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I - INIRODUCUICL

Moisture can be removed from gases by passing
them through beds of activated alumina, activated
baurite ("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 zas 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 witn a current of
hot gas, thereby evaporating the adsorbed moisture and
entraining it away. Thirs is t! . reverse process or
"desorption™. After cooling, the bed is ready for

another eycle of adsorption.

For the continuous drying of a masg, two beds
are necessary: while one is adsorbing moisture from
the gas, the other is being reactivated. By alterrna-
ting from one to the other in regular cyecl: s, such s
4, 8, or 12 hours, a continuous supply of dry g-= ls

obtainadble,

In a well designed adsorber installation, the
time required for reactivation and cooling will be equal
to 1’ e dur tion of the adsorption period. This is sc-

ecom~lis™: 3 by chosing the proper resctivation gas rate

and temperature,
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Il - §00Fs

It has been the purprose of the author to gather
whet infornetion is to be found in the litersture, to
examine it oritically, and then assemble it in usable
form for Jdesign 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, Choue the adsorbent.

2. Calculate the charge required.

9. Fix the bed and vessel dlmensions.

4, g~lculate the prescure drop through the bed during
adsorption and resctivation,

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

6, Chose the proper resctivation gas rate.

7. Caleculate the time required for reactivation and
cooling.

8. Caleulate the reactivation heat losd.
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III - DrsIGH CALCULATIONS

the subject matter of design has been divided

into the following parts:

A, PREDJOURE DROP.

B, MAXILUM FLOW RaT™S.

Co ISOL TRiUSAL ADLURPTIOIH,
D, ADIABATIC ADSORPLIOL.
Lo H. alTIVATIOL.

¥, COCGLI. G.

Under each heading, the various methods found
in the literature are given, compared, and analysed.
Some original idess have been presented in parts E

and F.

A, PHISOURE 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:
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Amero, loore, and Capell (2), present a graph of
the frietion factor "f" as a function of the Rey-
nolds number which is reproduccd on page 5. The
Reynolds number is based on the average particle
diameter. Use 1s made of the Fanning equation.
ihisg method is illustrated in part B "daximum
flow rates™, and in section IV "Illustrative

problems”, lics. 1 & 2,

Brown and Associstes (12), zive the method of

Katz. This method is complicated but very generanl.

Hougen and #Watson (13}, present s general method

bagsed on the Fanning equation,

lantell (14), gives graphs of pressure drop azainst
flow for alr through activated alumina and silics

gel, but only for atmospheric pressure and temperature,
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. DaXIalUil FLO« RATES

A gas flowing upward throush an adsorbent bed
will entrain particles and cause fluidlgation if the
veloeity 1s excessive. It is important to know at
what veloclity these effects occur. For downward flow,
the only disadvantaze of too hisgh a velocity is an

excessive presgsure drop.

1. LEVA'S K UATIOIL

iAn eguation from Leva, seintraudb, and Grummer
(17), gives the veloeity required for minimum fluid-

ization, and is as follows:

G‘?nf = Dp 80 (O5-0¢) Ems
2E N (1= Egg) >
where Gmf = Mass velocity required for minimum
fluidization, Lbs/(r x Ft2), based on
cross-sectional area of empty vessel,
Dp = Composite particle diameter, ¥t.

g, = OGravitational constant, 4.18x108 ¥t/{p)®
Fluid density, 1bs/Fid

D
1]

Solid density, Lbs/Ft°

w
L

€ ® Minimum voidage in a bed of solids at
which fluidization starts, dimensionless.
This is a funetion of the particle dia~

meter and material, and is read from £ig.3
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iodified friection factor, dimensionless,

-
]

read from fig. 2
A = PYarticle shape factor, dimensionless,

given by: A = « 205 A
VZIE

A = surface area of a particle, Ft2.

Volume of a particle, Ft3.

i

n z State of flow fasetor, dimensionless,

read from fiz. 2 ingert.

i

M Fluid viscosity, Lbs/(Hr x Ft)

The calculation of the maximum rate at which ailr
could be sent upward through a desiccant bed wa:z un-
dertaken., The air was taken at atmospheric pressure
and 68%°F, when M = ,0436 Lbs/(¥r x Ft) and Pg = 075
Lbs/Ft®, The desiccant was taken as slumina of various
mesh sizes, from 2-4 mesh to 16-20 mesh. Uhe density
of the solid, Ps, was understood to mean the apparent
density, which is the average density of the so0lid and
its internsal pores. %This was taken as 100 Lbs/Ftd after
referring to Hantell (Ref. 14, p.75).

The value of A , the shape factor, was taken
a8 l.6 the same as used for coal by Leva and co-workers.
The value mfémfwas taken as congtunt at 0.5 throughout

the range of mesh sizes under consideration. This is



bPage 9

in agreement with fig. 3, although the coarser particles

have dlameters outside the range of this figure.

The results are tabulated below and rlotted in
fig. 4.
TABLE 1
FLUIDIZATION VFLOCITY BY LxVA'S EGUATICH

liegh I}P f?fr. f n ngf v
Ft M — Ft/sec

=4 0219 725. 1.3 1,935 1,450 5,44

4-8 01092 230. 1.6 1.86 220 5 .40

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

12«16 .00383( 33.8 A7 1.35 384 1.42

16-20 00301 19.2 5.8 1,15 278 1.03
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2+ PRESUURE DROP METOD

It is known that fluidization starts when the
preggure drop of the fluid through the bed equals
the weizht of the bed per unit area (See Brown &
Associates, ref. 12 p.269), Using fig. 1 for the
friction faector, the air velocity required to cause
fluidization of alumina was calculated, The method
is illustrated in the fHllowing caleoulation of the
velooity required to start fluldization of 4-8 mesh

alumine.,

AP = 50 = 50 Lbs/Ft2 per foot of bed height.

Dp = JUU091 from fig, 1

W = VF y where V ig the velocity in Ft/Seo,

| = 075 ¥

M = L0181 x .000672 = 1.215 x 105 Lbs/(Hr x Ft%)
Re = Dp& = 091 % 075 xV = 56,2V

yz 1.215 x 1079

Ay = 50 = 22 (0752 V0 - 512 £ V2

L +0091 (32.2)(.075)

or V% =



Page 12

Proceeding by trial and error, values of f are tried
in the last eyuation, and a veloeity obtaincd. ‘dhe

Reynolds number 1s then ealculated for that velooity,
and the value of £ corresponding is read from fig. 1

It should agree with the vulue tricd.

‘.E'I‘y f - 9.5
V2 = 97,5 = 10.27
5.5

V = 3.20 Ft/Sec,
Re = 56.2 x 3,20 = 180
b o = 905 on fig. lo

Thus a veloecity of 3,20 Ft/vee. will st .t
fluidization. Other values for differcnt mesh sizes
are listed in the table below and nlottied in fig. 4.

Tadbe 2
PLUIDIZATTIG: Voo O0CINY
BY PHuboUde LROP Mo HOD

Aluming liesh Velocity
Size Ft/sec,
2"'4 4.20
4-8 3420

8"‘16 1040
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3 HMEIVTOD QF LuDOUX

Ledoux (18), zives the following formula for
ealeulating the maximum allowable velocity through

an adsorbent bed:

G2 = L0167 a dimensionless coustunt,
dgdaD8
where:
G = Laximam sllowable mass velocity, Lbs/{Hr x Ft%)
dg = Fluid density, Lbs/Ftd
d& =z Bulk density of the adsorbent bed, Lba/Ft3
D = Average particle diameter, Ft.
g = Gravitational constent = 4,17 x 10% Ft/ur?

Using the units listed above, the formula

reduces to:

¢ = 2,640 \dzd,D

Results obtained for air at 68%°F and 1 atm.
and alumina are gilven in the toble below ard plotted
in fig. 4.

TABLL 3

AAXTIUM ALLIOWABLL ViLOCITY
BY LLDOUX MLTIOD

Alulnina Yesh Veloecity
Size Ft/5ee.
2“‘4 2.81
4-8 1.98
8~12 1.39
12-16 1.17
16-20 1.04
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Co IuOWiliidend alobunid 10K

Under this heading, the amount of adsorbent to
use in an adsorber shall be indicuted. <Lhe basle Tigure
is the adsorbed water content of the bed at the bdreak
point, expressed as a percentage of the welght of the -
bed in its freshly reactivated condition, It should
be noted that adsorbents lose a portion of their ad-
sorptive ¢apacity with use, and a praeticeal figurc
for desisn eapacity should take that faet into con-

sideration.

In order to have igr  ermal adsorption, the
bed must centalin cooling coils to absorb the heat
liberated « For high pressures, however, the gas
itself serves to carry the heat awsy, so that cone
ditions can be considered isothcrmal. This was done

in illustrative problem Ho. 2.

e ACWIVAT-D ALULINA

a. iantell (14), in a table listing the properties
of alumina gives the capacity as 12 to 142 water

adsorbed at the breck vpoint.

b, Aluminum Co. of America (16) gives a capneity of

12% water adsorbed at the brocak point.
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¢. zagleton and bliss (11) rerort on the adsorption

of water from sir of low humidities. They find
that in that region, = 3 Lb Hg0/Lb air, the
canpacity is very nearly that corresponding to
gsaturation of the adsorbent under inlct ailr con-
ditions. {Qurves are presentcd giviug the partial
pressure of water over sdsorbents, plottcd ageinst
water adsorbed. Thus the ecapscity varics with the
moisture content of the inlet gas. They f£ind that
in an adsorber the capacity reaches 95% of the
equilibrium value corresponding to the moisture

in the inlet gas,

Using their equilidbrium curve for alumina

at 80°F, the following eavacities are obtained:

TaBLy 4
CAPACIRY OF ALUNIINA I LOW TULIDITY REGION

Hamidity of inconming

alr, Lbs Hs0/Lb air 001 002 L0
Yartiel pressure of Hgo . . .

dater content of bed at
eguilibrivm, weizht #» 3.6 5.0 5.8

Capaeity of bed, % of
reactivated weight 3.42 4,74 5.5
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SILICA il

2

Toupzen and Jatson (13), present a mettod for deter-
mining the depth of bed recuired. This method is
illustrated in problem 0. 2 and is bricfly as
follows:

The diameter of the bed is chosen and the
corresponding mass velocity caloulated, The Key-
nolds number is caleulated, and from it, using a
formula given for silics gel, the hedisht of a
mags transfer unit is ealouluted. Then, from the
inlet moisture eontent of the gos, the maximum
humidity alloweble in the outlet strcam, nnd the
durntion of the adsorption eyele, the totnl number
of transfer units reguired is road on & graph.
Knowing the height of onc unit, the bed depth can

be ealeculated.

Lagleton and Bliss (11), report on the capacity of
adsorbents at low imlet air hamiditics. ..ccording
to these authors, if the humidity of the inlet alr
stream 1s € .003 Lbe TG /LY, alr, 955 of the equil-
ibrium capacity of the bed is reached. Usine their
equilibrium curve at 809F for siliea sel, the fol-

lowing capacities arc obtained.
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CaravIiY UF SILICL GVL I LO. TTUIDILY Howila

fumidity of inecoming
alr, Lbs I20/Lb eir

Partial pressure of Hgﬂ
vapor, mm Hg

Watcor eontent of bed at
equilibrium, weizht #

Capaclity of bed, % of
reactivated welght

3.8

002
2,45
7.0

6,65

003
%.66
9.2

8,84

48 a matter of interest, the eguilibrium

capacity of siliea gel at 80%F obtained from other

sources is listcecd below.

