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Feed Purge Cycles in Pressure Swing Adsorption

PHILLIP C. WANKAT
SCHOOL OF CHEMICAL ENGINEERING
PURDUE UNIVERSITY

WEST LAFAYETTE, INDIANA 47907-1283

ABSTRACT

Three new pressure swing adsorption cycles for the production of oxygen-en-
riched air at very high recoveries are developed. The cycles involve a purge step
using low-pressure feed gas. Loocal equilibrium theory is used to predict purities
and recoveries for air separation with SA zeolite. Novel methods for drying the
inlet air are developed. For low product purities these processes are predicted to
have very high recoveries and adsorbent productivities. A simple new method for
determining the location of a curved shock wave is illustrated. Other possible

applications of PSA feed purge cycles are briefly discussed.

INTRODUCTION

Pressure swing adsorption (PSA) is a well-known commercial separa-
tion method used for the separation of gases. The process was invented
by Skarstrom (11) at Esso. Since that time PSA has become a commercial
process for drying compressed air, separating oxygen and/or nitrogen from
air, hydrogen purification, and the separation of other gases. The basic

Skarstrom cycle shown in Fig. 1 consists of four steps:

Feed at high pressure—produce product
Blowdown to low pressure

Purge at low pressure

Repressurize with feed

il

Because of the expansion of gas when pressure is dropped, it is possible
to remove all impurities during the purge step and still have a significant
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High Pressure

a. Product
l |\
Desorb PL PH Adsorb
Low Pressure Feed
Waste
Repressure Feed Blowdown Purge

To To

1“‘ t‘ * Waste

FIG. 1 Pressure swing adsorption system. a: Two-column system. b: Steps in simple PSA
cycle.

amount of product. The two columns shown in Fig. 1 are operated out-
of-phase with each other, and this allows continuous production of high-
pressure product.

Since the first invention there have been a huge number of modifications
to the basic Skarstrom cycle. These have been reviewed by Ruthven (8),
Skarstrom (13), Tondeur and Wankat (14), Wankat (15), and Yang (16).
Since the optimum cycle depends on the specifics of each separation prob-
lem, there are a very large number of possible sequences. The steps which
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TABLE 1

PSA Steps
1. High-pressure feed Recover high-pressure product
2. Pressurize With feed

With product
With impure product
With both feed and product

3. Blowdown Counterflow to feed
Coflow to feed
Both
4. Rinse Reflux of heavy component
5. Purge With product

With inert gas
With low-pressure feed
6. Vacuum evacuation Coflow to feed
Counterflow to feed
Both
From center of bed
7. Pressure equalization From bottom to bottom
From top to top
Both
8. Delay For cycle congruence
For mass transfer or pressure waves
9. Recycle Impure material recycled to feed

have been identified from various papers and patents are listed in Table
1. Mixing these together in a unique way leads to a new process.

NEW CYCLES

The processes to be discussed in this paper employ a seldom used step,
purge with low-pressure feed gas. Although inclusion of this step in PSA
cycles will be illustrated for air separation, purge with low-pressure feed
gas may also be of interest in other separations. The use of purge with
low-pressure feed gas is included in a patent by Skarstrom (12) but does
not appear to have been used either commercially or in other patents.
Skarstrom (12) applied this to a modification of the cycle shown in Fig.
1, including a pressure equalization step.

In this paper, purge with low-pressure feed gas is combined with the
cycles developed by Kratz and Sircar (5) and Sircar and Kratz (9, 10).
Sircar and Kratz (10) state that one difficulty with the Skarstrom (12)
cycle is the need for a source of bone-dry, CO,-free air for the purge gas.
In this paper a way to operate the process without this restriction is shown,
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Kratz and Sircar (5) developed the two cycles shown in Fig. 2. The layer
of desiccant dries the inlet air and removes CO,. The main purpose of
their processes was to produce low-purity oxygen from air, but, of course,
these cycles may be useful for other separations. These cycles are claimed
to have high recovery of compressed oxygen and high productivity.
The three related cycles developed in this paper are shown in Figs. 3,
4, and 5. Now a layer or separate column of desiccant is used at the feed
end of the zeolite bed to dry and remove CO; from the high-pressure feed
air, and a layer of desiccant or a separate column of desiccant is used to
dry and remove CO; from the low-pressure feed purge. Use of a layer of
desiccant in the same column as the zeolite is less expensive but does not
allow for separate control of pressure or for bypassing the desiccant. It
is not the purpose of this paper to illustrate the design of the drier layers.

