it enters a distributin.:; compartment -hich divides 

the stream into two parts: one continuing upward and the 

other deflected downward. Each stream passes throuh an 

adsorbent section and is rejoined with the other at the 

exit to be fed to the "residue header". 

Re;;encration is accomplished by passing 1096 of the 

total wet :::as inlet stream through steam heated exchangers 

and then counterflow through the two adsorbent sections 

of the tower. Neating is continued until the temperature 

of the beds reaches 350°F. tias leaving is cooled through 

a water cooled exchanger after which it is allowed to 

flow to the residue header and mix with the dried .n.s. 

The mixture is within the dew point requirements. 



A large by-pass line is arranged around, the de-

hydration plant so that gas may be sent to the residue 

header directly without being dried. This is done pur-

posely so as to lergthen the drying cycle of the ad- 

sorber. he dew point of the miyture o1  dried an e wet 

gas is continually tested by an instrument which con-

trols the amount of wet gas by-passing the drier. 4ts 

the adsorbent bed becomes saturated less and less wet 

gas is allowed to by-pass it, until nnally the by-pass 

line is closed. L.t that moment the drying tower is put 

on regeneration. In this mariner the drying cycle is 

lengthened about 250 over the conventional method of 

operation. 



ABSTRACT FROM REFERENCE NO. 8.  

Rathmell, B.L., and Bateman, .F.J. 
J. Inst. Heating & Ventilating Engrs. 19, 471-522 (Feb. 1952) 
"Air drying by solid granular adsorbents." 

Tests were made in a pilot plant on the drying of 

air for use in wind tunnels. Uncooled beds of silica and 

alumina were used. For drying ordinary atmospheric air 

un000led beds are unecononical but may be combined with 

a refrigerated pre-000ler. The maximum permissible humid-

ity in ,lind tunnels is .0005 Lbs 11)0/Lb air. in the oper-

ation of a wind tunnel a portion is continually abstracted 

at .0005 humidity, dried to .0002 humidity, and returned 

to the tunnel. 

Inlet humidity and bed capacity.  

In un000led beds, the hither the inlet humidity, 

Lbs IT20/Lb air, the lower is the bed capacity. This is 

due to the rise in temperature which offsets the increase 

in capacity obtainable because of the hi,r7her partial pres-
sure of the water. 

Inlet humidity and temperature rise,  

The base temperature of the bed is the dry bulb 

temperature of the incoming gas. The heat liberated and 

therefore the temperature rise is very nearly proportional 

to the inlet humidity when complete drying is aecomrlished. 



Air pressure.  

in wind tunnels where the pressures used may go 

up to only 4 atmospheres the effect of pressure is ne- 

gligible. But for high pressures such as used for gas 

liquefaction the increase in gas density impedes the 

diffusion of H20 molecules and has to be included in 

the calculations. 

Isothermal compression of a gas at constant humid- 

ity,  Lbs H20/Lb. air, increases the partial pressure of 

the water vapor and consequently greater adsorption 

results since the temperature rise is the same. 

PILOT PLANT EQUIPMENT AND OPERATION  

Fig.14. Arrangement of equipment for adiabatic 
adsorption tests by Rathmell and Bateman. 

Bed: Square cross-section 2,-6" on the side. 
.:aximum depth of 6 feet. 

Casing: Covered with 2" of insulation. 

Regeneration: Circulate M°C air throu,;th the bed until 
its temperature reaches 24000. 

Cooling: After regeneration the bed was cooled with air 
recirculated in a closed circuit throult a water 
cooled exchanger. 

Adsorption: Adiabatic. 



TABLE 10 

ADSORBENTS USED AND RANGE OF TESTS 

OF RATHMELL & BATEMAN 

Series 
of 

Tests 
— 

Adsorbent Grade 
";.iesh 

Depth 
of Bed 
inches 

at. of re- 
activated 
Adsorbent 

Lbs 

No.of 
Tests 

Contact 
Time 
Seconds 

Range of 
Inlet 

Humidity 
Aix100 

2.5 
1.7 .35 

1 st Alumina 2-4 25 534 56 1.25 to 
.83 1.2 
.42 

2nd Silica 6-10 25 520 
- 

27 
gT5 
1.25 

45ii 
to 

.83 1.45 
1.2 

3 rd Silica 6-10 12 254 23 .8 to 
.4 1.13 

4 th Alumina 4-8  25 ' 585 13 1.25 
.5 
to 
.96 
it2 

5 th Alumina, 4-8 21 494 18 1.35 to 
.72 

6 th Silica 6-10 12 254 8 1.35 
.2U---
to 

, .61 

NOTES 

The units of the inlet humidity, are Lbs H2O/Lb. air 

First Series: The maximum pressure drop was 18.5" water. 