1aiLle 6

EUILIBRIUN DATA AT 80OF

SILICA GEL ~ LOISY AIR

Homidity of air
Lbs Ho0/Lb air

Partisl pressure of g0
vanor, mm Hg

Jater content of gel, 4
of rcactivated weisht
Source:

tagleton & Eliss (11)

Hubard (10)

Hougen & Marshall
formula (13)

001

4.0

2.56

002

2e4b

7.0
6.2
5.14

003

3.66




rFuage 18

3, FLURITL

fhis is the trade name for an sctivated bauxite,
and the adsorption eapscity for woater vapor reportcd

in the literature is as follows:

8. amero, ..oore, and Capell (2), rccommend usiug &» of
the weight of the resctivated bed, as the udsorption

capacity for design purposcs.

b, liantell (14), reports on the experimental results of
Deschner et al. For new Florite, the amouxnt of water
adsorbed up to the break point was 5.61 and 6.254# of
the weight of the bed, ag obtrined in two different

tests,
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Ve Aﬁ;&.ﬁn‘& L0 ADOnILIOH

an sdsorber that is insulasted and that does not
contein any meens of coolinz the bed during adsorption
operates adliabatically. It is general practice to cover
adsorbers with a layer of insulation to conserve heat
during the reactivation period. The bed heats up during
adgorption of water vapor, and the dried gas leaves atb

a higher temperature than it enters.

The capaclity of various adsorbents opersting
under adiabatic conditions as found in the literature

is discussed below.

l. ACLIVALSD ALUIITEA

&. Rathmell and Bateman (8), give the results of tests
performed on the adiabatie drying of air through asot-
ivated slumina at atmosrherie¢ pressure. Their work is
summariged in two grarhs which cover the following

conditions: (¥he graphs =zre reproduced on page 78.)

Tomidity of incoming air:
L0565 to 010 Lbs I';0/Lb air
o8% to0  69.3% Relative humidity at 68°F
38°F to 57°F  Dew point.
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Humidity of outlet air:
L0002  to L0005  Lbs Ho0/Lb wnir
1.,40% to 3.49% Relative humidity at 68°F
-259F to ~9°F Dew noint.

1

Contact time: to 2 % Seconds.,

I

These contact timeg sre rather short, and
for the lonzer times eurrently uscd it would be con-
servative practice to use the capacity sgiven at
3% seconds., 1he ganacity rasnges from 1.4 to 10%

o

on the authors' cuves.

Derr (19), rerorts a t-st on the adiabatic drying of
alr of rather hizh moisture content at atsmospheric
pressure throush activated alumina. The data from
this test can serve as a basis for dcsign and has
been s0 uscd for illustrative problem iio. 1.

Derr's conditions and results were the following:

Humidity of incoming air:
0178  Lbs Hg0/Lb air
95.9¢ Relative humidity at 759F
73.8%F Dew point,
Humidity of exit air: Practieally nil,.
Contact time: 13.9 Seconds
water adsorbed at broak oint: 4.75%

Temperaturc of exit air at brcak neint: 2129F
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SILICA Gul

Blanchard (9), revorts results ol experinents on
the adsorption of water varor from alr under at-
mospherie pressure and adiasbatic conditions. The
obgervations are sum:arized in o graph, rerroduced
on page 83, which gives the acsorbed water content
of thc zel at the break point as a funetlon of the
inlet air temperature and relative humidity. %1l.¢
temperature of the exit nir at the breszk roint can
alsc be read from the graph. The conditions of the

teats wvere the following:

Depth of bed 850 em or 1.64 feet,

Alr velocity 23.5 cem/sece or 0,77 Ft/Seec.

Auxiliary graphs, revroduced on page 84, 2ive the
corrections to use for the adsorbent capacity for

conditions other than those of the tests.

fubard (10), proposcs a method for ealeiilating the

adsorbent capaeity. The method is also given in
fantell (14), ond is the following:

At the end of the adsorption aycle, t.e go
at the air entrance is very nearly in equilibrium with
the incoming air, since the contaet has lastcd the

duration of the adsorbing cycle, ordinarily eisht



hours. At the exit air end of the bed, the moisture in
the air will be the maximum allowable. This humidity
corresronds to a certain molsture content in the =zel.
If it is admitted that equilibrium is attained =lso at
this end of the bed, the moisture content could be road
on the authort's equilibrium curve provided the tempera-
ture is known. This tempersture ean be enlculated by
taking a rise of 10°F for each grain of moisture rimoved
from a cuble foot of inooming air,

Knowing the adsorbzsd wnter content of the bed
at the two ends, the mean content is ealeculated and used
as a basis for ealoculating the amount of adsorbent recuired.

This method is illustrated in rroblem Lo. &

this method resting on broad simplifying agsumptions
ghould be used with caution.. Under the hi-h inlcet humid~
ity conditions of problem Lo. 3 ( pazes B3-56), it glves

an adsorption capacity which appears much too high,



bage 23

Lo REAGTIVATION

It is necessary to know the heat required as well
as thc time required for reactivation. The hisgher the
tenperature of the reactivation zgas, the shorter will be
the reactivation period. The temper-turc which must be
attained by the adsorbent at the end of the reactivation

reriod is as follows:

Alumina 350 to 600YF
Florite 350 to 5009F
Silies gel 300 to 3509

The renctivation must be done countercurrent to
the adsorption: 1f the flow of gas was downward during
adsorption, it must be upward during reactivation., The
reactivating gas enters the bed at a fixed temperature

te and leaves at a variable

t emperature t, cold at first t. ENTERING GAS
but graduslly getting hetter & g ] SO —
until it attains the desired & o :
> 2
5 oo iy e - %
Tinsl temperuture tee The < g EXIT GAS )
t ime~temperuture curve of the & = l i *
< ) | & '~ i
exit reactivation gas always [P ¥ ﬁmgﬂT&,mmgxwmﬂ¢waﬂ

exhibits a plateaun, as shown TIME @

Flg.5 Time-temperature curve

in fig, 5. This plateau during reactivation.
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@octurs dnring the evaporation of the adsorbed water.

It $s useful to divide the reactivation into
three periods: before the p;ateau, the plateasu, after
~the nlateau, and to study each period separately.
wince the plcteau has to be located at the start, it

is nceessary to calculatc the second period first.

SECUND PERIOD: ITE ~LAToAU

The adsorbed water is eveprorated at the constant
temperature tj. The following sketch, fig. 6, illus~
trates the arrangement to be considered. Alr is used
in the example, and for another gas it would be neccssary
to substitute the proper values of specific heat and

molecular weight.

1 ib alr
t( Voo T :‘{.,;0
[ et 4 o 4
e P
Heating - 74 adsorber
medium ey —
1 Lb air . L4 Le L
wo Lb Hg0 {
o E |t
> Heater
Blower

Fig. 6. Reactivation during constant temperature period.
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Let w = Wumidity of the air, Lbs HgOlLb air.
P

A

subseript o for entering oir.

Vapor prescure of water, mm Hg.

Latent heat of vavorizstion of water, BIU/LD.

subseript 1 for air lesving.

The air lcaves the apparatus at tcmperature
t1, the plateau temperature. This ftemperature is obtained
by trial and error and checked by he»t balance, The
Ziven values are t, and wy. The heat balance 1is calculated
as follows:

Heat required = 43 = A{wy = wo) BIU/Lb air

"

Heat available = g, («24 + .45 wy)(ty~t1) BIU/LD air

Heat balance: 4 = 4y

A value of tl is chosen, and the corresvonding values
for Py and >w are read in s steam toble. The outlet

humidity wy 1s then calculated by the following fornula:

n

W] = 18 Pl «62 1
R 760 - Pl) 760 = Py

The heat reguireﬁ,ql, and the heat available Qg are

calculated and must be egual.

shen the value of tl whieh satisfies the heat
balance has been found, the time required for the ssceond

periocd can be caleulated as follows:



Fage 26

Let Adsorbed water, Lbs.

s
e
t

4 = GHeactivation gas rate, Lbs/'r.
@ g Heat to be transferred during the
second nperiod, BIU.
¢ = Ueat transfer rate, BIU/Mr
Then g = ‘ﬁex‘ BYU

O = 4gy BIU/HD

w/q4 Hr = Durstion of second period.

4]

FIRST PEalUD: HLAT DULY

uring this reriod the bed and vessel are heated
from smbiant temperature t, to the +lateaun temper~ture
t1. The heat to be transferred 1s composed of the

Tollowing parts:

1 ) Teat d, Lbs of adsorbent WgCalty - %,)
la) Weat o Lbs of adsorbed water Wa8elty - t,.)
2 ) Teat Jig Lbs of stecl Hgglty = t,)
2 ) Meat W, Lbs of insulation WaCalty = t4)72

4 ) Teat losses throuzh insulation  Negligidle

ATIRD £0xlUD: Heal DUTY

Neating the adsorbent and vessel fronm the plateau
tenmpersture t; to the final temperature t, reguires the
following heat guantities:
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1) Meat 44 Lbs of adsorbent ig8alts = t3)
2) Heat ag Lbs of steel igeg(ty = t31)
3) Neat u, Lbs of lnsulation Wgtelts - )72

4) 'leat losses through the insulation:

a) Cylindriecal part:
% 2w L Cts -ta) BTU /He

[ -
7 r, 2
23 by, (5) +

hevy

b) Throush the two ends together:

T e 5 (ts-ta) BT /Hr
L+ %
he
ihe followling symbols are used:
k =  Thermal conductivity of the insulstion ﬁTg
ir x PtxOF
Ft

1 = Lenzsth of adsorber, Ft.

2
[41]
3]

Average temperrture of the steel wall durins
the period.

t;, = Anmbiant temperature OF

rs = xternal radias of the insulation, Ft.
ry = Internal radius of the insuletion, Ft.
hy = Total heat transfer coefficlent, convection and
radiastion combined, BTU
Tir x FtoxOF

Yake hy = 1.5

2 .= osurface arca of the two ends of the adsorber
together, Fil

b
it

fhicknesc of the insulation, ¥t.
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PIRST oD $HIRD PoialUDo: iUAaL TG,

During the first and third rneriods the temperature
of the bed is on the increase and three methods are avail-
able to ealeulate the required time. These methods are:

L, Zethod of Ledoux.

2. ilethod of arithmetic mean transfer.

3. llethod of logarithmie mean transfer.

In the order named, these methods give prosressively longer
times of transfer for the third period. Yhe method of Ledoux
should give the best answer for the third reriod. This
method is not aprlicable for the first reriod because
a2t the end of that periocd an even temperature throughout
the bed has been postulated. Ledoux's method applies obhly
when there is s temper«ture gradient from one end of the
bed to the other at the end of tvhe process, .ethod 3.

should be used for the first reriod.

1. 301700 UF LeDOUX

ihis method is given in reference fio. 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 1s first esleulated by the method of Youzen and

;atson, reference L0.13, paze 985, This will be the
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goefricient per unit srea of the particles, and by mul-
tiplying by the surface area per unit volume for the

particulnr adsorbent used, the coefficient per unit

volume is obtained.

The fellowing symbols,
illustrated in fig. 7 are to
be used:

t,= lemperature of the reactivating
gas8 a8 it enters the hed,

ti= the uniform temperature of the
bed at the start of the heating
period.

t'= Yemperature of the bed, at the
reactivating gas exit, after
heating time ©

© = Heating time in hours since the
start of the heating period.

t (at time ©)

g
Ay
Y

TN t'(at time )
I
//’x

A YN

s

h
o

2 /]

.._1__‘3554 at start)

%\

‘Tto(canstamt)

Reactivating
Gas

Fig.7. Yemperatures durlng
renctivation.

The dimensionless tenrerature of the bed, T' is

defincd as follows:

T = g = t?

h ©
°e

?c“ t&
Two groups are then formed (dimensionless):
X = hx and ® =
cp &
where:

h = Yeat transfer coefficient from gas to bed per unit

volume of bed, BYU

Tr x F$%x °F

X = DBed depth, Fi

¢ = opcelfic heat of the reactivating zas at constant

P pRESSUre, BTY

Tb x OF

-t



Page 30

"
n

Hass veloecity of the resctivating gas Lb
; Tr x Fi2

[e]
]

speeific hent of the bed, B1U
b x 9%

€ = Density of the bed, Lbs/ ¥td

X is first eslculated. 0
The corresponding value of @ g
is resad on Ledoux's graphs,
for the required 1', as shown
in fig. 8 for X = 20. The e /,/f 1o
heating time is then c¢alcula- )

Figz.8,., Method of reading

ted by: Ledoux graphs.