Product
a.
Zeolite
.
Desiccant \
A
¥ y
Pressurize Co-Blowdown Counter-Blowdown
Product
b. ™ ‘
Zeolite

Desiccant N

Ie !
. R Counter Product
Pressurize Co-Blowdown Eoodown Purge

FIG. 2 Cycles for production of 23 to 50% oxygen |[Sircar and Kratz (9. 10)]. a: With
blowdown. b: With blowdown and product purge.
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Product

Air
Desiccant ;
Zeolite
\\
Desiccant
F
P . Co-Blowd Waste
ressurize -
o-tlowdown Feed-Purge

FIG.3 New cycle with feed purge: No counterblowdown and no product purge. Compres-
sors, valves, etc. are not shown.

If the volumetric purge to feed ratio, v, is greater than a suitable value,
it is assumed that drier operation would be satisfactory.
Vpurge Pfeed Npurge

Y = = (1)

vfeed pas Ppurge Nfeed gas

Yang (16) suggests suitable vy values are from 1.05 to 1.10, Skarstrom (13)
suggests y from 1.1 to 1.5, and a v as high as 2.0 may be required with
NaX zeolite. At a high pressure of 3 atm, all the cycles shown here can
be operated with y > 1.5 while several can be operated with v > 2.0. In
all cases shown in Figs. 3. 4, and 5, two separate desiccant columns are
used. The use of two separate desiccant columns rather than desiccant
layers allows one to obtain larger values of y in the driers since the purge
gas 10 the drier can be depressurized before entering the drier. 1t may be
feasible to use a layer of desiccant plus a separate drying column in some
cases.

Note that the product air is not bone-dry. The requirement to dry the
air is due to the zeolite in the process. Most applications of oxygen-en-
riched air do not require bone-dry air, and medical applications actually
rehumidify the air. Realization that the product does not have to be bone-
dry air allows designs which use the product gas to regenerate the desic-
cant used for drying the feed purge gas.

The main feed in the column needs to be compressed. Sircar and Kratz
(9. 10) report on pressures of 3.04 and 3.72 atm. Pressures as low as 1.9
atm can be used to produce 24.8% oxygen in the process shown in Fig.
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(a)

l'rod}uct r"i"
pesicamt———= | [ | | | L |
2 ; ;

Zeolite P
[ L
Desiccant i
" L ]
*Waste Waste
Pressurize Co-Blowdown Counter Feed Purge
Blowdown
( b ) Product 2nd
;—Alr
Desiccant g %
Zeolite o
Desiccant ( % %

2) ¥
G R s | s B B
ir
Pressurize Co-Blowdown Counter Feed Purge
of Adsorber Blowdown

FIG. 4 New cycle with co- and counterblowdown and feed purge: No product purge. (a)
Higher operating pressures. (b) Low-pressure operation. Compressors, valves, etc. are not
shown,

4(a). Pressure higher than 3.7 atm will increase oxygen purity and recovery
but at considerable cost for compression. The feed purge air is at low
pressure and only a blower is needed. If a continuous flow of air is needed,
then three or four columns are used for the cycles in Figs. 3, 4, and 5. If
surging of the product air can be tolerated, a single column can be used
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Product PG

pesiccant. —{o || | | | 1]

Zeolite H—
F {Waste
Desiccant * ;Waste *Waste
Pressurize Co-Blowdown Counter Feed Purge Product
of Adsorber Blowdown Purge

FIG. 5 New cycle with co- and counterblowdown, feed purge, and product purge. Com-
pressors, blowers, valves, and controls are not shown.

for the cycles in Figs. 3 and 4(a). A single column plus a storage tank
would be required as a minimum for the cycles in Figs. 4(b) and 5.

THEORY: PROCESSES WITHOUT SHOCKS

The cycles shown in Figs. 3, 4, and 5 have been extensively studied
using the local equilibrium theory {Knaebel and Hill (4)]. Detailed experi-
ments by Kayser and Knaebel (3) for the separation of oxygen and nitro-
gen in a Skarstrom cycle showed good agreement with the theoretical
predictions. Thus, we have confidence that the results are reasonable.
The use of the oversimplified equilibrium model allows one to study rather
complex cycles without extensive computer simulations. Data for SA zeo-
lites was used and is shown in Table 2 [Kayser and Knaebel (3)].