Second Series: The pressure drop at 0.5 second contact time 
was 105" water. 

Third Series: The bed resistance w._ts the same for t'le 
first series. 

Fifth Series: The bed resistance was the same as for the 
first and third series. 

Sixth Series: These tests wcre undertaken to extend the 
humidity ranee of the second and third 
series, 



RESULTS 

Typical results are shown in figures 15 and 16. 

FIG. 15. BED TEMPERATURE AND OUTLET IR HUMIDITY 
VARIATIONS DURING,  A DRYING CYCLE. 

FIG. 16. RELATION BETWEEN INLET AIR HUMIDITY AND BED 
CONCENTRATION FOR VARIOUS CONTACT TIMES. 



Mean bed humidity.  

The mean bed humidity x/m expressed as pounds of water 

adsorbed per pound of adsorbent is given by: 

i.iaximum bed temperature.  

The following eeuations apply for the range of inlet 

humidity A . .003 to .015 Lbs 7-1;0Lb. air. 

For alumina T 3,600;ki, 

For silica T 2  2,9540ki,- 3.5 

where T 7- Maximum bed temperature rise above the 
dry bulb temperature of the incoming 
gas. Degrees centirade. 

Ifdperature gradiwnt Rerpendicular to c7,irection of flow. 

1  Variations of 1/2 to 1 — o  C only were observed.. 2 

Break point related to peak temperature.  

In very fast flows the outlet humidity reached the 

break point before the peak temperature of the bed was 

reached. In slower flows the peak bed temperature was 

reached much earlier in the cycle. 

Depth of bed and capacity.  

Deeper beds are more efficient but cause higher pres-

sure drops. For the same break point a deep bed will have 

a higher capacity expressed as pounds of water adsorbed per 

pound of adsorbent, than a shallow one. Furthermore, a 

deep bed with less contact time may have more capacity than 

a shallow bed with a loner contact time. 

Grain size and capacity. The smaller grain sizes hove the 

higher oapacity. 



USE OF RESULTS IN DESIGN  

The test results have: ben summarized in figures 

17 and 18 for use in design. The curves are exact for 

the following conditions: 

1. Drying of air at atmospheric pressure and 

temperature. Air density of .077 Lbs/Ou.Ft. 

2. Desiccant is 2-4 mesh alumina. 

3. Drying is adiabatic. 

4. Depth of bed is 25" or 2.1 feet. 

The authors state that the curves also apply to 

2-4 nesh silica gel. For other .:;rain sizes of alumina 

or silica gel a correction factor is given in figure 19. 

For other bed depths, the authors sugest tic following 

relation: 

The curves of figures 1? End 18 show the amount of 

desiccant required pcx pound of air, m/H, plotted a5!ainst 

contact time, t, for various values of inlet air humidity. 

the contact time is given by the following equation: 



ADIABATIC ADSORPTION CAPACITY OF 2-4 MESH ALUMINA 
IN BED 25" DEEP  

Fig.17 Outlet air humidity 
= .0005  

Fig. 18 Outlet air humidity 
. .0002 

Fig. 19 Correction for grain size 



o. 1 
Using a 25" bed. of 2-4 mesh alumina, how much alumina 

is required to dry 10 ilos/Sec of air from an humidity 

of .007 to 1 maximum outlet humidity of .0002 Lbs '3,;()/Lb. 

of air. The air density is .07 Lbs/Cu. ft. and thE. bulk 

density of the be' l is 40 Lbs/Cu.ft. Oonditions are adia-

batic, a.na t-- e ryin cycle is 2 hours. 

Solution: K P5- 40  2 .022 
.0? x 2 x 3600 

m 2  At = .0722 t 

This is the equation of a straight line going through 

the origin. This line, wh;Ja drawn on figure 18, is seen 

to intersect the .007 humiA.14 curv,, at t = 2.2 seconds. 

m .0722 x P.2 2  .159 

M 2  10 x 3600 x 2  

m 2  .159 x 72,000 2  11,500 Lbs Alumina rekjuirede 

W. 2  
Using a lb" bed of 4 - 8 mesh alumina, how much 

alumina is reciuired to dry 10 Lbs/o of air f.com  an 

inlet humidity of .006 to a maximum outivt humidity of 

.0002 Lbs H2U/Lb. air. 'lilt: air d';noity is .077 Lbs/Cu.ft. 