0 = B¢ ok

It is to be noted that the time thus obtuincd is
for the bed only and not for the container. In order to
compensate for the heat transferred to the vessel, to the
ingulation, and lost to the surroundings, it is pronosed
that the time obtained be corrected for the toteal duty
ag follows:

x Total dut
Duty for heating bed alone

©

Qﬁnu_z Bep
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2, #LUT0D OF ARITHMATIC MiaN YH..SFER

This method consists in evaluating the hest transfer

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

heatins period, and taking the arithmetic mean,

“he reactivating gas entors the bed at constant

tem~ernture
The rate of

g

where A

be the game

4
How if  t§

and t*

The rate of

9

The rate of

g

to and leaves at variable temperature t.
heat transfer st sny momcnt is zliven by:

= A cp (tg = 1)

= Rate of flow of reactivatinzg gas, Lbs/lr.

If the exit gas temperature 1s assumed to

as the bed temperature at the exit end, then:

= A 6y (te - t')

= Uniform tenpcranture of the bed a2t t*e stort.

= Deslred temperature of the bed at the exit
end at the end of the heating period.

heat Iransfer at the stnrt ia:
= A Gp {to = té)
heat transfer at the end is:

The arithmetie mean rate of hest transfer isz:

Q.am= qo'f"g.f

Knowing the

2
total heat to be transferred «, and the mean

rate of trangfer Qgm® the required time can be ealeulated:

o

=
4am
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3. MET 0D OF LUGARITHMIC MuAN TRANSFR

“he reactivaeting gas enters the bed at constant
temgeratare to' and leaves at variable temperature t.
If t' represents the mean temperanture of the bed, and
if it assumed that the gas leaves also at that tempera-
ture, the heat balance is as follows:

Hent lost by the gas:
- { - )
qa = %% = A Cp (tg - t') BIU/Ur (1)

where A = Rate of flow of reactivating gzas, Lbs/lr.
The heat gained by the bed is:

dd = fy 6y dt?
where d;, = ieight of bed, Lbs.

6g = Jpecific heat of the bed, BTU
x OF

Substituting for 44 in equation (1):

g = Wp Gy 4t' = A Sp (t, - t7)
4o
from which:
d© = g eg . ate
i ey (to~ t')

Integrating between the limits of td and t' for the bed:

& = g ey j,n,‘t""t:’) = g 65 1n(1l/7")
A Cp

- '
(tc t') A Gp



Taking the lozarithmic mean rate of heat transfer from

the zas to the bed leads to the some result:

9 = A op (89 = £§) BIU/Hr at the start
g¢g = 4 cp (tg - t') BIU/Hr at the end

The logarithmio mean rate is:

Um = Yo =~ 4 = 4 Oy t! - tgrr BIU/Hr
in Qo In ta" to
gf to- 11

The heat transmitted is:

« = g 6y (t' - to)  BIU

The required heating ftime is therefore:

(8 = -—i—- = “a c& in to"’ t = *’Ja aa lm(l/T’)

Lin A o to- t4 i o

b
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F. CUULING

After the resctivation, the ved must be cooled
from teaperature t; to tenperature t', a few degzrees
above the tcmperature of the coolant gas, to. The heat

to be removed is composed of three parts:

1) Cool Wy Lbs of adsorbent ﬁaca(t; -t')
2) Cool Wy Lbs of stcel #acs(té - t')
3) Cool Wg Lbs of insulation igte(td = t')/2

The eooling time ¢an be obtained by lLedoux's

*;The coefficient of heat transfer is obtained

method.
by using the method shown in Hougen and .atson, refer-
ence No., 13, page 985, This coefficient ig then trans-
formed to volume basis by multiplying it by the number .
of squarc feet of surface area 1n a cubiec foot of ad~
gsorbent. For this value, see the same reference page
1085,

The cooling time so calcoulated is for cooling the
bed alone. In order to compensate for the cooling of
the vessel and insulation, the following formule is pro-
posed:

x Total heat
Heat reomoved from bed alone

s ©
ToTAL BED

see reference Ho. 4 abstruacted on pages 62-64
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1V - ILLUSIgAL IV PsUBLELS

- PROBLy. 0. 1 =

It is desired to dry 1000 SCF.” of air, measured
dry at 60°F and 1 atm. %he air is at atmospheric pres-
sure and 80°F and has a relative humidity of 70%. The
dried air must have a dew point below -60%F, Using
2-4 mesh slumina and an 8 hour periocd for adsorption,
degizgn an adsorber to operate adiabatically. For reasctiv-
ation hot air is available at 4G0°F. Find the adsorbent
charge, the veassel dimensions, the reaectivation air fleow,
the pressure drop during adsorption and during reactiva-

tion, and the resctivation heat load.

PrrbLIsINGRY C L LOULALIONS

DY ali FLOW:

By welght 1000 x 492 x 29 x 60 = 4,600 Lbs/Hr.

520 x 359
By wvolume 1000 x 540 = 17.30 CES (&80°F, 1 atm)
60 x B90

aALii %0 Bi ADSCabiD:

Inlet moisturCesesseonnsosncre 154 Lbs TEZO/Lb dl'y air

Maximum exit moisture....ssees  oU0002 Lbs Hp0/Lb dary air
(4t end of adsorbing eyecle)

Jater to bc adsorbed 4,600 x 0154 = 70.8 Lbs/llr
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SULUTION
BASIS:
Adsorbent: 2 to 4 mesh activated alumina
Conditions: Adlabatioc
Adsorbing cyele: 8 ‘lours

Reactivating and cooling cyele: B lours

ADSURBUNT CHARGE

BasIy:

Adiabetic adsorption experiments of Derr, ref. 1o.l1°
Break point obtained: .0476 Lbs Hg0/Lb alumina.
Inlet moisture: .0178 Lbs Hg0/Lb air.

Inlet air temperature: 75°F,

Pregsure: 1 atmosphere.

Our conditions are nesrly the same except for our
inlet molisture which iz 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 bresk point should then be about
+050 Lbs Y20/Lb alumine for our conditions,

Water to be adsorbed per cycle 70.8 x 8 = 566 Lbs.

Required adsorbent charge 566/7.050 = 11,320 Lbs
Plus 20% excess ® 2,264

13,584 Lbs.

Say 13,600 Lbs.
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ADSURBER
DI HSIORS:

Bagis: Ratlo of height to diameter to lie bBetween
2 and 5 (aAmero, reference idpg. 2)

Volume of adsorbent: 13,600/50 = 272 Ftd
Dismeter: 5'-~0"

Cross-sectionsl area: 19.62 Ft&2
(fhis croass-sectional arca must
be chosen in regards to pressure
drop during adsorpitlon and re- T
activation, and to maximun allow-
able wvelocity during reactivation.
These have been calculated at the

13600 Lbs
2-4 mesh
aluninsa

E
3

end of the problem.) f.’}f:'/
r 7
Helght of bed: 272/19.62 = 13.88 ¥t e i ¥ /’0’4
V3 27/
Height of adsorber: 20'-0" E; w 72l

NN
N
\

ARIGHT CF STERL:

AMONAARRK
\Qﬁ
N
N

N
N
NN

Baagis; 1/4Y yall thickness

Cylinder: 5 x 7T x 20 = 314 Pt°

¥nds: 2 x 19.6 = 39 53021
oD

382 ¥ige 9. adsorber for
Weight: 353 x 10.2 = 3,600 Lbs, provlem 1.

WEIGHT OF INSULATION:

Baldwin-Hill Co, rockwool felt.

Density: 8 Lbs/Ft2

Thermal conductivity: .025 BTU/(Ilr x Ft x OF)

Specific heat: .24 BTU/(Lb x °F)

Thicknesg: 20

Cylinter: 20 x I [(5.35)% - (5.00)2 ] « 55.4 Ft3

Ends: 2x 2 x W (5.33)% = 7,44
I 1

——————crue——

60 .8

Weight: 60.8 x 8 ® 486 Lbs.
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REACTIVALION

BASIS:
Reactivating fluid: Air at atmospheric pressurec and 400°F.
Rate of flow: 6500 Lbs/Hr

This rate is arrived at by trial and error to gzive

s duration within 8 hours for reactivating and cooling.

DETLRLINAYION OF S'c iLATLAU:

Given tg = 4009F

Wy = L0154 Ldbs HgU/Lb alr
Try t7 = 121°F (The platean)
Then Py =  89.8 mm Hg

Al = 1,024 BTU/LD

Wy 62 P1  F _.62 x 89,8 = .0851 Lbs HzU/Lb air
T60 - 17 760 - 89,8

1]

Heat required g =X (wi-w,) = 1024(.0831-.0154) * 693 BIU/Lb air
Heat avallable qp = (.24 + .45ws) (% ~ $31)

|24+ (251 C0250) | (400 - 120)

688 BIU/Lb dry air

#

The nlateau is 1219F to the nearest de rree.

H sl DUTY:

First period: Heating adsorber from SO09F to to 121°F.

1) Alumina 13,600 (.25)(121 - 80) = 139,300 BTU
la) asdsorbed wster 566 ( 1 ) (121 - 80) = 23,200
2 ) oteel 5,600(,113)(121 - 80) = 16,700
3) Iasulation 486 (.24)(121 - 8u)/2 = 2,39

4 ) Losses ~ezligible

181,590 BIU
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Scoond peried: Lvaporation of water st 1219F.

Heat duty ® 566 x 1024 = 580,000 BIU

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

1) alunmins 13,600 (.28)(360 - 121} = 778,000 BIU
2) Steel 3,600(.1133(350 -~ 121) & 95,100
3) Insulation 486 (.,24)(350 - 121)/2 = 13,300

]

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

904,100 BIU

Logses: Ambiant tcmpersture 80°F
Mean temperature of steel 350 + 121 = 236°F
4o = Qb x 2 x WigAZO {236 ~ 8C) = 6,91¢C BTU/Br
2.5 log 2+067 L 025
m «DX2.66

T » _
Gy ® +025 x "g—(5.33)% x 2(236-80)

= 978
P + EE]
12 1.5
7,088
Say 7,900 BIU/Mr

sstimating 2.5 hours for the third period:
Lossegs ® 2,5 x 7,300 = 19,700 BTU
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VURAXIOH UF FIRSI PLRIOD

Method of logarithmic mean transfer.
lieat transfer rate at start:

Qo = &4 oy (to=t5) = 6500 x .24 (40U=w0) = 499,600 BIU/Hr
Heat transfer rate al end:

Ay = 4 ep (tp=1') = 6500 x .24 (400-121)% 455,000 BIU/Hr
swenn trangTer rate:

Q1pm® 499,000 = 435,500 = 467,000 bIU/Hr

>3 loo 499,000
Bed 108 5i 500

Iuration:

@ = 181,600 = 0.388 our,

467,000

DURALIU OF 5sC0KD Y. RIGD

Heat transfer rote:
g = 6500 x .24 (400 - 121) = 435,000 BiU/Tr
Turstion:

© = 580,000 = 1.35 ours
Z@Efﬁﬁﬁ

DURALICH OF 411D r ndllD

wethod of Ledoux.
Caleulation of heat transfer coefficient by method of
Hougen and .atson,

G = 6500 = 332 Lbs/{Ur x Ft9)
15.65

Viceosity of air for the ranze 809-400°%F .618-2.025 = .0215 op.

F. = 0216 x 2,42 * 058 Lw/('r x )
D * 022 Ft for 2-4 mesh meterial (nef. 13, 1. 1085)
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Ae = DG * L0222 x 332 = 140
fL 1052
= = 95 = .157
p ° L35, 7LD
(Re) (140)
I}r -

QEI‘* = 74 for air

n, = dn @ eg 2,157 x 332 x .24 ® 15.3 BTU/(HriFt °x°F)
(rr)? (e74) 23
15.3 x 117 = 1790 BIU/(ilr xFt © x °F)

i

X 5 _hx ® 1790 x 13.9 = 312
¢y, G 24 X 552
Pt oz 4. -t = 400 - 3BQ = .179
= he * 1790 € = 143 6
0(9 ot X

® = 332 from Ledoux's graphs

© = 332 = 2,32 Wours for bed =lone

143
e = 2.32 x 904,100 = 2,69 Hours for total adsorber.
CORR. 8'000
REACTIVATION SULBARY
HrAT DUTY DURALTIOR
BIU HUURS
First perioﬁ..q...-. 181g600 0.39
Second periodevescos 580,900 1.33
Third Periodscecvens 904,100 2469

1,665,700 4,41
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SOOLING
The bed ané shell are to be cooled from 350°F to &5°F
using o stream of air at 8C°F. The rate of flow is to be
the same as for the reasctivation.