TABLE 2
Data for Separation of Oxygen and Nitrogen Used in
Simulations [Kayser and Knaebel (3)]

T = 30°C = 303.16 K, kn, = kar = 5.40

e = 0.478, p, = 810 g/m*, R = 82.057 mol-cm*/atm-K
YNy p = 0.7826, Py = 3 atm, P = | atm

B, = 0.08435, Bo, = 0.14498, B = 0.5818
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Knaebel and Hill (4) showed that, in general, one would have both
diffuse and shock waves. These occur even with linear isotherms because
of variation in the gas velocity. The cycles shown in Figs. 3 and 4 are
interesting since no shock waves occur. Thus, first the theory will be
briefly described for diffuse waves and in the next section for shock
waves. The theory assumes: instantaneous mass transfer (local equilib-
rium), ideal gas, negligible dispersion, negligible pressure drop, isothermal
plug flow, and independent linear isotherms. Complete details are given
by Knaebel and Hill (4).

Defining B = Ba/Ps Where ka > kg and

I
Bi=—Fr—ao0 )
- (1 €)k;

€
the velocity during pressurization and blowdown is

= —Z 1dp
T Bell + B - DylP dr 3)

u

where z = 0 is the closed end of the column. During constant pressure
periods the velocity at Points 1 and 2 in the bed are related by

u 1+ @ - Dy
uz 1+ (B — Dy “@

Using the method of characteristics, one obtains the following ordinary
differential equations.

dz _ Bal

& STT @ -1y 5)
dy (B — D = y)y 6
4P~ Tl + (B = DylP (6)

When pressure is constant, Eq. (6) implies y is constant along the charac-
teristics given by Eq. (5). When pressure varies from initial condition ‘0,
these equations can be integrated to give

y_(l-vy “(f_)ﬁ"
Yo B (1 - J’O) Pqy )

z _ (1)3/1'[5(1 - yo)'”_"(l + (B - 1)y> ®
2 Yo 1 -y T+ @ - Dy
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During pressurization the moles of feed entering the column is

Ipr P
Npr = — J;) llPRﬁEAC” dr (9)

where upr comes from Eq. (3). The result is

€A L(Py — Py)

New = BoRTI + (B — Dyl (10)
During blowdown
Nep = f Ut e €A (1
o RT
where ugp comes from Eq. (3).
Neo = [ Lede dP (12)

" Jp, Bell + (B — DyIRT

Unfortunately, y varies as shown by Egs. (7) and (8). The integral is easily
evaluated numerically. The moles of N2 in the blowdown is easily obtained
by multiplying the integrand by y.

If we are willing to require that the feed purge step convert the entire
column to mole fraction yy, then cyclic steady-state results can be ob-
tained immediately. Since this greatly simplifies the calculations, we will
do this; however, in actual practice, less feed purge can be used. With
this requirement the entire column is at y;- and Py, for the start of the
pressurization step. Since the pressurizing gas is at y;., no shock wave
occurs. The resulting characteristic diagram for the process in Fig. 3 is
shown in Fig. 6. The numerical values in this figure are for P, = 1 and

Pressurization co-Blowdown Feed Purge
P=1.00
! y = 0.864
OorL A ¥ P’F

~ 0687
P =2.267
™ z=0.73L

%“}0.76
zo = 0.2315L

‘ z cong,

diffuse

=
l_'ﬂ-b

FIG. 6 Characteristic diagram at cyclic steady-state for processes in Fig. 3. Conditions
are given in Table 2.
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Py = 3, but the shape of the diagram will be unchanged for other pressures
or yg values.

Foryys = yr, Po = PL = land P = Py = 3, Eq. (7) can be solved for
¥ = Yrea- For the oxygen—nitrogen values in Table 2, the result is y.q =
0.651. This value helps to explain why the process in Fig. 3 will produce
oxygen-enriched air. More nitrogen is adsorbed when the column is pres-
surized, and thus the oxygen content of the air increases (yn, decreases).

The ending location of the characteristic starting at 7 = 0 can be found
from Eq. (8) with yo = yrea and y = yg. The value of y at any value of z
at the end of the pressurization step can also be found from Eq. (8). The
values obtained can be checked with an overall mass balance around the
column for the pressurization step.