Conditions arc adiabatic and The drying eyelta is 2 hours. 



Solution: i = ("9 - 40  
.017 x 2 x 3600 

M 2 4t .0722 t 

.his line inters(-ots the .005 humidity line at 
.007 

t = 1.35 and theAhumidity line at t = 2.2 on iiL,Iure 18. 

Interpolatin:?: .O06 inlet .itzifildity t = 1.77 

m = .0722 x 1.77 .128 

g = 1U x 3600 x 2 72,0u0 Lbs. air 

m = .128 x 72,000 = 9,2U0 Lbs. of aluxlina 
2-4 hesh, 26" bed. 

ti.h rain sizc correction for 4-8 resh is read from 

fij;ure 19 to bo .42. 

m .42 x 912„41 = 3107U Li's. of :_duninL 
4-8 mesh, 20'' bed 

x = A 2  72,000 x 4.006 = 432 Lbs. 4,,0 

(z) = 432 = .1118 
‘;IL 2A 'tt)/70 

- 241 1.25 - 2.1  = -.0283 
30 30 

= 1_ - 2.1 = .111b -.U283 .4  .0835 
m/ 30 

m = 432  = 5.110 1b2. of alualir,a 
.0835 4-8 mesh, 15" bed. 



ABSTRACT FROM REFERENCE NO. 9  

Blanchard, Louis. 
_Proceedings 11th Cong. _Pure & Applied Chem. London. 
Vol. 5 pp 993-1001 (1947) 
Application du gel de silice a la dessiccation in- 
dustrielle des gaz". 

(Applications of silica gel to the industrial drying 
of gases.) 

General Considerations. 

The physical properties of silica gel are not 

definite 11.7.:e those of a crystalline material. The 

elicrostructure is variable and depends on the method of 

prenaration. or the adsorption of water vapor use is 

made of micro-porous gels of .65-.75 apparent specific 

;1-.e.vity or ultramicroporous gels of .80 apparent specific 

gravity. This property alone is not enough to define the 

gel as two gels of the same apparent specific gravity can 

have rifferent adsorptive power. X-ray diffraction 

Patterns are helpful in the study of structure. 

Isotherual vs _,diabatic Adsorption.  

Figure 20 shows how the moisture content of the gel 

at the brea2r. point varies from isothermal to adiabatic 

operatioa. 

Dynamic Adiabatic Air Drying., 

A drying column was set up in which the course of 

the temperature and moisture content of both air and 

adsorbent at various heights in the columns could be 

followed. Results in a form useful for design, are 

shown in figure 21. The tests ere made with a bed 

depth of 50 cm (2e") and a superficial air velocity 

of 23.5 cm/sec (.77 ft/see). 



For other bed depths said superficial velocities figures 

22 and 23 give the corresponding change in the moisture con- 

tent of the bed at the break point. 

Dynamic Adsorption of Various Gases. 

The same moisture content of the bed at the break 

point has been observed for air as for other gases and 

condensible vapors. In the latter case the ♦apor is first 

adsorbed and then gradually replaced by water vapor. 

Fig.20 Moisture content of bed at break point related 
to method of operation. 



Figure 21 Adiabatic air drying. 



Figure 22 Influence of bed depth on 
adsorption capacity. 

Figure 23 Influence of superficial air 
velocity on adsorption capacity. 



ABSTRACT FROM REFERENCE MO.10.  

S.S. Hubard 
Ind. Eng. Chem. 46, 356-3b8 (Feb. 1954) 

Equilibrium data for silica gel and water vapor". 

Two graphs are presented. One, isobaric, gives 

the water adsorbed as a function of temperature for 

various water vapor pressures. The other, isothermal, 

gives the partial pressure of water as a function of 

amount adsorbed, for various temperatures. 

A method. is given for calculating the adsorbent 

charge in an air drier. Two cases are considered. The 

first is for the production of completely dried air. 

The silica gel at the entrance is considered in equil-

ibrium with the incoming air so that its water content 

can be read from the graphs. Lt the exit end the gel 

remains dry up to the break point. Thus the average 

moisture content of the bed is half that calculated 

for the inlet end. 