Nhialt DJIY:

1) alumins 13,600 (.25)(360 - 85) = 900,000 BIU
2) steel 3,600 (,113)(350 - 85) = 108,000
3) Insulation 486 (,24)(350 - 85)/2% 15,400

1,023,400 BLU

DURANTION s Method of Ledoux

X = hx = 1780 x 13.9 = 312
Gp G W24 X 332

u

T? tT -t = 85 - 80 = L0185

Tr=%, 550 - 80

® = he = 179 6 = 14306
GF a253§5g

® = 219 from Ledoux's graph.

© = 319 = 2,23 Yours for bed alone.
143
G%ORR= 2,23 x 1,023,40C¢ = 2,54 Hours for complete ndsorber,

940,000

SUMMARY = REACTIVATICL rLUS COULIRG

DURAT IO

HOURD
renctivation 4.41
Cooling _2.54
Total 6,95
Safety margin 1.05

A ——

Cyele 8,00
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PaikSSURE DROY

Allen's method given in recference Fo. 2

ADSORBING CYCL&:

Basis: Alr tenmperature 80°9F

(,
/,b

o
G4

¥

1>
B

-
-

11

"

[

"

29 x 492 = L0736 Lbs/Ft°
B59 x 540

018 x 2.42 = 0435 Lb/(Vr, x ¥t)

4600 = 234 Lbs/{llr x Ft%)
19.69

013 Pt (ffective sphorical particle diameter
Ziven by Allen for 2«4 mosh)

013 x 234 = 70
0435

14 on Allen chart (Figure 1 on page 5.)
2 £LG6° = 2x14x13.9 (284)°
Dgp 144 013 x 4.17 x 198 x 0736 x 144

0.36 Lb/in"

REACTIVAYLIHG CYCLi:

Basis: Alr tomperature 4G YF

F
/.A—

+ \?rj L~
<«

-
-

-
-

H

$i

]

29 x 492 = 0462 Lb/Ft°
759 x 860

025 x 2,42 % L0605 Lb/("r x Ft)

= 4
6500 s 332 Lbs/UTr x Ft7)
15,62

013 Ft

[ 1]

013 x 332 71.3

0462

14

2 x 14 x 13,9 x (332)%
018 x 4.17 x 1,8 x .0462 x 144

1.19 Lbs/In®
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wak Lal¥ hags V.LOCLLY

Basis: Reactivation period

hethod of Ledoux.

2,640 Vag a D

2,640 V(.0462)(50)(.022)

i

max

i

594 Lbs/(Hr x Ft®)

The actual mass veloclty is 332 Lbs/(ilr x Ft7)

or 56% of the maximum allowable.

~PrUBLLI 0. a"‘

It is desired to dry 1000 S0P of alr, measured
dry at 60°F and 1 atm. 7%he air is at a pressure of
100G PSIA and 8U°F and is saturated with water. The
dried air must have a dew point below -609F measured
at atmospheric pressure. Using 2-4 mesh silica gel
and an 8 hour adsorption period, design an adsorber.
at the high pressure isothermal eonditions can bde
assumed during adsorption. For reactivation hot air
at 1 atm. and 200°F is available. Find the adsorbent
charge, the vessel dimensions, the reactivation air
flow, the pressure drop during sdsorption and reactiva-

tion, and the reactivation heat load.



Piii LAINARY CALCULALIONRS

Y AR FLOJ:

By weight 10L0 x 492

29 x 60 = 4,600 Lbs/Ilr.
9

X
520 x 35
By wvolume 1000 x 540 x 14,7 2 0.255 C¥s
60 x 520 x 1000

AATSE WU Bi ADSORBED:

Inlet Mmoisturesceressssese +000316 Lbs KQO/Lb dry air.

haximum exit moisture .... LOU0G213 Lbs Hyu/Lb dry air.
(At ¢nd of adsorbing eyele)

i

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

ouLOLiull
Adsorbent: Silica sel, 2 to 4 mesh,
Conditions: Isothermal,
Adsorbing cycle: 8 Hours.
Reactivating and cooling cyele: 8 !fours.
At high pressure conditions are very nearly isothermal

during adsorption without tre use of cooling coils,

MAX LUUM #ads VaiOUITY

Basis: adsorption period

liethed of lLedoux

G, F 2,640 \}as a, D
d; = _29 x 1000 x 492 = 5.00 Lbs/Ftd

350 x 14.7 X D40

Gpax = 2,640 |/(5.00)(39)(.022)

1]

5,460 Lbs/(Mr x Ft<)
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ADSGRB..iT CUARGE

#ethod of Yougen and ,/atson, referenec Ko. 13.
Try a column of 18" ingide diameter.,
ingide cross-sectional area 1.76 Ft2

G = 4600 = 2615 Lbs/{lir x Ft2) or 48% of maximum allowable
T.76

"

Dy

Y

022 ¥t (Particle diameter)

W18 x 2,42 x 1.1 F L0479 Lb/(Hr x Ft)
{The 1.1 is a pressure correction factor)

D, G = L0022 x 26186 = 1,200

—9'/1— 0479
(ﬁp G>"5l= (1200)~°°1 = L0269
,(A

For siliea gel:

- -0l
2
703 x 117 x 0269 = 2.21 Transfer units per foot

n

o
1]

T g M
T = 1000/14.,7 = 68 atm.

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

= L0845 per Hour

At the bresk point:

J/ys = 40000213/7.000316 = L0675

Bed depth, 4:

Try 2 = 2.0 Ft.

aZz = 2.2l x 2.0 = 4.42

Referring to fig 216a, page 1087 of Hougen & aatson:
bt = «68

T = .68/.,0846 = 8,05 Hours
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A bed two feet thick will thus reach the break
through point in 8,05 hours. A depth of three fest
will be used to give a safety margin of about 50%.
Volume of the adsorbent: 3 x 1.76 = 5.28 Ft°
nelght of the adsorbent: 5,28 x 39 = 206 Lbs.

ADECORBER
in sdsorber 18" ID x 6'-0" long
shall be used.

. - ' 18 1206 Lbs
y h 4 : b »
vall thickness per ASUE code =5 "2-4 mesh

t = 1000 x 9 = £ 348" T—‘ S TP gilica

10,000 - 600 ;/:,;;;Zé /gel

* Ly S
Use 1" wall thickness. ] 5 ;/&/
‘ ‘ S W Bt
WELGHT UF 5%l X 5 ]
e oy
Cylinder 19 xWx6 = 29,8 Ft” G
12 L 20
oD

Ends 2x (20F° I = 4.4 v

(‘1‘5) Z 34,2

welght of steel = 34,2 x 40 = 1370 Libs.

FETART 7 TR AN T Fige lU. adsorber for
WEIGHT OF IhoULALION problem 0.2

Beldwin-ill Roeckwool felt.

Density: © 1ba/Ft?

Thernal condaetivity: 025 31U/(Ir x Ft x °F)
Specific heat: .24 BIU/(LD x °F)

Shickuesgs: 2%

Cylinder: 6 x W [~(2}2 - (1.66?}2] = 5,80 Ft9
-

inds: Z2x 2 x T (2)° z 1,05
iz -z G.85

55 Lbse

Weisht: 6,80 x 8
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REACTIVALION

BASIS:
Reactivating fluid: Alr at atmospheric pressure and 400°F .,
Rate of flow: 400 Lbs ale/iir.
¥his rate of flow is obtained by trial and error
80 that the reactivation and cooling ean be finished
within & hours.
FLATRAU
The plateau will occcur at 121°F as in problem iio, 1,

HEAT DUTILS:

First period: Heat adsorber from 80%F to 121°F

1 ) silica zel 206 (22){(121 - Bu) = 1,860 iU
la) Adsorbed water 11.6(1) (121 - 8U) = 476

2 ) steel 1370(,113)(121 - 80) = 6,350
3 ) Insulation 55 (.24)(121 - 80)/2= 271
4) Losses Hegligible
T8,957 BiU

Second peried: vaporation of thc adsorbed water at 121°F,

puty = 11.6 x 1024 = 11,900 BTU

Third pericd: Heating the adsorber from 1219F to 4C0°F.

1) 5iliea gel 206 (.22)(350 - 121) = 10,400 BIU

2) steel 1376(.113)(350 ~ 121) = 35,400
3) Insulation 55 (.24)(350 - 121)/8 = 1,510
4} iosses 874 x 4 s 3,500

50,810 BYIU



Pagse 49

Losses: ambiant teuporature 8U°F

iean temperature of steel shell 350 + 121 = 236°F
2

Gy = 2025 x 2 W x 6 (236 - 80) = 74U BLU/Hr
> = 1.000 055
3 log 57535 T 105 x 1.00

t

qp = #0256 x T0_(2)% x 2 (236-80) 5 134
2 025
15+

1.5
. 874 BIU/Hr
keatimating 4 hours for the third period:

Losses =~ 4 x 874 = 3,BUU 39U

PURALIOL OF 1iaSh P..xIUD

4ethod of logarithmic mean trasnsfer rate.

Trangfer rate gt start:

1

Qo = A Oy (¥, ~ t3) = 400 x .24 (400 - 80) ¥ 20,700 BIU/Hr
Transfer rate at end:
4 =40, (to - )% 40 x .24 (400 - 131 = 26,600 BIU/Hr
lean transfer rate:
Q1 = 30,700 - 26’300 = 28,700 Buu/lir

243 log nggaﬁ
Duration:

& =  g,987 = ©.312 Hour

28,700

BURALI0L OF SECUND LERIOD

iransfer ratoe:
g = 400 x .24 (400 - 121) = 26,800 BYU/MHr
Duration:

G =

f ot

11,900 = {.444 iour
26,800
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DURATION CF QHIRD kFuRICGD

l. wiethod of Ledoux
G = 4007176 = 228 Lbs/{Hr x Ft%)

Viscosity of air between 800F and 4U0°F ,018 g L85 =

L0815 x 2.42 = L,052 Lb/(Hr x TI't)

11

rL

D = ,022 Ft for 2-4 mesh adsorbeut (Ref. 13 p. 10U8D)
Re = D G 2 L022 x 228 = 96,4

B2
Jy ® 1.95 = 1,95 s 0,189
h Yo iBI 051
(ne) (96.4)

G.74 for air

e
bt
{1
:
5 l\j
1

HD216 ep.

hg® Jp 60y = 0,189 x 228 x .24 I 12.6 BIU/HrxFt<x%r)

e B . A Y

(pr)2/3 (.74)
R = 12,6 x 117 = 1470 BIU/(Hr x Ft° x °F)

= hx = 1470 (3 = 80.6

ig”ﬁ W24 (2

TV 2 by - 17 = 400 - 250 2= «179
=12

b - 400 = 121
® = ne = 1470 © = 171e

Yy w22 X 39
©@ = 92 on Ledoux's sraph
€& = 937171 % 0.b44 Hour for bed alone.

= (.544 x 50,810 *= 2,66 Jlours for complete adsorber.
CORR.
° iﬁf@ﬁﬁ
REACVIVARION SUAMARY
H%aT DUTY DURAT IO
BYU HUuURS

First pcriod 8,960 0.312
Second period 11,900 U444
Third period _50,810 2.66

71,670 S.42
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800LIRG
HEAT 0 _BE REMOVED:
fhe adgorbent and shell will be cooled from 350°F

to 85°F with air at 80°F, ©The flow rate is to be the

same a8 used dnring reactivation, namely 400 Lbs/Hr.

1) Silica zel 2086 (.22)(350 -~ 85) = 12,000 BTU

2) Steesl 1370( .113)(350 -~ 85) = 41,000
3) Insulation 55 (.24)(350 - 85)/2 = _ 1,750
54,750

DURATION: Method of Ledoux.

X - hx ™= 7 = 80 .6
QP G .%i l%%é}
ot = ¢! - % = 85 - 80 *® L0188
bt -
ga o 350 BC
@ = h6 = 1470 6 = 1710
Qf . X

® = 115 acoording to ILedoux's ehart.

fred

& = 1157171 ® .67% Hour for bed alone.

