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618 Gen TAKEYA

In the previous papers™ the author reported the results of prelimi-
nary experiments on pressure absorption of carbon dioxide by a packed
tower, and also of an experimental study of water distribution in the
same tower. In the present report data are presented on the over-
all capacity coefficient K,o under various operating conditions, obtained
in a continued study on the pressure absorption of carbon dioxide.

I. Review of Previous Experimental Work

On the absorption of CO, by water in packed towers, several studies
have been made. ™% THowever, these studies were almost all made
under the ordinary pressure, and moreover those using large scale
experimental towers are a few.

Sherwood, Draemel and Ruckman” studied on the desorption of
CO, using a 7 foot-tower of 10 inches in diameter, dumped-packed to a
height of 54~56 inches with 1-inch carbon Raschig rings (free space: 74%),
by uniformly distributing the water dissolving CO, from the top of the
“tower and by sending air from the bottom. As the result, the gas rate
did not influence K,a¢ within the range of 57-314 lbs/hr-ft?, although
slight variations in water temperature and change of liquid rate L,
exerted remarkable influence. Therefore, they reported that liquid-
- film resistance was controlling in this case; the relation of K,a vs. L,
was expressed as the following empirical equation :—

Kyt = 0.021 L% oo (1)
. 1bs
Provided Sy (fe7) (Toj %)
L,: 800-9,000 lbs/hr.ft*
t: 24°C

Sherwood and Holloway® studied on the desorption of gases having
small solubility in a tower of 20 inches diameter, packed to a depth
of 8 inches with 1.5 inch Raschig rings. First series of experiments
on the desorption of CO,, O, and H, from water by air was carried out
under the experimental conditions of ¢:5-40°C, gas rate: 30-1,300 1bs/
hr-ft?, and water rate : 200-32,000 lbs/hr-ft*. For liquid rates below the
incipient loading, the data were correlated by the expression

7;)@ _p </£> (7’77) .................................... (2)
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or the corresponding form

(H.T.U.), = L <L>” </L > .............................. (21

a \u . :
where D, : diffusion coeflicient in liquid, /7, ’: viscosity and density
of liquid, respectively.

Values of the exponents # and s were found to be 0.25 and 0.50
respectively for these data. The equation is not dimensionless and
the proportionality constant « may be expected to vary with the nature
of the packing material and with the units employed.

Then, additional data were obtained on desorption of O, from water
in the same tower, with various kinds of packing and with different
heights of packed bed, over a similar range of gas and liquid rates
as in the first series. According to the results, a relatively small varia-
tion of %,4 or (H.T.U.), was shown with size and type of packing,
liquid distribution at the top of the tower and manner of placing the
packing in the tower. Also no variation was shown with packed height,
gas rate or solute gas concentration, although liquid rate and liquid
temperature influenced k,a or (H.T.U.), remarkably.

The solubility of acetylene in water is slightly larger than that
of CO.. Sanka™ separated acetylene from mixture of 20% acetylene
and 80% H, by using a packed tower, and studied the mass transfer
and the influence of operating factors upon K,x. The towers used
were as follows mainly :—

(a) Small tower of inside diameter: 11.45 cm, and height of
packed bed: 158.5 cm, packed with 15 mm ceramic Raschig rings (free
space: 76%); and

(b) Large tower of inside diameter: 40 cm, and height of packed
bed: 156 cm, packed with 85 mm ceramic Raschig rings (free space:
76.3%).

Moreover, the case where bamboo Raschig rings of three different sizes
within the range of 36 mm-21 mm, were packed irregularly at three
stages, was experimented for comparison purpose.

Sanka obtained following results on the absorption of acetylene by
water under ordinary pressure.

(1) K,a was not affected by gas rate and the resistance of liquid
film was controlling.

(2) The velation of K,a to water rate in the cage of large tower
(0) was expressed as the following equation —
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Koa = 83L5 (3)
provided L, : 5.0-16.83 m*/m*- hr.
t: 11.2-12,0°C

(3) K, increased with increasing water temperature, showing its
maximum value at 25-30°C, and then decreased at 35-45°C. One had
better use low temperature water in practice.

Sanka also reported the result on the pressure absorption of ace-
tylene and a generalized experimental equation concerning the absorp-
tion of gases having small solubility in water in packed tower. This
will be mentioned later.

otudies on pressure absorption in packed tower have been ex-
tremely few, and two reports, those of Yushkevich et al. and Sanka
are to be found. Yushkevich, Zhavoronkov and Zel’venskii® studied
on the pressure absorption under 1-10 atm., using a small-scale tower,
inside diameter of which was 10.4em. Iron Raschig rings of 21 mm
were packed randomly to a height of 271 cm (free space: 72.5%), and
mixture of 20% CO, and 80% air was used as the raw gas. The in-
fluences of the operating factors on K;a were studied, and the results
they obtained are as follows :—

(1) Ko increases with L, within the experimental range of L,: 36—
170 m*/m*-hr,*, but its gradient is lowered by the increase of pressure™*.