(Pu — Po)

NPR = AcsLe RT

P
+ Aazo(l = © gp kol = yrea) + knyYeea]
F AL - O 2Ry D [ ko = 9 + Kyl
cs — &) o\ N - 3
RT L 0 y N,

P
X dz — AeL(l = © Bz lko(1 = ye) + knyrl (13)

On the right-hand side, the first term is final minus initial states for the
gas, the second term is the final amount adsorbed down to the “*border”
wave representing the feed characteristic, the third term is the amount
adsorbed in the diffuse wave, and the last term is the initial amount ad-
sorbed. This equation is simplified since ko, = ka,, and the oxygen and

argon can be lumped together. The integral is easily determined numeri-
cally. It could also be determined by substituting Eq. (8) into Eq. (13),
but this is algebraically messy. The nitrogen mass balance can also be
used.

The calculation for blowdown uses the end of the pressurization step
as the initial condition. Note that z must be shifted. Nz can be obtained
numerically from Eq. (12) where y is related to P by Eq. (7) and y, corre-
sponds to the y values at the end of the pressurization step at specified
Zo. This can be done conveniently by setting z = L in Eq. (8) and then
solving for y which is the outlet gas starting from a specified point (yo,
Zo) in the column. The outlet pressure P is then determined from Eq. (7),
and Eq. (12) can be integrated. The last characteristic exiting the column
(P = P = 1.00) is also shown. Concentrations for the diffuse wave at
the end of the blowdown step are done by using Eq. (7) with P/Py, =
3/1 to find y, and then using Eq. (8) to find z. Atz = 0, yeone = 0.879 is
the highest nitrogen concentration obtained in this cycle.
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Since the diffuse wave inside the column at the end of the blowdown
step has more nitrogen than air, it is advantageous to use feed air at P,
to purge the column. A diffuse wave results. It was timed so that the
entire column was at yr at the end of the feed purge step. From Eq. (5),

BAuPutl’u
L = ——ARuhe 14
[+ - Dyr (14
and then
P A LeP 1 + (B — Dyel
NPu,'m = Upu RT E/L‘cstl’u - RTﬁNz (]5)

The exiting concentrations during the purge step can be determined by
following characteristics which start at the diffuse wave from the end of
blowdown. Alternatively, the average concentrations exiting during the
feed purge step can be obtained from a mass balance over the entire cycle.
Once nitrogen mole fractions are obtained,

Yar + Yo, = 1 — yn, (16)
The oxygen mole fraction was obtained by requiring [Islaski (2)]

A 0.9573 17
YOZ + YAar ’ ( )
The cycle shown in Figure 3 does not have an equivalent in the scheme
of Sircar and Kratz (9, 10). Our calculations predicted a product which
is 24.4% oxygen for a high pressure of 3 atm. Recovery of oxygen from
all input air was 81.9% while recovery of oxygen in compressed air was
113.8%. This recovery is greater than 100% since some of the oxygen in
the product came from the feed-purge air. Since the major operating cost
is the compressor operation, reporting recovery based on oxygen in the
compressed gas is a reasonable way to compare processes. The outlet
drier in Fig. 3 can be operated with v > 2.0 by reducing the product
pressure. The inlet drier operates at y = 1.2 if Pyaue = 1.0. According
to some authors, this y may not be large enough to obtain complete drying
of the inlet air. Additional feed purge gas beyond that shown in Fig. 6 can
be used to help purge the inlet drier. By adjusting the amount of feed
purge gas used, a maximum vy of 1.7 can be obtained in each drier if the
product gas and waste gas are at 1 atm. If y = 1.5 is sufficient, higher
pressures can be used for product and/or waste streams.
During the latter part of the coblowdown step in the cycle shown in
Fig. 3, the gas going into the product contains less oxygen than air, Thus,
it is reasonable to stop the coblowdown step when the product gas has
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approximately the same composition as air. A counterblowdown step is
added as shown in Fig. 4. The characteristic diagram for these processes
is shown in Fig. 7. The feed purge step is again controlled by the character-
istic line at yr. Then the pressurization step is the same as in Fig. 6. The
coblowdown step is the same as in Fig.6 c¢xcept it ends earlier (at y =
0.784, P, = 1.71 atm). The calculations for the counterblowdown step
are initialized with the final conditions for coblowdown. This is shown
for one example characteristic. With a high pressure of 3 atm this scheme
produced an oxygen gas which was 28.8% oxygen at a recovery of 61%
of all oxygen input and 84.7% of oxygen in the compressed gas. A y >
1.5 can be obtained for the outlet drier while v > 2.0 for the inlet drier.
These values are sufficient for a drier using activated alumina. If a higher
purity is required, the coblowdown step can be stopped at a higher pres-
sure. For instance, a 31.7% oxygen product can be obtained at a recovery
of 37.3% of the oxygen in all input air (51.8% of oxygen in compressed
air). These recoveries (37.3 and 51.8%) are low, and the scheme shown
in Fig. 5 becomes preferable.