£}

CoRR.

SUMMARY OF REACTIVATION PLUS COOLING
DUBATION IN HOURS

Reaetivation .42
Cooling _8.06

6448
Safety margin d.b2

Gyele 8,00

673 x gg.?&s & 3,06 Hours for complete adsorbdber,
1
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FRESSURE DROPS

ADSORBING CYCLE:

Bagis:

=

P
Moo=
G
D

L 1]

bt
=)
H

e
2]

it

Air at 80°F and 1000 PSIA
5.00 Lba/rt®

0479 Lb/(Hr x Ft)

2615 Lbds/(Hr x F$2)

013 Ft (Effective gpherical particle diameter
for 2~4 mesh materilal)

2013 x 26156 * 709
L4

6.6 according te Tig. 1
2 2L §§ = 2 x 6.6 x 3 (2615)°
3 013 x 4,17 x 100 X B.00 X 144

069 PSI

REACTIVATING CYCLE:

Basls:

f)
M =
G
D

Air at 400°F and 1 stmosphere,

29 x 49§ 2 L0462 Lbs/FPt0
X

025 x 2.42 % ,0606 Lb/(Hr x Ft)
400/1.76 = 228 Lbs/(Hr x Ft°)
013 74

013 x 228 = 49.0

17
2 z 17 x 3 (228)%
» x:"x;.g xmzm

0.15 PSI
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MAXTUM FIOW RATE

Basis: Reaotivation pericd

Methed of Ledoux
Gpax = 24640 3. 2, D
» 2,680 \(.0462)(39)(.022)
= 525 Lbve/{Hr x Ft2)
fhe actusl mags veloeity is 228 Lbe/(Hr x Ft%)

or 45 of the maximum allowable.

Comparison of silles gel with aluminas,
Comparison of Blanchard'’s method with Hubard's,

It is desired to dry 546 OFH of air al atmospheris
pressure, at 75°F and 95.94 relative humidity. There
must be 0o trace of moisture in the exit air. For an
adlabatie drier using!:

a) aluaina
¥) silica gel
aealoulate the adsorbent charge required for a 7.1 hour
adsorption period. Por sillea gel use the methods of:
e) Blanchard (9)
b) Hubard (10)
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CONDIZIUNS
iir flow: 546 CFH

Pressure;: Atmespherlo
Temperature: 75°F (23.9°0)
Humidity of entering air:
9 Grains per cublic foot
0178 Lbs H,U per Lb of air
95.9% relative hamidity
81l.15 mm ng vapor pressure
73.8°F (23.2°C) Dew point
REunning time to break point: 7.1 Yours
Water adsorbed: 7.1 x 546 x 8§ / 7000 = 4,98 Lbs.

SOLUTIONS
nmin Using Derr's date (19).

Mporbent charge: 100 Lbs.

Bed dimensionms: 12" Dia., x 32"

Bed volume : 2,09 Cu.Pb.

Average edacrbed water content of bed at bresk point:
4,58 x 100 / 105 = 4,753

Haximun bed temperatures:
245°F at 12" after 2.5 Houvas operation
213"F at 30" after 7.1 Hours operation

Superficisl air velooity : 152 # .765 * .193 FPS
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b) Siliea #el. .iethod of Blanchord. (Using graphs pages 83-84)

Water adsorbed by bed at break point: 6.8%
Adsorbent charge: 4,98 / 068 = 73 Lbs.
Bed volume: 72 / 44 = 1.66 Cu.Ft,
Bed dimensions: 13.5" Dia. x 20%
Superficial veloeity: .152 /7 10 F ,1562 FprS or 4.6 Cm/Sec
Correction to adsorbed water: 6.8 x 1.7 = 7o
Corrected figures:

Adsorbent chargse: 4,98 / 073 = €8 Lbs.

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

Bed dimensions: 13" Dia., x 207

Superfisial velocity: .152 7 .92 = ,165 FPo or 5.0 Gm/Sec
daximum bed temperature: 169°F (76°C)

¢) obilice gel, liethod of Hubard., (Deseribed on pages 21-22)
Bed entrance: Gel is irn equilibrium with incoming air at
759F and 95,9% relative humidity (73.8%F dew point
or .83" Hzg). Hubard's graph indicatcs an adsorbed
water content above 3b%. (The roint is beyond the
range of the graph.)
Bed outlet: Gel is dry.
Average adsorbed water content: 365/2 ® 17.5%
adsorbent charge: 4.98 / 175 = 16,5 Lbs,

Maximum bed temperature: 75 - (9x10) = 165%



TABLE 7
SULGIARY
SOLUTIONS TO PROBLEM 3.

rage £6

MLTTOD DERR © 7| BLANCIawD | HUBARD "
ADSURB.LT ALULTHA SILiCh SILICA
#sTLR ADSORB.LL AT Bul K FOINY % 4.75 7.3 17.5
ADSORBENT CHARGI LBS 105 68 19
BED VOLUKE CJ. 1, 2.09 1,55 -
BED DIMkasIONS 12v4x32" | 13" gx20" -
SUVERFICIAL VoLOCINY FES .193 +165 -
HAXIUM %5 PERATURL OF Bul OF 245 169 1865
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VI = LiTeRalUdls ABOLRACLD

ABLSLRACY Foum wuFLa A0 HOoe 2

amero, Ha.Ce, HoOre, Jd.ne, and Capell, H.i.

Chem. |ng. rrogress 43, 349-370 (1947)

"Degign and use of adsorptive {rying units.’
Urits described use "Florite' desiecant,

.&n&lys.ts: Alggg sreosvessnes BU = Ty
..:iUg (AR RN EERE R 5)« ll

Fe, Ugeeoreseeens 10 = 20

T4 evssvserere L w O

ITgnition Losge.s. 4 ~ 6
The capacity of the desigeant as wiisht per cont
moisture ndsorbed betwcen reg.persatlions is deter-
mined. The amount of moisture %0 be adsorbed pcer cyecle
is determined., .he weight of Jdesiceant roeguired is
coloulated and its volume determined. From consldera-
tionsg of flow rute and allowable pressure drop, the
tower diameler is established. ‘hc caleul.ted design
is then conpared with unite in table io. & to see if it
is reasonable,

Table Ho. 6 is a list of 11 Floritc drying units
built for drying gaseous an” liquid hydrocarbons. It
zives loeation, cuantity of zas or liguid, pressure,
heizht and diameter of towers, number of towers, and
total weight of Florite in the units.

Suggested design bases are the followinz:

l. Desiccant capacity: 5 moisture
2. Length of drying cycle: 8 or 12 or 24 hours
3., Dirensions of tower
Ratio of height to diameter: 2 to 5 forcmmplete drying

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

4. Preggure 4rop: Use illen chart for f vs Re.

5. Regeneration: Table io. & discusses factors involved.
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A‘BSQRAC& FRG& s.iLFihf{muGia e 3

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

4 method of caloulating the moisture content of
effluent gas from adsorbers is presented, It was checked
against experimentael runs conducted at Yale by sagleton
and Bliss. The adsorption is considered teking place in
a8 zone of constant width which moves up the bed in the
direction of gas flow. ITwo resistances are used: one
through the &as film and the other through the solid film.
iiass transfer thgpugh the solid film is given by:

da/dt = kgS (qy-q)
Zypical culoulstion:
& dryer is fed with air at 95°F having a 3U°F dew

polnt. 7The dew paint 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 l1lbs/hr,

Solution:

¢ = 150 fmr® T 191 lbsfhr. x sqg. £t.)

kxperimental data:
9.3 G*9°

1

For alumina and Florite kgs

]

For silica gel X5 = 6.3 G*9d

For kg5 an average value of 7.3 can be used

a = L0480 lbs. Hg0/1b solid @ Co = 00045 1lbs.Hy0/10b air
& pp ® 4.20 mm Hg

& = 622 1bs. 1,0/1b solid
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ki F 9.3 {191)*%% = 167.5
r - -kgﬁ/kss = «167.5/7.3 = =23.0
¢
Co _&
= ) i OF (-1.11°C) inlet
¢ = ,00345 eorresponding to 3UVF (-1.117C) inle
° air dewpolnt
c3 . 022 (22.0)(.00345) = . 456
Ty 048

Inlet air vapor pressure ig 4.20 mm Hg.
Uutlet alr vapor pressure is 0.528 mm Tig.
0/6, = .328/4.20 = 078

This is less than cd/cq, therefore the following equation

is used:
1n eg/e, = =~ o©OpkySy 1 Esﬁi +2 _ Co
c/c, = v Cp

The bed weight iz 4m(1)?(51.2)74 = 161 lbs.

ln L456 = ~§.00545§(167.5) Y (167.5)(161) 2 <«1/.456
.078 04 o + 150

1.768 = =,0802 y +179.8 +2 -2.19
y * 2220 1bs. of air
t = 2220/150 = 14.8 hours.

Note: See reference io. 1l for symbols and their units.

Kathematical errors which appeared in the original

article have been corrected in this abstract.
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ABSLRACYT FRUM « FrouhCr HO. &.

kdward Ledoux
Ind. isng. Chem. 40,1970~1977 (1948)
"Dynamic cooling of adsorbent beds".
A graphiesl method 1s presented for the determinstion
0f the cooling curve of a bed.

dt = Rate of heating of the gas per unit distance
ax

~dt' = Rate of cooling of the bed per unit time
de

chgg * Heat picked up by the gas, BIU/(cu.ft.x hr.)
dx

-cd.dt'"*Heat lost by adsorbent bed
de

h(t'-t) *Heat transferred from bed to gas stream
The last three expressions being eqgual:
GPGO gl = h(t!”t) : -0&ngi' hu.ltno»oc-o(l)
dx - dae
Although h, 6ps ©, are funetions of temperature, the

ratios h/ep and h/e¢ are nearly constant with teuperature.

Let X ® _hx ®=  he
o, G od
T = t-t, TrOE f0-g,
tV=1, EYot,

Then gubstitution in (1) gives:

dT - (T'”T) = “&T' cotnﬁv’cutuvo'(e)
V4 ig
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VALULS OF ® FOR T!

All variables in eyuation(2) 0 600 ¢
1.0 e -
are dimensionless. The solu- - a
. O [ 9 s
. a Q §
tion to equation (2) is given 3 % [ $ "
in three graphs similar to the ; g
<
U
onc shown at the risht and cov- g 1.0
0 600
ering the range shown. ValUub OF X FOR T

ihe following example Figz,11, Range of Ledoux graphs.
illustrates the method. 4 bed of adsorbent 2.92 feet
deep is initially at 400°F and is to be cooled with air
at 750%F. The air rate of flow will be 4.5 1lbs/(minxsg.ft.)
The coefficient of heat transfer is glven by the expression:
he 10 ¢°*7  BIU/(min. x °F x Ft° of bed)
The gpecifie 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?
solution:
h =10 7 = 10 (4.597 = 29.6

X = hx = (29.6)(2.92) = 80
‘Egﬁ”' {e24)(4.0)

_129. = (29.6) e = 2;45 ]
ed {+22)(5b)

u

®

Uge the guthor's fig. 3 vhich covers this range. Lead

the T' gana  seales. The curves are then constant for
X. For X = 80, %' is practically zero at ® = 115,
Therefore, the time required to cool the bed to 75°F

will be:
o = @/2.45 = 115/2.45 = 47 minutes.
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SYMBOLS

Mass velocity of the gas.

specific heat of the solid.

Specific heat of the gas.

Apparent density of the bed.

Coefficient
Temprrature
Tenr erature
Temperature
Tuempurature

Time.

of heot transfer for the bed per unit volume.

of the gas.

of the bed.

of the gas at inlet to bed.

of the s0lid at the stert at the gas inlet.
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ABSIRACT FROM H:FuRklNCh BO. 5,

Othmer, D.F., and Josefowitz, S.
Ind. kng., Chem. 40, 723-726 (1948)
"Correlating adsorpticon data’.