(2) K,a is lowered with the increasing pressure, when the other
conditions (temperature, gas and water rates) are constant. The de-
creasing of K& accompanied with the increasing pressure is remarkable
in the case of great water rate.

(8) K,a is increased with the increasing velocity of solute-free
gas under the working pressure of 5atm. and within the range of
L,: 58-130 m*/m*hr.* and G,: 247-890 m*/m? hy.***

(4) The experiments with the CO, concentrations of raw gas of
109 and 20%, under the conditions of pressure of 5 atm., G,: 705 m*/
m>hr.* and L,: 58130 m*/m*hr.* showed that the variation of gas
composition had no effect upon K,a.

(6) The results as above mentioned, show that resistances of both

* Yushkevich and others have expressed the water rate and gas velocity as the value
to space area in their original paper, and Kre¢ was obtained as the value based on
free space volume of packed hed. But as to thesign *, the author converted to the
value for total sectional area of tower.

#* Cf. Fig. 18.

# Gf, Fig, 20.
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gas and liquid films are effective. Assuming that the liquid film re-
sistance is inversely proportional to the water rate and the gas film
registance is proportional to the pressure, Yushkevich, Zhavoronkov
and Zel'venskii ealculated the percentage of resistances of both films
in the over-all resistance.

(6) Data of industrial absorption towers in Bereznikovsky Factory
and Sta11n0g01sky Factory were presented.

(7 ) The experimental results coincide with the theory of gas
absorption based on the double film theory.

The report of Yushkevieh, Zhavoronkov and Zel'venskii is the only
report on the pressure absorption of CO, over a large extent of water
rate ; the influence of pressure was reported for the first time. How-
ever, their apparatus was a small experimental tower, and the ratio
of the tower diameter d, to the nominal diameter of packings d was
small (d,/d<5). In view of the studies by Uchida and Fujita,’® and
others™ about this fact, influence may be exerted by tower wall and
channeling in such a tower. .

Sanka™ packed Raschig rings of 21 mm irregularly to a height of
200 cm (free space: 70.4%) in the tower of inside diameter 22.35 cm,
and observed the influence of pressure by changing it within the range
of 4-13 kgs/em® under the possible constant conditions of liquid rate 0.97
~1.22 m*/m*-hr., raw gas rate 105-182 m*/m?- hr. and temperature 18.9-
20.6°C, using a mixture of 17.83-26.79% acetylene and H, as raw gas.
The experimental results were as graphed Figure 1, and in this case
K,a was shown to be not influenced by the pressure.

£
=

mﬁ 30| 3

N ]

e B e e s ik
EE 20— %) K] A
=0 Wolur, nale.* 076-(130- 1218
> (ha/mifir) 2970

4 6 6 7 8 9 10 1L 12 13
Operating Pressuve {abs. kg/em?
Fig. 1 Influence of Operating Pressure in
Absorption of C;H; (by Sanka)

Then, arranging data on the absorption and desorption by packed
towers of gases having small solubility (0., H,, CO,, C,H,, Cl,) Sanka gives
the following equation :—
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(K,ad/D) = 0.00023 (w?/29d)=* (dw'e’|u/y*(u/ j' D5 - (4)

where d: nominal diameter of packings (ecm), «': superficial liquid
velocity (em/sec), p/: viscosity of liquid (g/em-sec), #/: density of liquid
(g/em?®), D, : diffusion coefficient in liquid (em?/sec) and g¢: acceleration
of gravity, 980 (cm/sec?). .

In the case of water p’=1, therefore, Eq. (4) is writfen as follows :—

KLU, [1/sec] = 0.00465 d=012 /0 D02 oo (4"

Fujita,"” studying the relation between [ H.T.U.),; and many factors,
and utilizing data in the literatures for absorption, desorption, humidi-
fication of air and his own experimental data of ordinary pressure ab-
sorption of CO, in packed tower, obtained the following generalized
equation —

[(H.1.0Jor = (g} () @) ()

mG_M -0.23 mG}[ -1,30
x {O.306< [) ¥ 0.128< T> } (5)
where d: nominal diameter of packings, (mm),

d,: inside diameter of tower, (m).

D;: diffusion coefficient of solute gas in liquid, (emﬂ/sec).

Gyt total gas rate in tower, (kg-mol/m?- hr).

. Gyt total gas rate in tower, (kg/m*hr).

L, : liquid rate in tower, (kg-mol/m*hr).

I: height of packed bed, (m).

m: gradient of equilibrium curve, (Ny,) (L) /(Nog) (Ga).