In the second case, moisture is alloed to be 

present in the exit air ap to a fixed naximum. First 

the maximum temperature reached by the bed is cal-

culated by taking a rise of lu°F for each grain of 

water removed per cubic foot of air feed. This tempera-

ture is attained, from layer to layer in the bed toward 

the exit end. At the break point the exit end of the 

bed will have reached this ta,p_ratura. Taking as a 

base of cacalation that Vie ,;e1 ut t:Lo exit end is in 

equilibrium with the exit air at th3t te-aperature, its 



water content is also read from the graphs. The average 

moisture content of the bed is taken as the average of 

the inlet and exit ends. 

EXAMPLE.  

Calculate the silica gel  charge required for 

dryine; 100 C1-7  of air at 80°F and 68A relative humidity 

(water vapor pressure 0.7" hg, dew point 68°F) in an 8 

hour adsorption cycle. Maximum humidity in outlet ir 

to be that corresponding to 18°F dewpoint (0.1° Hg), 

which corresponds to the removal of 6.5 grains of moisture 

per cubic foot of air feed. 

At the end, of the adsorption cdcle, the silica gel 

at the entrance will contain 32.6 water as read from the 

The gel at the exit end will attain the temperature 

of 80 plus 10 x 6.5 = 145°F. .tt that tc-aperr_Lture and for 

an 180F dewpoint, the gel will cont- i. 1.Eip adsorbed water. 

The average istare content of the gel is then 

(32.6+-1.6)/2 = 1Y.1, eater to be adsorbed in 8 hours 

is 100 x 60 x 8 x 6.5 / 7000 = 43.9 Lbs. ilica gel 

required is 43.9/.171 m 283 Lbs. Use l0;:,  more to com-

pensate for loss of capacity with use. 



ABSTRACT FROM REFERENCE NO. 11. 

L.C. Eagleton and H. Bliss 
Ch.-E. Progress 49, 543-548 (Oct.1953) 
"Drying of air in fixed beds." 

Experiments were performed on the drying of airr 

in fixed beds. The column diameter was 0.628" ID and 

the height of the bed varied from 0.16 to 1.75 feet. 

Conditions studied were the following: 

Adsorbents: Alumina, silica gel, "Florite". 

Granulation: .056" to .079" diameter 

.0675" aver . dia. or 10 mesh. 

Air rate: 33 to 520 Lbs/(Hr x Ft2) 

Moisture in inlet air: .001 to .01 libs H20/Lb air. 

Air temperature: 800F, 950F, 1100F. 

Operating conditions: Isothermal. 

The experiments were oontinued until the exit 

air had the same humidity as the inlet air. The authors 

calculated adsorption band widths defined as the weight 

of gas in the bed having humidities within arbitrarily 

chosen limits, such as c/co  from 0.1 to 0.8 They found 

that the band width (measured in mass units) varied with 

the air flow rate, the initial humidity co, and the ad-

sorbent used, but was independent of bed height. 

Equilibrium isotherms between ci and ql were sim-

plified and represented by straight lines intercepting 

the (11 axis at ot as shown in the fiure on the next page. 



Fig. 24. Equilibrium isotherm 
representation. 

The values of a' which should 

be independent of grain size 

are as follows: 

TAnLi, 11  

Values of A  

Temperature 800F 95°F 110°F 

Alumina .025 .022 .014 

Florite .020 

Silica .20 

The equation of an isotherm is: 

cil mg ( a -o() ci   (1) 
c o 

eater diffuses through two films in series, 

a gas film and a solid film, as expressed by the following 

two equations: 

pa) 24  kgb (0 - ci)  (2) 
a t x  

ksz) (qi- ci)   (3) 

These eauations lead, to the following solutions: 

If °D > °: 

Ln cp/co  in - coke 4_ kgSx i-2 - cso/op . . . (4) 

( c/co aV V 

If cp <c: 

Ln 1-(op/c0) r. - °Deo  tokey - kgbx - 2 00/01 

[ 

. • (5) 

1-(0/00) 1-(cD/co  aV V 



In these equations: 
o/ 

cp 2  a _ r 
kg6 

r = - ---- 
cs ksS 

kg 6 is obtained from equation (4) by rlotting In Woo) 

against y for low values of 0/00  and measuring the slope. 

aith this value of kg6, the slope of a plot of In (1-c/co ) 

against y (eq.5) gives op, thence r and ksb. 

hquations (4) and (5) are valid only for values 

of inlet humidities below .003 Lbs 7i20/Lb air. 