It has been noted by Berényi that dF/de does not
vary such with touperature at some distance below the
eritical point. ¥ 1s the frece encrgy and ¢ the conccn-
tration of adsorbete adsorbed on the solid. The free
energy change in isothermal adsorption is expressed by:

AP = RI ln (P/Py) or 1n (Po/¥) * -AF/RY
where £ £ equilibriam pressure.

P. = wvapor pressure.

0
This expression is scecurate if the gas phace obeys the
ideal zas laws, and the adsorbed phasc is incompressible.
It can be used to calculate the adsorption isotherm at
any temperature if the isotherns at one temperature is
known., For examnle at 80°C the vapor pressure of pure
benzene is 759 mm,and the eguilibrium pressure of .15
gram of benzene adsorbed on 1 gram of carbon is 4.15 mm,
vhat is the equilibrium pressure for the same adsorbate
concentration at 120°C when the vapor pressure is 2233 mn?

Selution:
At 80°C or 353°% 2.3 log (759 T oA
Z

o

15 (1.987)(303)
~AF = 3680

At 1209C or 393°%K 2.3 log <2233 z 3660
T 987 )(5

¥ = 20,8 mnm

The experimentelly determined value is 19 mm.
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ABSYURACT FRUM REFigBUCL fU. 6.

hax L« Riley
dorld 04l 130, lio.l, 184-186 (Jan. 1950) )
"Operating and design features of adsorption type dehydrators”.

sdsorption drying is used for natural gas to pre-
vent the Tormation of hydrates ir pipe lines. It 1s also
used in high pressure gasolirne plants to remove moisture
%ram condensate zas. 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 desiceants, when
the dew point reaches 5 to 10°F the tower is put on regenera-
tion.

Iypical System:

A typical flow diagram for a natural zas drying plant
ia shown on the next page. During the drying cycle the gas
flowse downward in the tower, whereas during regencration it
flows upward. For regeneration the gas is heated to 350°F
to 400°F by means of a steam hcated exchanger beforc belng
introduced into the tower. T[he regseneration gas siream in-
roses an additional load on the drying tower und ghould be
kept to a mininum. It is only a small part (1lU») 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. OSuch a practice will
result in the dried gas stream being heated sbout 20°F.

Precooling of the regenersted tower:

Frecooling of the regenerated tower is done by con-

tinuing the regeneration gas stream but by makin~y it by-pass

the heater.
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sdgorption eapscity of bauxite,

The adsorption caepacity of bauxitc varies with the
TABLE 8
temperature as shown in table 8. ADSORPTION CAPACITY OF BAUXITE.
a8 lemp. ~ASorption Cap.

Optimum conditions consist of og A0 by wha
“""'W“W 7 e

hizh pressure and low tempera- 65 6.67

70 6.00
ture. lowever around 80°F con- 80 5.00

90 4.00
siderable hydrocarbons zet ad- 100 3.00

123G 1.90
sorbed along with the water. 140 1.10

Table 9 shows the analysis of ligquid taken from the separator
TABLE 9

following the regeneratlon ANALYSIS OF ADSORBED HYDROCARBONS.
Hydroearbon L0l 7

cooler. This table is for ethane 10.70
athane 796
the dryins of a gas at 900 Propane 7 .29
I-Butane 204
P5I¢ and 80°F containing N-Butane 5.68
I-Pentane 4.46
1000 gpm of propane plus N-rentane 3.95

Hexanes plus 57.42
fractions,

Bogic desisn featureg:

1. Pressure drop
2+ Degiceant Juantity

3. sccessibility to desiceant for replacement.

Design bagis:

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

Capacity of “Florite" O»

Cyeles per dsy affect only the height of tower.

Minimum oyele tiue 6 hours recuired for re:zeneration and

pregooling.
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dxample.
It is reyuired to dry 20,000 HMCF/Day of guo, under
the following conditions:
Input pressure lﬁOngai
Separator temperature 80VF
¥oisture in saturated gas 2,95 gallons / .LICOF
ALe Degiccant required.

825 23 x 20 = 9830 1lbs.

At B0 lbs PeEYr Glie. £t. 196.6 cu. ft.

For each tower on an &-hour c¢ycle:

§

$3%3 x 9830 = 3275 lbs. or 6b.5 cu. fi.
B. Tower size.
Allowable velocity 25 feet per minute.
Gag in at a specific gravity of 70U
Flow 1s 20,000 5td. MCF/Day or 13,889 CFL.. (btd.)

Superconpressibility factor for 150u psi and &G°F
is found to be 760

£
i

13,889 x 16 x 540 x L7600 = 109.6 CF¥i
1500 x 520

2]

A% 109.6 / 85 = 4.38 sg. ft.
Diameter = 2.36 feet

C. Heiagnt of bed.
2.36 x 2.36 x ,785 x L = 65,5
L ® 15 feet
Ratio H/D += 15/2.36 = 6.3b

Note: Inoreasing the tower dliameter to the next standard

size would make the ratio H/D f£all within the desired ran-e,



rage 70

I. Zarl Hutter and C.b. Van Vliiet
retroleum Refiner 30, Wo. 5, 98«102 (way 1951)
"Panoma plant achieves low nmaintenance-operation costs".
woulpuent in a nstural gascoline plant of the ranoma
Corporation near Hooker, Oklahoma, is described. The gas
debydration plant is of the dry desiceant type and consists
of tuo towers, one of whieh dries #as while the other is
being re~enerated. Un the drying coyele, gas enters the
bottom of the tower tangentially and is rid of liyuiéd drop~
lets. The bottom serves as a separator for ecntrained liguid.
The gas leaves the separator compertment and pacses up a
large central pipe within thetower to about the niddle.
There it enters a distributing compartment vhich divides
the stream into two parts: one contimuing upward and the
other deflected downward. Lach stream passes throush an
adsorbent section ané is rejolned with the other at the
exit to be fed to the "residue header".

Regeneration is scconplished by pacssing 10% of the
total wet as inlet stream throuzh steam heated exchangers
and then counterflow tarough the two adsorbent seclions
of the tower. MHeatins is continued urntil the temperature
of the beds reaches 350°F. §as leaving is cooled througzh
& water cooled exchanger after whiech it is 4l lowed to

flow to the residue header and mix with the drisd sas.

The mixture is within the dew point requireuments.
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A large by-nags line is arranged around the de-
hyaration plant sc that gas may be sent to the residue
header Airectly without being dried. This is done pur-
posely so ng to lergthen the drying cyele of the ad-
sorber. 4“he dew noint of the mirture of drlecd and wel
gas is continnally tested by an instrumsnt vhich con~
tmols the amount of wet gas by-rassing the drier. a8
the sdsorbent bed becomes saturated less =nd less wet
gas is allowed to by-pass it, until finally the by-pass
line is eclosed. .t that monment the Adrying tower is put
on regensration., In this menner the drying ceyele is

lengthened about 254 over the conventional method of

operation,
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ABSYEAQY FuUs mbi: bl RU. B,

Rathmell, B.L., and Bateman, F.Jd.
J. Inst, lieating & Ventilating Engrs. 19, 471-522 (Feb, 1952)
"4ir drying by solid granular adsgorbents.!

Tests were wade in a pilot plant on the drying of
air for use in wind tunnels. Uncooled beds of silies and
alunina were used. For drying ordinary atmospheric air
uncooled beds are unegononiceal but may be combined with
a refrigerated pre-cooler., The maximum permissible humid-
ity in vind tunnels is ,0005 Lbs H20/Lb air. In the oper-
agtion of a wind tunnel a portion is ceuntinuelly abstractcd
at 0005 humidity, dried to LC02 humidity, and returned
to the tannel.,

Anlet humidity and bed capaeity.
In uncooled beds, the hisher the inlet humidity,

Lbs HZQ/Lb air, the lower 1s the bed cepaecity. This is
due to the rise in temperature which offgets the increase
in capaecity obtainable because of the hisher rartial pres-
sure of the water.

Inlet humidity and temperature rige,

The base temperature of the bed is the dry buld
temperature of the inceoming: gas, The heat liberanted and
therefore the temperature rise is very nesrly prorortional

to the inlect humidity when corpletc drying is accomrlished.
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iir mregsure,

in wind tunnels where the pressures used may g0
up to only 4 atmospheres the cffeet of pressure is ne-
gligible. Dot for high pressures such as used for gas
liynefsection the increase in zas density impedes the
diffusion of Hy0 moleculcs and has to be included in
the ealeulations.

Isothermal compression of a gas at constant humid-
ity, Lbs Ho0/Lb. air, inereases the partial pressure of
the water vapor and ceounseyucntly areater adsorption

repults since the temperature rise is the sane.

PILOT FPLARY U1l T AND UriRALION

Air in
i )
Q // ’:-'—"“""TZ
o 2y o Points of
W ™ T ¢
= 0« ADEORBR V. 1 7, § temperature
S o2 . neagurenents.
(o4
AT
-
L 5‘/

G

Fiz.1l4. arrangement of ecuipment 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 3L0°C air throuh the bed until
its tewmperature reaches 240°9¢C,

Cooling: after regeneration the bed was eooied with air
recirculated in a closed cireuit throush a water
evoled exchanger.

Adsorption: Adiabatie.
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ITABLE 10

ADSORBLNTD UbED alD Rasul OF YedlS

OF RATHMELL & BATEMAN

Series| Adsorbent| Grade| Depth dt. of re~ | o.of | Contact | Runge of
eof saesh of Bed | activated Tests iime Inlet
Tests Inches | adsorbent seconds |Humidity

Lbe Aix100
2.5

17 35

1 at 4slumins PR -8 25 534 56 1.25 to

«83 1.2

W42

Zed A%S

3 6-10 25 520 27 1,25 0

2nd Silica 2 e 198

102 ;;8

3 rd Silie 6~10 12 254 23 8 o
& Y3 1l.15

. 193]

4 th Alumina 483 25 © 585 13 1.2 ;2
e BL

5 th | Alumina 4=8 2l 494 18 1.35 gg
)

6 th Silioca 6-10 12 254 8 1.35 to
061

NOTES

The units of A; , the inlet huomidity, are Lbs H_ 0/Lb. ailr
First sSeries: 7The maximum pressure 4drop was 18.5% water,

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

Third Series: The bed resistance wus the sane for the
first series.

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

Sixth Seriesg: These tests were undcrtaken to extend the

humidity ran<e of the second and thira
geries.
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RESULTS
Typical results are shown in figures 15 and 1l6.

5O h o g e e = - 25

-.20

TEMPERATURE °C

.05

QUTLET AIR HUMIDITY A,xl00
LBS H, 0/ LB AIR

MEAN BED CONCENTRATION 25 X 100
LB H,0/LB ADSORBENT

FIG.I5. BED TEMPERATURE AND OUTLET AIR HUMIDITY
VARIATIONS DURING A DRYING CYCLE.

.
S
s
o TEST CONDITIONS:
R« BED 2-4 MESH ALUMINA
<z CONSTANT OUTLET AIR
N HUMIDITY A,=.0005
JZ29o|
SO~
T o W]
mﬁb’ '
0 !
~“z

&

SO {.“‘ - .. [ 1

0

INLET AIR HUMIDITY A; xtoo %

LBs H,O0/LB AIR

FIG.J6.RELATION BETWEEN INLET AIR HUMIDITY AND BED
CONCENTRATION FOR VARIOUS CONTACT TIMES.
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iean bed humidity.

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

adsorbed per pound of adsorbent is given by:

T
= 14 s ¥ .
5 & ‘::f(’*t Ao) Ca A T
o

Maximom bed temperature.

The following equations aprly for the range of inlet

humidity Ai ® 003 to 015 Lbs W 04Lb, air.

For alumina 3,500 A¢
For silics T2 2,950 Ay~ 3.5
where T 5 Maximum bed toupersture rise above the

dry bulb temperature of the incoming
ga3. Degrces centicrade,
feniperature gradient perpendiculsr to firection of flow,

Variations of l{S to 1 % °¢ only wore obscrved.

Bresk point related to meak temperature,

In very fast flows the outlet humidity reached the
break noint bvefore the peak temperaturc of the bed vas
resched. In slower Tlows the peak bed temperaturs ras

reached much earlier in the cycle,

Depth of bed and capacity.