The effect of pressure on the cycles shown in Fig. 4 was studied. In
these cases the coblowdown step was stopped when the exiting gas had
the same composition as air. These results are shown in Table 3. These
results represent the ‘‘natural’’ operation of this cycle. If a lower oxygen
purity is desired, it can be obtained by mixing product with air. The last
column in Table 3 gives recoveries if the product is mixed with air to give
a 25% oxygen product. Obviously, a blower is needed for the air that will
be mixed with the blowdown product. As the pressure is decreased, it
becomes increasingly more difficult to totally regenerate the outlet drier

Pressurization co-Blowdown ;ﬁ)‘:‘;g';n Feed Purge
A Ve
OorlL
Y, Yeed ¥y = 0.687 Y
y =084 y = 0.836
- N Yo =0mn2
Vo= \z: = 0495
Y= 0.855
= 0. z =0.795L
Jo? =08
Lor0 Iy * *
PL
P,= 171

FIG. 7 Characteristic diagram at cyclic steady-state for processes in Fig. 4. Conditions
are given in Table 2.
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TABLE 3
Theoretical Results for Pressure Effects on Cycle Shown in Figure 4a or 4b
Os recovery Recovery of
02 mole Highest delivery O recovery of compressed O»
Py fraction in pressure of of all inlet compressed if mixed to
(atm)  product (%) product (atm) air (%) air (%) 25% (%)
6 31.4 34 571 65.9 135.9
3.0 28.8 1.7 61 84.7 143.3
2.2 252 1.24° 58.2 95.9 117.8
1.9¢ 24.8 1.07 56.6 105.5 —

“ Cycle in Fig. 4b must be used.
 This delivery pressure is possible only if the cycle in Fig. 4b is used.

(used to dry the feed purge gas). The use of the scheme in Fig. 4(b) will
allow operation at lower pressures or at higher v values in the outlet drier.

THEORY: PROCESS WITH SHOCK WAVES

For higher product purities the cycle shown in Fig. 5 will give higher
recoveries than the simple cycles. In this cycle a product purge is used
after the feed purge step. This adds additional complexity to the process
and an additional step to optimize.

For this process a shock wave results during the pressurization step
because material at yy- displaces the product purge material. Knaebel and
Hill (4) showed that for the pressurization and blowdown steps the shock
wave velocity 1s

_ —Bz 1dpP
Uh =T+ B = Dy + B~ Dyx) P dr

while at constant pressure

(18)

Yo = Bat _ Bati
PFTI B - Dy 1+ - Dy

where 1 denotes material immediately in front of the shock and 2 is mate-
rial immediately behind the shock. In general, the shock wave curves.
Knaebel and Hill (4) illustrate a fairly difficult procedure for following the
path of the shock wave. We will satisfy the overall mass balance for the
step to find the shock location indirectly.

The cyclic steady-state can be determined without the need for startup
equations. Again, require that the feed end of the column be regenerated

(19)
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to the feed mole fraction, yg. Pick the desired ratio of feed purge to total
purge, Nep/Npy. Then Npp/Np, = 1 — (Ngp/Npy). Set the required value
of total product mole fraction yp. One can now start with the feed purge
and product purge steps. Then the pressurization step, including the shock
wave, can be calculated. The coblowdown step is done to an intermediate
pressure P, at which the average coblowdown product composition
equals yp. The counterblowdown procedure is then essentially the same
as in Fig. 7.

The calculations for the processes shown in Fig. 5 are shown in Fig. 8
for yp = 0.67 (yo, + yar = 0.33 or yo, = 0.316) with 70% of the purge
being feed purge. This diagram is similar to Figs. 6 and 7 except it is
convenient to show the purge step first. Assuming a constant inlet purge
gas velocity, up,, the total purge time tp, is again determined by Eq. (14)
since the yg characteristic is unchanged by switching from feed purge to
product purge. From Eq. (5) the relative velocities aty = yeandy = yp
= 0.67 can be determined. It is then easy to calculate that the diffuse
wave extends from z = 0.28035L to z = 0.30L at the end of the product
purge.