The values obtained for kg 6' were as follows: 

Alumina and Florite kg 61  = 9.3 G*55 

Silica gel kiel : 6.3 G'55 

For all three ksS1  .7.. 7.3 

To calculate the adsorbent charge required in a 

drier for inlet humidities below .003 Lbs 1120/Lb air 

it can be assumed that equilibrium is attained between 

the incoming air and 95A of the adsorbent in the bed. 

£40%.;LTIuN  

a = Capacity of solid in equilibrium with gas of 
concentration co , Lbs 1120/Lb solid. 

c = Concentration of water in air, Lbs 1120/Lb air. 

cp = Concentration in air at roint of discontinuity, 
Lbs H20/Lb air. 

ci = Concentration in air at gas-solid interface, 
Lbs H20/Lb air. 



co  = Inlet concentration, Lbs 3T20/Lb air. 

G u Air flow rate based on free bed cross-section, 
Lbs/(Hr x Ft2) 

k = Gas film transfer coefficient, Lbs adsorbed water  

(Hr x Ft2 ) x Lbs H2U  
Lb air 

ks = Solid film transfer coefficient,  Lbs adsorbed water  

(Hr x Ft2) x  Lbs H20 
Lb solid. 

• = Average concentration of adsorbate in solid 
particles, Lbs H20/Lb solid, 

qi = Concentration in solid at gas-solid interface, 
Lbs H20/Lb solid. 

r = -kgS/ks6 

S = Surface area of particles, Ft2/Lb solid. 

SI = Surface area for activated alumina, Ft2/Lb solid. 
Used with kg and ks  as follows: 

kgS kgS' for activated alumina. 

ksS = ksS' for activated alumina. 

kgS x S for alumina • kgS' for other adsorbent. 
S for other adsoAent 

k9S x S for alumina = ksS1  for other adsorbent. 
S for other adsorbent 

t = Time in hours. 

✓ : Air flow rate, Lbs/Hr. 

x weight of bed, Lbs. 

y = Vt mx, Lbs air downstream. 

Ce,  = Constant from table 11. 

m Bed voidage expressed as Lbs air/Lb adsorbent. 



VII - CONCLUSIONS  

After having se-rched the literature thoroughly, 

the author did not find, any integrated method of design 

that covers all points encountered in the design of an 

adsorber. The contribution that has been made here is 

the piecing together of all partia3 information into a 

comprehensive method that one can follow through to de-

sign an adsorber. 

The subject least treated in the literature is 

the reactivation heat duty and Ouration. In fact only 

Ilantell (14) gives a method of estimating the reactiva-

tioh time. Howevet, it was felt that a more detailed 

method should be evolved that would cover all cases. 

The three elements: adsorbent charge, adsorbed water, 

and amount of metal, which determine the het load, do 

not have equal importance in all cases. By examining 

the contribution of each element separately and establish-

ing its relative importance better judgement can be ex-

ercised in evaluating the duration of the reactivation 

period. 

Ledoux (4) gives a method for estimating the 

cooling time but does not take the shell into account, 

nor does he give a way of estimating the heat transfer 

coefficient. The author has proposcd a correction to 



the cooling time calculated by Ledoux's method to 

account for the presence of the metal shell. For the 

heat transfer coefficient, the author proposes using 

the Hougen and Watson method (13). 

Hougen and Marshall (1) give a method for deter-

mining the charge of adsorbent in a drier, but it applies 

only for silica gel under isothermal conditions. Amero, 

Moore, and Capell (2) give design information for gas 

driers using activated bauxite but do not give any details 

on the computation of the reactivation and cooling time 

which are major factors in adsorbr design. 

It was felt that a complete review of the litera-

ture was needed in order to extract from it what it con-

tains, and piece together all information into a complete 

correlated method of design. Where certain items wore 

found missing, the author did his best to supply a logic-

al and reasonable solution. 

The method proposed consists of the following 

steps: 

1. Determine the amount of moisture to be adsorbed per 

hour. 

2. Determine from the gas-moisture ratio, the nature of 

the adsorption. 

3. Chose the adsorbent and the time cycle. 



4. From the moisture to be adsorbed, the time cycle, 

and the nature of the adsorption, calculate the 

charge of adsorbent. 