Deeper beds are more efficient but causc higher pres-
sure drops. ¥For the same bresk point a deep bed will have
& higher capaelty expresscd as pounds of water adsorbed per
pound of adsorboert, than g shallow one. Furthermore, g
deep bed with less contact time may have more capacity than

e shallow bed with s longer contact time.

Graln size and capacity. The smaller grain sizes have the

hizgher ocapacity.
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U W atoviddidb w4t Dind 1Gis

Yvhe beod cosulds have boen summarized in flzures
17 and 18 for usc in degign. 4Lhe curves are exacet flor
the following corditions:

ls prying of air at atmosgpheric pressure and

teuperature. oir density of LU77 Lbs/Cu.tt.

5e Desiccant is 2-4 moesh zlumina,

3« Drying is adlabatie.

4, Depth of bed is 20" or Z.1 feet.

ihe authors state thet the curves also apply to
2«4 mogh silica gel. Yor other srain sizes of alumins
or pilica gel a correction factor is given in fisure 19.

For other bed depths, the auvthors susest the following

Felaticon:
_X" . 25.: ® /(“ g
m m ot 30

The curves of Tigures 17 cnd 18 show the amount of
desiccant required pcr round of air, m/i¥, plotted arninst
contact time, t, for various wvalues of inlet alr humidity.
ihe contact time is xiven by the following equation:

t:g‘ﬂf
3}

(:)9 e
or m = & = t.&
e T P&L

where ¥ =~ Cs
T o
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LXA Sl #0. 1

Using a 85" bed of 2-4 mesh alumins, hov mach slumina

i

[44]

reogaired to dry 10 wbs/Sec of air Irom an icddet humidity
0f L0007 to = maxirmum outlet humidity of 0GZ Lbs 1 0/Lb.
of air. The sir density is 77 Lbs/Cu. £H. and the bulk
dcensity of the bed ism 40 Lbs/Cu.ft. Conditions are adia-

batie, and t*c dryin+ eyele ia 2 hours.

Solution: K = €9 = __ 40 T Lu72%
Cu & LT7 X 2 x 8600

m 2 oAt = L0722t

ix
This 1s the eyuation of a straisht line going through
tie origin,., This line, whon drawn on fiscurs 18, is scen
to interscet the 007 huniiity curve at t = 2.2 seconds,

M = L0782 X 7.l = L1159

-y

pom

1

M 10 x 3800 x 2 % 75,000

B = 4159 x 72,000 = 11,50G Lbs .lumina re.uired,

BXa. Pl KO, 8

Using a 1o" bed of 4 - 8 mesh alunina, how nuch
alumina 1s required fto dry 10 Lbs/uce of air from an
inlet humidity of 006 to a mamimum outlet humidity of
+000Z Lbs HgU/Lbe air. 4Yhe air d-nsity is 077 Lbs/Cu.ft.

Conditions arc adiabatic and <he Gryinz cyelc is 2 hours.
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Selution: K = 6% = 40 S LuTee
e LO77 x 2 x 060U
= ﬁt - 00’?2:5 t

1A
——
avh

this line interscoels the 05 humidity line at
.007
t ® 1.3 and ihej humidity lime av ¢ % 2.0 on figuve 18,
Interpolatiny for UG inlet numidity t = 1.77

+128

1]

= L7722 x 1.77

fasd §=:

B
%
L1

= 1l x 360u x 2 72,000 Lbs. air

Mmoo~ L1228 x 72,000 = 9,200 Lbs. of aluwmina
PN S iaE‘Sh, o bhed.

“he 2rain size correction for 4-8 nesh iz read from
figurcl9 to bo .42,

Mmoo~ W&l X $,0.0 B 3,870 Lls. of slunine
4-8 mesgh, 2u7 bed

X T LALT 72,000 x U6 = 432 Lbs. 70
(g) = 43 = .3118
2.1

ﬂ ~ 24 = 1.25 - 2,1 = -.0283
30

30
§ = _:_}‘;‘) + /g - 2.1 = .lll& « 283 - L0835
Li 3 2.1 Y]

m= 438 = 0,180 1lbs. of alumina
NEEE] 4-8 megh, 15" bed.
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ABLURACL FirOlL fRuFiawlCi 0. 9

Blanchard, Louis.

Proceedings 1lth Cong. Yure & applied Chem. lLondon.

Vol., 5 pp 993-10Ul (1947)

"Anplication dn gel de silice & la dessiceation in-
dustrielle des gaz".,

(Applications of silica zel to the industriel drying
of gasesg,)

General Gonslderations.

“he physical pronerties of silics el are not
definite 1ie thosc of a crysteolline mnterial. The
wierostructure is varisble ond depends on the method of
prenaration. Tor the adsurption of water varor use is
made of miero-porous gels of ,65-.75 apparent specific
eravity or ultramicroporous gels of .80 apparent specifie
gravity. This rroperty alone is not enougsh to define the
Zgel as two gals of the same apparent specifie gravity can
have fifferent adcorptive power., X-ray diffraction
vatiterns are helpful in the study of siruciure.

Igothernal vs .diabatie adsorption.

Figure 20 shows how the moistrre content of the gel
at the break voint varies from isothcrnel to adiabatic
eperation.

Dynamic sdisvatic alr Irying.

A dryinz column was set up in which the course of
the temperature arnd moisture content of both air and
adgoryent st wvarious heishts in the columns could be
followed, Results in a form useful for design, are
ghown in figure 2l. %he ftests ere nmade with a bed
depth of 50 om (20") and e superficial air veloeity

of #3.5 em/sec (.77 ft/cec},



Page 82

For other bed depths and 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 vapor is first

adsorbed and then gradually replaced by water vapor.

40
THEORETICAL
| SOTHERMAL
OPERATION
30
Q \\
W
i)
tb‘___ a
w
oz @< \
;8 Z THEORETICAL
ORKCT!
Pye \ Y ADIABATIC
E,‘j S / OPERATION
Oy |0 &
© X
o 4
~ }__ }..
<
10 20 3o 40 S0
TEMPERATURE RISE °C
. Fig.20 Moisture content of bed at break point related

to method of operation.
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Epaisseur SOcm-Vit.lin.lecn/au.

Dessiccation d'air
dynamigue adjabatigue

sur Gel de Silice microporeux

(°c)

g

de lair,

7,
hen

.
)

J'ld,l

/8
Tygm peuturc

1S

., \\\\\ “’—-V\/ °~ S -
——e Tempirature a ,&""-\%
la 'r'-uptulre x'\\ 7% =
. e—— Charge en eaua - T o]
la 9mpturo “ "\s\?‘ -
- Charge en eau pour = -
“ chule d'efficadts N\ T
a “% 1§ = ~ -
Etat hygrométrique =
ols ue “oi8 1

Figure 21 Adiabatic air drying.
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Figure 23 Influence of superfieial air
velocity on adsorption capacity.
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Se3s Pubard
Ind. .ng. Chem., 46, 356~358 (Feb. 1954)

"iaquilidbriun dats for silics gel and water vapor".
iwo graphs are presented. Une, isobaric, gives

the water adsorbed as a function of temperature for

various water vapor nressures. Ihe other, isoihermal,

zives the partial peessure ol wabter as o function of
amount adsorbdbed, for varilous termperaiures.
A method is given for calculaving the adsorbent

echarge in an air drier. Two cases sie ceonsidered. lhe

Lfirst is for the production of cow-letely dried air.
The silica gel at the enirance ig eonsidered in equil-~
ibriun with the inconing air so that its water corntent
can be read from the zraphs. At the cxit end the gel
remains dry up to the break point., Thus the averase
moigture content of the ved is half that caleulated
for the inlet end.,

In the gecond case, moigture is allowed to be
pregent in 1the exit air ur to & fixed naximum, First
the maximum temnerature reached by the bed is cale
gulated by btaking a rise of 1UOF for each grain of
water removed per cubie foot of air [.:d. This tompera-
ture ig attained Trom layer to layer in the bed toward
the exit end. At the Dbreal poinl the exlt end of the
bed will have reached this to.p rature. Toking as s
bage of ¢ :leulation that tic el ol toc exit end is in

eguilibrium with the exii adr at thut teuwporature, its
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water content is also read from the graphs. 7The average
moisture content of the bed is token as the averaze of
the inlet and exit ends.
19 W o T

Calenl-te the silice zel charze reguired foxr
dryiny 106 CF:. of air at 809F and 68» relotive humidity
{water vapor prescure 0.7" lig, dew point 68°F) in an 8
hour adsorption cycle. Maximum humidity in outlet nix
to be thut corresponding to 189%F dewroint (0.1Y Hz),
which ceorresponds to the removal of 6.5 grains of moisture
per cubice foot of air feed.

4t the end of the adsorption cycle, the silica zel
at the entrance will contain 32.6,. water =g read from the
xrarigs. The gel at the exit end will atitain the temperature
of 80 plus 10 x 6,5 = 145%. 4t that tomperature und for
on 18°F dewnoint, the gel will cont~in 1.654 sdsorbed water,
The averays moisture content of the zel ig then
(32.6+1.,6)72 = 17.1, .ater to be adsorbed in 8 hours
ig 100 x 60 x 8 x 6,5 /7 7000 = 43,9 Lbs. osilieca gel
required is 43.9/.191 = 283 Lbs. Use 105 more to com~

pensate for loss of capscity with use.
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ABSTRAUT FRUL REPELLCL KO. 1l

L.C. Eagleton and 1. Bliss
Ch.k. Progress 49, 543-548 (0o0t.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 C.16 to 1.75 fect,
Conditions studied were the following:

sdsorbents: Alumina, siliea gel, "Florite®,
Granmalation: 056" to 0797 diameter

L0675 aver . dia, or 10 mesh.
ailr rate: 33 to 520 Lbs/(Hr x #t?)
ioisture in inlet air: .00l to U1 Lbs Hy0/Lb alr.
Air tempersture: 80OF, 95°F, 110°F.
Operating conditions: Isothermal.

The experiments were continued until the exit
air had the same humidity as the inlet sir. 4The authors
galoulnted adsorption band widths defined as the weight
of gas in the bed having humidities within arbitrarily
chosen limits, such as e/¢y from 0.1 to (.8 They found
that the band width (measured in mass units) varied with
the air flow rate, the initial humidity ¢p» snd the ad-
sorbent used, but was independent of bed heiczht,

Equilibrium isotherms between ey end g3 were sim-
rlified and represented by straight lines intercepting

the q4 axig at of as shown in the figure on the next page.
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True f/
isotherm ?

The values of o which should
guation

}\

be independent of grain size (51

are as follows:

Yaphi 11
Values of &
iemperature 80°F 95°F 1109F &
Lw_,‘ ay
Aluminsg 025 022 .014
Fig. 24. pguilibriom isothernm
Florite 020 representation.
Silies «20

The eyuation of an iscthorm is:

g4 = (a-00) ¢
Co
dater diffuses through two films in serics,

g gas film and a solid film, as expresscd by the following

two eguations:

3 :kﬁ(c-\'c).....(}i)
(39, = ¥ oo

G§%>x = kgo (g3~ @) e e e s o (3B)

ihegse eguations lead to thn following solutions:

If ep > e

Ln(cp/eo = - Ookgby | KgSx 2 - Bo/Cp . . o (4)
¢/ cq aV v

If ep < c:

Ln|l-(ep/cgl| = ep%e (Eckgby - kgbx - 2 eofc%} .« (D)
1-(c/cy) 1-(ep/eg)| av v
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In these equations:

ol k5
GD = & .y r =" €

kgs is obtained from equation (4) by rlotting 1n (e/gy)
against y for low values of 6/c, and measuring the slope.
#1th this value of kg8, the slope of a plet of 1n (1-c/cy)
against y (eq.5) gzives ¢ps thence r and k8.

wguations (4) and (5) are valid only for values
of inlet humidities below ,003 Lbs H20/Lb air.

the velues o0btoined for kgs’ were as follows:

Alumina and Florite kgS’ = 9.5 G55
Silica gel kgS' = 6.3 g5o
For all three kSS' = 7.3

To calculate the adsorbent charge required in a
drier for inlet humidities below .003 Lbs HAx0/Lb air
it can be agsumed that equilidbrium is attained between

the incoming alr and 95% of the asdsorbent in the bed.