During the repressurization step the diffuse wave first reversibly re-
forms a step change (the local equilibrium theory has ignored irreversible
mass transfer and dispersion) and then a curved shock wave forms. This
is sketched approximately in Fig. 8. The exact location of the shock wave
at the end of the pressurization step can be found from a mass balance
around the pressurization step. The remaining calculations for the pressur-

Product

Feed Purge Purge

Pressurization - Counter-
Co-BD b

+ Y * y=0,766 y,= 0.826

"‘ *l: 0

0.
Ve diffuse —» y=0833 0.899L

, 4 G *z:O r/
{ ‘ gF B, Py = 1.80 * P

FIG. 8 Characteristic diagram at cyclic steady-state for process in Fig. 5. Conditions are
listed in Table 2. yp = -.67. NFp/Npu = 0.7.




12:19 25 January 2011

Downl oaded At:

FEED PURGE CYCLES IN PRESSURE SWING ADSORPTION 2581

ization step are exactly like those in Figs. 6 and 7. The gas above the
shock wave started at yp and is pressurized to Py = 3. Following Eq.
(7), one obtains yp .q = 0.5238. Below the shock wave the gas went from
YF 10 yrea = 0.651.

The mass balance around the pressurization step is

. PH - PL PH
NPT - ACSL€ RT + ACSZSh RT(I - €)

X [k03(1 - yP.rcd) + szyP.rcd]

P
+ (1~ 9Ac g7 (2 — Zen)lko(I = Yeea) + knyYreal

P b
(1= A [ lho1 = ) + k]

AcsPL

Xdz—(l—e)—ﬁ

[07L(k()1(l - ,VF) + /\'N;,VF)

0.28035L
+ f (ko,(1 = y) + kn,yldz + 0.2803SL

0.3L

X [ko,(1 = yr) + kn,yrl (20)

In Eq. (20) the first term is again the final minus initial amount of pore
gas; the second to fourth terms are the final amounts adsorbed above the
shock wave, between the shock and the border wave, and in the diffuse
wave; and the subtracted term represents the initial amount adsorbed
below the diffuse wave, in the diffuse wave, and above the diffuse wave.
The two integrals are easily determined numerically (the first one is ex-
actly the same as in Eq. 13). Equation (20) is linear in z,,, which allows
for a simple determination of z,.

The final state for pressurization is the initial state for coblowdown.
Everything below the shock wave is exactly the same in Fig. 8 as in
Figs. 6 and 7. This obviously eases the calculations. The coblowdown
calculations are complicated by the shock wave. The initial condition for
the shock is zgho = 1 — zsn = 0.9142L since z = 0 is now the feed end
of the column. Equation (8) is used to go from z, o to z = L for concentra-
tions on both sides of the shock wave. Then Eq. (7) is used to calculate
P at the outlet. This shows a jump in pressure. Since a pressure jump
probably causes an error in the calculation of Ny, from Eq. (12), the
average pressure was used as the shock wave pressure (Py, = 2.75 atm).
The error introduced by this approximate calculation should be small.
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TABLE 4
Results from Calculations for Cycle in Figure 5
Recovery of oxygen Recovery of oxygen in
% O, in % Product purge in compressed gas total air fed to process
product of total purge (9%) (%)
3i.6 20 65.9 47.4
30 67.0 48.3
40 58.7 423
38.2 20 29.4 22.4
50 46.1 38.6
70 47.8 4.8
90 52.6 50.6

The remainder of the coblowdown calculation is the same as those done
in Fig. 7. Now P, is shown so that

B Ngp.N, on
TP = NBD
P LeA..y
dP
ry Boll + (B — DyIRT
yr = Pm LﬁAcs (22)

v Boll + B ~ OIRT 47
This is a straightforward numerical calculation. This step is necessary
since yp was chosen to start the purge calculation.

The counterblowdown step is essentially the same as in Fig. 7. The
same starting characteristic as calculated in Fig. 7 is shown in Fig. 8. It
moves closer to the outlet in Fig. 8 since the counterblowdown step is
longer.

The results from two sets of calculations are given in Table 4. The total
amount of purge has not been optimized. The high pressure was 3 atm
and the low pressure 1 atm in all calculations. For the 31.6% oxygen
product with 30% product purge, both driers can easily operate with y >
1.5. If the product delivery pressure is reduced to 1 atm, both driers can
operate with y > 2.0. Thus, producing dry air should not be a problem.