5. Calculate the maximum allowable mass velocity by 

Ledoux's method, (page 13) , under adsorption and re-

activation conditions. 

6. Chose a bed diameter that satisfies the following two 

conditions: 

a) Keep the mass velocity below a specified fraction 

of the allowable maximum. 

b) keep the bed height to diameter ratio between 2 and 5. 

7. Set the vessel dimensions and calculate the weight of 

metal and insulation. 

8. Calculate the reactivation heat load, separating it into 

the three periods sug;:ested by the author. 

9. 13y trial tuul error determine the reactivation gas rate 

to coin-lete the rel:.ctivation within the allotted time. 

10. Determine the cooling load. 

11. Determine the cooling time. If the bed alone accounts 

for over 50 of the load, use the Ledoux method (pa7,cs 

34, 62-64). If the bed alone accounts for less than 

50s of the load, use the log mean rate method as deve-

loped by the author (pae 02). 

12. Calculate the pressure drop during adsorption and re- 
, 

activation using fig.1 on pave 5, taken from Amero, 

;,00re, and Capell (2). 



In order to briefly illustrate the procedure to be 

followed, a final numerical example will be given. 

PROBLEM NO. 4  

Design an adsorber to dry 5000 SCFM of 002, measured 

dry at 60°F aid 1-atm. The gas is at 300 2bIA and 80°F 

and saturated with water. it must be dried to negligible 

moisture content. Reactiv.ction is to be aceomplishcd with 

hot air at 1-atm. and 400°F. 

bolution. The flow is first corvertee to Lb-:“oles/lTr 

and Lbs/Hr basis: 

CO., flow 5000  x  60 x 492 x 14.7 = 37.3 Lb-.iiioles/Hr. 
359 x 540 x 300 

--fx- 37.3 x 44 1640 Lbs/Hr. -u, 

The moisture content is then calculated from the 

vapor pressure of water at 80°F, namely 0.507 281A: 

1120 flow = 37.3 x .507 = .0631 Lb-;.loles/Jr. 
300 - .50/ 

• 0631 x 18 = 1.14 Lbs/Yr. -v-  

A test is then made to detcrmine the nature of the 

adsorption (assuming no cooling coils used), whether iso- 

thermal or adiabatic. The heat liberated during adsorption 

can be taken as the latent heat of water or roughly 1000 BTU/Lb: 

neat liberated = 1.14 x 1000 = 1140 BTU/Ur. 

The test is then this: if all the heat goes into the dried 

gas, how much will its temperature increase? The specific 

heat of 002 being 0.21 LTU/(Lb x oF): 

At =  1140  - 3.3°F 
1640x.2). 



This being such a small rise, the adsorption can be con-

sidered isothermal. 

The adsorbent to be used is next chosen, and can be 

activated bauxite, activated alumina, or silica ,gel. The 

amount required in the adsorber will be greatest with baux-

ite, and least with silica gel. The choice is a matter of 

economics. The time cycle must also be chosen: 4, 8, 12 

or 24 hours, and is a matter of mana(ment policy. 

uppoae alumina of 1/4° to 8 mesh is chosen along 

with a 12-hour cycle. The amount of water to be adsorbed 

Der cycle is then: 

relater to be adsorbed = 12 x 1.14 r. 13.7 Lbs per cycle. 

The amount of adsorbent required to the break oint at a 

12,6 adsorption capacity (sec p. 14) is: 

Alumina required a 13.7 a 114 Lbs 
.12 57 plus 50%,  excess 

171 Lbs 

A 5W6 e7oess is used to compensate for loss of capacity 

with use and to cover design uncertailAties. The volume of 

the bed is then: 171/W a 34.2 Ft3. 
1 

The bed should have a ratio of height to diameter 

in the range of 2 -to 5. The diameter must be chosen 1.-,r -e 

enough to keep the velocity below the maxirium allow.tble 

during both adsorption and reactivation. Because of its 

simelicity the method of Ledoux is preferred in determining 

the maxim.km allowable velocity. Ledoux's formula is: 

Gmax  a 2640 VdgdaD 

The average particle diameter D for 1/4" to 8 mesh material is: 

= .25 -F.093 .0143 Ft. 2 x 12 



Fig. 25. 002  Drier. 