NOIaTIuN

a = Capacity of so0lid in equilibrium with gas of
concentration o,, Lbs Ho0/Lb solid. :

¢ = Concentration of water in air, Lbs Hp0/Lb air.

ep = Concentration in air at roint of discontinuity,
Lbs Ho0/Lb air.

¢4 = Concentration in air at gas~solid interface,
Lbs HgﬂlLb air.
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Inlet concentration, Lbs Jig0/Lb air.

Alr flow rate based on free bed ceross-section,
Lbs/(Hr x Ft&2)

Gas film transfer coefficient, Lbs adsorbed water
(T{r < th } Libs }'{2@

I X
Lb air

Solid film transfer coefficient, Lbs adsorbed water

Lbs I
(ir x Ft?) x 2 2
LY solia

Average concentration of adsorbate in solid
particles, Lbs Hg0/Lb solid,

Concentration in solid at gas-solid interface,
Lbs H,0/Lb solid.

surface ares of particles, F42/Lb solid.

Surface area for activated alumina, Ft2/Lb solid.

Used with kg and ks a3 Pfollows:

kgs = kgs‘ for asectivated alumina.
koS = kgS' for activated alumina,

kgﬁ x 3 for aluminsg - kgﬁ' for other adgorbent.
S for other sdsorbent

kgS x o _for alumina =z kgS' for other adsorbent.
5 for other adsorbent

Time in hours.

Alr flow rate, Lbs/Hr.
weight of bed, Lbs.

¥t ~ mx, Lbs air downstream.
Constant from table 1l.

Bed voidage expressed as Lbs air/Lb adsorbent.
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VII - CURCLUSIOID

After having se rched the litersturc thorourhly,
the author 4id 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 partial information into a
comprehensive method that one can follow throush to de-

sign an adsorber.

The subject lenst treated in ithe literature is
the reactivation heat duty and duration. In faet only
iiantell (14) gives a method of estimating the resctiva-
tiorn time., Howevet, it was felt that o more detalled
method should be evolved that would cover £ll cases.
The three elementsa: adsorbent charge, adsorbed water,
and amnount of metal, which determine the he t leozd do
not have equal importance in all cases. By exomining
the contribution of each element separately and establish-
ing its relative importance better judsement car be ex-
ercised in evaluating the duration of the reactivation

veriod.

Ledoux (4) gives a methrod for estimating the
cooling time but does not takc the shell into account,
nor does he glve a way of estimating the heat transfer

coefficient. The author has proposcd a correction to



Fage 92

the cooling time caloulated by Ledoux's method to
secount for the presence of the metsal shell, For the
heat transfer coefficient, the author pronoses using

the Tougen and Watson method (18),

Hougen and larshall (1) give a method for deter-
mining the charge of adsorbent in a drier, but it aprlies
ounly for silics gel under isothermal conditious. Amero,
Koore, and Capell (2) glve design information for gas
driers using activated bauxite but 4o not give any details
on the computation of the reactivation and coolins time

whiceh are major factors in adsorbv.r 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 picce together all information into a comrlcte
correlated method of design. vherc certoin items were
found missing, the author did his best to supply a logic-

al and reasonsble solution.

The method proposcd congsists of the following

sterps:

1. Determine the amount of moisture to be adsorbed per
hour.

2+ Deternpine from the gas-moisture ratio, the nature of
the adsorption.

3.+ Chose the adsorbent anéd the time cycle,
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From the moisture to be adsorbed, the time cycle,

and the nature of the adsorption, cealeulate the

ceharge of adgorbent.

Calealate the maximum allowable mass veloclty by

Ledoux's nmethod (pase 13), under adsorption and re-

activntion conditions.

Chogse a bed diameter that satisfles the following two

conditions:

a) Keep the mogs velocity below a srecified fraction
of the allowable maximum.

b) kLeep the bed height to dianctur rutio between 2 and 5.

Set the ves:el dimensions and ealculate the weight of

metal and insulation.

Calculate the reasctlvation heat load, separnting it into

the three periods sugsecuted by the author.

By trial and ervor detcrmine the renctivation gas rate

to conlete the reucetivation within the asllotted time.

Determine the c¢oolingz load,

Letermine the cooling time. If the bed alone .ccounts

for over 504 of the load, uwse the Ledoux method (paces

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

505 of the load, use the log mean rate method@as deve-

loped by thre author (paze 32).

Calculate tne pressure drop during adsorption snd re-

activation using fig‘l on pase 5, taken from aAnmero,

oore, und Capell (2).
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In order to briefly illustrate the procedurc to be
followed, a final numeriocanl example will be gilven,

st bLil W0, 4

Tesign an rdsorber to dry 5000 LCFH of CUp. measured
dry at 609F and l-ptm. 1he gas ig at 300 PSIa and 80°F
até soturated with water. It nmust be dried to nepgligible
moigture content. hkenctlivation is to be accomplishcd with
hot air at l-atm., and 400°0F.

Solution, The flow 1s first convertced to Lb-Loles/r
and Log/lr bagisg:

CO, flow = BUCU x 60 x 492 x 14,7 = 37.3 Lb-ioles/Hr.
359 x 540 x 300

Vs WY, - : .
== 37«3 x 44 1640 Lbs/lr
The moisture content is then caleuloted from the
vayror pressure of wabter at 809F, namely 0.507 PSIa:

HgU flow =z 37.3 x 807 = .0631 Lb-iioles/iTr.
a00 =~ .50

== 0631 x 18 = 1.14 Lbs/lUr.

a tesgt is then made to detcrmine the nature of the
adgorrtion {(assuming me cooling coils used), whebther iso-
thermal or adiabantic. The hent libernteé during adsorption
ean be token og the latent hent of water or roughly 1000 BTU/Lb:
Tent literantcd = 1l.14 x 1000 = 1140 BIU/Ur.
whe test is then thig: if 31l the heut goes into the dried
gas, how much will its tempersture increase? ‘The specific
hent of €O, being 0.21 HLU/(Lb x OF):

At = 1140 = Z2,30F
1640x.21
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This being such a small rise, the adsorption can be con-
sidered isothermal.

The adsorbent to be used is next chosen, and e¢an be
activated bauxite, activated alumina, or silica 3el. ULhe
amount required in the adsorber will be greatest with baux-
ite, and least with silicea zel. 7lhe choice is a2 matter of
economics., The time c¢ycle nust also be chosen: 4, 8, 12
or 24 hours, and is a matter of mana~cment policy.

suppose alumina of 1/74” to 8 mesh is choscn along
with a 12~hour cycle. The amount of water to be adsorbed
ner cycle is then:

{ater to be adsorbed = 12 x 1,14 = 13.7 Lbs per cycle.
The amount of adsorbent required to the break -oint at a
12¢% adsorption caracity (sec p. £;3 is:

aluomina required ¢ 13.7 = 114 L1bs

ei2 57 plus 50% ecxcess
171 Lbs

A B50% ercess is used to compensate for loss of capacity
with use and to cover design uncertainties. The volume of
the bed is them: 171/00 = 34.2 Fto.

The bed should have a ratio of height to diameter
in the range of 2 to 5. The diameter must be chosen lar e
enough to keep the veloeity below the maxinmom allow.ble
during both adsorption and reactivation. Because of its
simrlieity the method of Ledoux is preferred in determining
the maximum allowable velocity. Ledoux's formuls is:

Gmax ™ 2640 {/dg8,D

The average particle diameter D for 1/4" to 8 mesh materi=l is:

Vo= .26 +.093 - .,
R 0143 Ft,
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During adsorption:

dy = 44 X 492 x 300 = 2,28 Lbs/Ft°
359 x B0 x 14.7

Gpax = 2640 }/2.28 x 50 x .0143 = 3370 Lbs/(Hr x Ft%)

During reactivation:

d, = 29 x 492 = .0462 Lbs/Ftd
g 5] x

Gpex = 2640 L0462 x 50 x 0143 = 480 Lbs/(fr x Ft%)
50 far only the flow during adsorption is known, namely
1640 Lbs/Mr of C0p, and based on thal figure, the nininum
flow ares is 1640/3370 = G.486 Ft?, which corresponds to
a diameter of 9-1/2". It would be advisable to stay at
50%# or less of the maximum veloeity. This would be obtained
in a 14" 0D x 1/4" wall shell having a 0,995 Ft° flow area.
In such a shell the velooity during adsorption would be:

G = 1640/.995 = 1650 Lbs/¢HrxFt2) or 49# of maximum.

ithe bed depth would be %ﬁ.2/.995 = 3,44 Ft. aAllowing about

a foot of free space at each end
==

will give a shell length of 5'-6", =

In the proposed adsorber the bed FZ insulation

has a height to diameter ratioc of Aﬁ%ivﬁEZa

3.44x12/£3.5 = 3,06 which is with- | Gé/fgamina

in the 2 to 5 range. ﬁl \/ ut. of dptesl:
4 tentative design as shown y! 450 Lbs.

irn fig. 25 has been arrived at. It N e o on:

now remains to determine the react- ;* 2 85 Lbs.,

ivation air rate to complete the w“filff”

reactivation and eooling within )
-‘Eigo 25» CUB Drier.

12 hours and to check if the rate
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18 below the maximum allowable, Jhis air rate is found
by trial and error.

First the platcau temperature 1s loeanted as explained
in the text (pazes 24-26), and is found to be 121°F. The
reactivation is then divided into three periods and the
corresoniing heat duties ealculatcd. The results are:

1. Heat adsorber from ambient to 121°F Duty = 4,570 BTL
2, wvaporate water at 1219F Duty = 14,000 31
3. Heat ndsorber from 1219F to 3509F Duty = 2b,800 BIL
Iry 250 Lbs/Hr as a reasctivation alr rate, equivalent
to a mass velogity:
Reactivation G = 250/.995 = 252 Lbs/(Hr x Ft2)
or b2# of maximum allowable,
with this air ratc, the duration of each pericd is culeculated.

First period. Llethod: Log measn tr nefer rate.

4o ® 250 (.24)(400 ~ 80) = 19,200 BIU/Hr.
250 (.24)(400 -121) = 16,700 BIU/Hr

af

Qyp= 19,200 - 16,700 = 17,200 BIU/Hr

) 19,200
2.3 Log T@f?ﬁﬁ

buration = 4,570/17,200 = 0.266 'ir,

wecond perlod.

burstion = 14,060/16,700 = 0,839 llr.
ihird perilod.

If henting the besd were the zreater part of the heut
load, the Ledoux method would be used for the third period.
However, in the vresent case, thc bed accouunts for ouly
9,800 BYU out of a total of 25,800 BTU. The log mcan transfer

rate method is indicated because it aprlies more corrcetly
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to the heating of a heat conductive body such as the
adsorber shell.

4o = 250 (.24)(400 - 121) = 16,700 Bri/ir

e = 250 (.24)(400 -350) = 3,000 BTU/HT

16,700 - 3,000 = 7,980 Biu/Hr

. 16,700
E3 f,
2.4 Log 3,000

buration = 25,800/7,980 = 3.24 "'rs.
ihe reactivation will then take:

Ue2661T0,839+3.24 = 4.35 lira.
Cooling.

fhe cooling time 1s also preferably caleulaied by the
log mean tronsfer rate method rather than the Ledoux me-
thod because the grcater part of the cocling duty is for
the vessel. The duty to cool the adsorber from 3509F to
BOOF is 26,400 BIU of whiech 11,600 is for the bed alone,
Using the same alr flow as for the reactivation and taking
709F as the air temper ture:

4, = 250 (.24)(360v - 70) = 16,800 s1U/Hr

ap = 250 (.24)(80 =~ 70) e 600 BYIU/Hr

4 = 16,800 « 80U = 4,860 BIlU/Mr
im TE B30
2.3 Log """"é‘b"{)"’*

Duration = 26,400/4,560 = 5.44 lirs.
iThe total time reouired for r.aectivation and cooling is
4.,35+5.44 = 9,79 Urs which is within the 12 hours avail~
able. To complete the design information. the pressure 4rop
is caleulated using fig.l, and is found to be 0.1l PSI during
adsorption and (.35 ¢8I during resctivation. The design

shown in fig. 25 should thus be satisfactory.
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