DISCUSSION

The obvious question is: Are the results obtained good or bad? An
approximate comparison can be made with the pilot-plant results of Sircar
and Kratz (9, 10) for the processes shown in Fig. 2. They used zeolite X
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which is better in this application than 5A. Despite this, a qualitative
comparison can be made. For a 25% oxygen product the process shown
in Fig. 2(a) had about 80% recovery. The results shown in Table 3 show
a significantly higher recovery of oxygen in the compressed gas (except
at Py = 6) and a significantly higher recovery if the product is mixed to
produce a 25% oxygen product. When product purge is used (Fig. 2b or
5), the results in Table 4 can be compared to Sircar and Kratz (9, 10). At
31.6% oxygen, Sircar and Kratz (9, 10) had about 64% recovery with Py
= 3.04 atm. For 38.2% oxygen, they obtained about 55% recovery. Thus,
for low-purity oxygen the cycles shown in Figs. 3 and 4 appear to have
an advantage. When product purge is used to obtain higher oxygen mole
fractions, the use of feed purge in addition is advantageous at low oxygen
concentrations (e.g., 31.6%) but probably is not useful at higher oxygen
concentrations. Note that the processes shown in Figs. 3, 4, and 5 will
usually require two separate drier beds for each adsorption column, but
Sircar and Kratz’s process (Fig. 2) requires only a single layer of desiccant
in the adsorption column. In addition, the Sircar and Kratz process has
been completely tested experimentally while the processes shown here
have not been tested experimentally. Thus, the appropriate conclusion is
that the feed purge processes have promise and should be tested experi-
mentally.

Feed purge may be useful in other cycles for oxygen production. For
example, one can include a high-pressure feed step with product with-
drawal before the coblowdown in the cycles shown in Figs. 3 to 5. The
cycles studied by Liow and Kenney (6) can also be adapted to include a
feed purge step as shown in Fig. 9. For simplicity, the drier beds are not

F;.ed BD lf‘:fge Backfill Pressurize
\
;‘J‘
l ¥ i
P
H B

+ i ; i
F F

FIG. 9 Inclusion of feed purge step in cycle of Liow and Kenney (6). Desiccant beds,
compressors, valves, etc. are not shown.
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FIG. 10 Proposed use of feed purge in cycle for N2 separation from air. Two columns are
used as shown. Steps are labeled for Column 2. Desiccant beds, compressors, valves, etc.
are not shown.

shown for this cycle. Since this cycle normally operated without a purge
step and produced low-purity oxygen, the introduction of a feed purge
step may cause the same major increase in oxygen recovery as for the
cycle in Fig. 2(a). The model employed here could easily be applied to
this cycle.

Feed purge may also be useful for other gas separations when a pure
product is not required. A specific example is the production of 95 to 96%
nitrogen from air using a carbon molecular sieve. The proposed modified
process is shown in Fig. 10 without appropriate drier beds. Current prac-
tice uses this cycle without the feed purge step (there is a separate desorb
step instead) [Hassan et al. (1), Pilarczyk and Knoblauch (7)]. Since this
is a kinetic-based separation, the model used to study the oxygen separa-
tion is not applicable. A more detailed analysis is needed to study the
applicability of the feed purge step in this case.

One application where feed purge would not be applicable is drying
compressed air. Since water is normally removed as condensate after each
compression step, Yamb > ye- Thus, there is no convenient source of low
pressure “‘feed’’ gas to use for the feed purge.
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N e e s Os A
b <§ ~3 =

Zb
Zsh

Greek

NOTATION

cross-sectional area of column (m?)

linear equilibrium constant [(mol/m? solid)/(mol/m?* gas)]
column length (m) [Note: Knaebel and Hill (4) used L = 1]
moles blowdown gas

moles pressurization gas

moles inlet purge gas

moles

moles product purge

pressure (atm)

high pressure (atm)

low pressure (atm)

medium pressure—border between co- and counterblowdown
steps (atm)

gas constant

time (second)

temperature (K)

velocity (m/s)

shock velocity (m/s)

volume (m?)

mole fraction A (more strongly adsorbed = N3)

feed mole fraction

product mole fraction

axial distance (m)

“border’’ wave for feed (m)

location of shock wave (m)

Ba/Br

Eq. (2)

porosity

Vpurge! Veed gas- Volumetric purge-to-feed ratio
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