During adsorption: 

dg - 44 x 492x 300  = 2.28 Lbs/Ft3 
359 x 540 x 14.7 

Gmax  = 2640 2.28 x 50 x .0143 = 3370 Lbs/(Hr x Ft) 

luring reactivation: 

2,9 x 492 .0462 Lbs/Ft3 
dg - 359 x 860 

GMaX = 2640 V.0462 x 50 x .0143 = 480 liba/(gr x Ft2) 

ao far only the flow durin,?; adsorption is known, namely 

1640 Lbs/Hr of 002, and based on that figure, the minimum 

flow area is 1640/3370 = 0.486 Ft2, which corresponds to 

a diameter of 9-1/2". It would be advisable to stay at 

50 or less of the maximum velocity. This would be obtained 

in a 14" OD x 1/4" wall shell having a 0.995 Ft2 flow area. 

In such a shell the velocity during adsorption would be: 

G = 1640/.995 a 1650 Lbs/(11-rxFt2) or 49 of maximum. 

The bed depth would be 34.2/.995 mi 3.44 Ft. Allowing about 

a foot of free space at each end 

will give a shell length of 51-6". 

In the proposed adsorber the bed 

has a height to diameter ratio of 

3.44x12/13.5 = 3.06 which is with-

in the 2 to 5 range. 

A tentative design as shown 

in fig. 25 has been arrived at. It 

now remains to determine the react-

ivation air rate to complete the 

reactivation and cooling within 

12 hours and to check if the rate 



is below the maximum allowable. This air rate is found 

by trial and error. 

First the plateau temperature is located as explained 

in the text (pages 24-26), and is found to be 121°F. The 

reactivation is then divided into three periods and the 

corresponding heat duties calculated. The results are: 

1. Heat adsorber from ambient to 1210F Duty = 4,570 BTC 

2, Evaporate water at 1210F Duty = 14,000 BTU 

3. Heat adsorber from 121°F to 350°F Duty = 2b,800 BTI 

Try 250 Lbs/Hr as a reactivation air rate, equivalent 

to a mass velocity: 

Reactivation G • 250/.995: 252 Lbs/(Hr x Ft2) 

or 5216 of maximum allowable. 

A.th this air rate, the duration of each period is oUculated. 

First period. Method: Log mean tr-nsfer rate. 

qo  • 25U (.24)(400 - 80) 2. 19,200 B1U/Hr. 

of = 250 (.24)(400 -121) = 16,700 BTU/Hr 

qui. 19,200 - 16,700  a 17,200 BTU/Hr 

19
.20

2.3 Log 6,70(0 

Duration = 4,570/17,200 0.266 qr. 

6econd period. 

Duration = 14,000/16,700 = 0.839 Hr. 

Third period. 

If heating the bed were the greater part of the heat 

load, the Ledoux method would be used for the third. period. 

Irowever, in the present case, the bed accouhts for only 

9,800 BTU out of a total of 25,80U BTU. The log mean transfer 

rate method is indicated because it aprlies more correctly 



to the heating of a heat conductive body such as the 

adsorber shell. 

go  = 250 (.24)(400 - 121) m 16,700 BIU/Nr 

qt = 250 (.24)(400 -350) = 3,000 IsTU/Hr 

cilm= 16,700 - M(0)0  m 7,980 BTU/Hr 
2.3 .Log 16.700  

Duration = 25,800/7,980 m 3.24 Tios. 

The reactivation will then take: 

0.266+0.839+3.24 m 4.35 Hrs. 

0ooling.  

The cooling time is also preferably calculied by the 

log mean transfer rate method rather than the Ledoux me-

thod because the Ireater part of the cooling duty is for 

the vr;ssel. The duty to cool the adsorber from 3.500F to 

800F is 26,400 BTU of which 11,600 is for the bed alone. 

Using the same air flow as for the reactivation and taking 

700F as the air temper'ture: 

- 250 (.24)(35u - 70) m 16,800 IsTU/Hr 

cif = 250 (.24)(80 - 70) e 600 

glm : 16,800 - 60u m 4,860 BTU/Hr 
16.800 2.3 Log 60b  

Duration = 26,400/4,660 = 5.44 :Frs. 

The total time required for r%activ-Aion and cooling is 

4,35+5.44 = 9.79 Hrs which is within the 12 hours avail-

able. To complete the design informatioa the pressure drop 

is calculated using fig.1, and is found to be 0.11 J.J61 during 

adsorption and. 0.35 T'SI during reactivation. The design 

shown in fig. 25 should thus be satisfactory. 
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