37;

function of m obtained from figure.

kinematic viscosity of liquid, (em*/sec).
A part of author’s absorptional experiments® at 20 atm and several
data in industrial absorption towers are included in the used data;
all data are within the accuracy of +40-60% to the Eq.(b). Fujita’s equa-
tion (b) is applicable to physical absorption of gas in packed tower in
spite of the magnitude of solubility.

II. Influence of Operating Factors upon
Over-all Capacity Coefficient

The over-all capacity coeflicient Ko is the mean value of the entire

% Kurokawa and Takeya’s report at the annual meeting of Soc. Ind. Chem. (Japan), 1941
: data of the preliminary experiments®.
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column expressed by the produet of over-all coefficient K, and the
gas-liquid contact area a. It is hard to calculate the numerical value
of K, and a separately. However, as several kinds of factors act upon
K, and a, the author has examined them individually according to the
literatures.

1. Gas-liquid Contact Area.

The total area of packings in a dry packed bed is invariable,
provided the kinds of packings, the packing method and the number
of packings are constant. The gas-liquid contact area (effective wetted
area per unit volume =a (m*/m?®) in the packed bed, which is available
for gas absorption, is disproportional to the over-all area of the pack-
ings. It is generally presumed that the area a varies according to the
- sorts of packings, the packing method, the dimension of the column,
the method of the liquid feeding and the operating conditions of absorp-
tion (especially to the sorts of gas and liquid, and their flow rates).
Moreover, as o is supposed to be variable according to the position in
the packed bed (even in case of particular absorption condition), so
a would be regarded as the mean value of the entire packed bed.

According to Sherwood, the principal reasons why the effective
wetted surface of a packed bed is disproportional to the total area of
the packings are®:—

(a) Uneven distribution of the liquid over the cross section of the
column. (b) The failure of the liquid to wet all of the individual
particles. (c) Inactive surface at the points of contact of the packing
particles, where the liquid remains stagnant and is saturated by solute.

As for the distribution of water, some deviation (it differs by position
of packed bed) from the ideal state is noticed. If proper care is taken,
for the feeding and flowing methods and increasing of the liquid rate
properly, the distribution is much improved, and hence @ is increased.®®
The experiments indicating (b) and (¢), were made by Mayo, Hunter
and Nash™ using comparatively small scale experimental columns. They
used three kinds of column (inside diameter x height was respectively
3x48, 6x24 and 2x 36 inches), fitted with paper liner and packed with
paper Raschig rings (d: 0.5 and 1 inch) at random. After the feeding
with water containing red dye from perforated plate distributor in
steady state within constant time (10-15 minutes), they took out and
dried the packings and paper liner, and measured the percentages of
the total dyed area (a).
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than that of the packings.

1)
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The value of o’ of the column surface was considerably greater

was a little more wet than the inside.
(2) The value of o increased steadily as the liquid rate was in-
creased up to the flooding point (Figures 2, 3 and Table 1).

Tesre 1 Percentage of Total Surface Wetted at Various
Water Rates, o/ (by Mayo, Hunter & Nash)

Percentage of Total Surface Wetted

Of the surface of the packings, the outside

1/}& 152 21.0 23.0 39.0 47.0
2 44.5 50.9 65.0 68.6 72.0
4 36.1 39.6 51.0 54.5 B7.6
6 — 36.2 46.0 48.3 52.8
8 — 34.1 43.1 47.1 49.7
10 28.1 32.6 42.0 45.6 48.0
Remarks: Ls: water rate (t/m?-hr)
[ : height of packed bed (inch)
d: : tower diameter (=3 inch)
d: diameter of packing (=1/2 inch)
7
a
80 ; X
A 30 —
P |§ [
70 /c { s P
! 4 ol
A W o0 3
60 0,//: . 8 / /O '/3‘ : (& 3%
S 60 " . —
- g 2 5 D
50 Aw\&"o /G :,VQ__ 8 Q“J—t ///\9 / . /'
7/ o Yol =8 ¢ 50 x Ay Pl
40 ol s 3 /9/ ] A9
/ Z 5 Y%
&
o
o
© G)/
&)
«
=
S
@
—~—x Tower Wall
) 0 Paclings
0 ToT 20 30 46 50 |
2030 40 50
Liquid Rate {¢/m?hr)

Fig. 2 Variation of Total Surface

Wetted with Water Rate
(by Mayo, Hunter & Nash.)

Liquid Rate (¢/m?hv)

Fig. 3 Variation of Total Surface

Wetted with Water Rate
(by Mayo, Hunter & Nash.)
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(8) The value of o varied according to the height of the packed
~bed (I): greatest on the top of the packings just under the water
distributor and becoming smaller as the water decended; that is, a
tendency for the liquid to concentrate to the wall from the center of
the tower with flowing-down and a channeling were noticed.

(4) Comparing the two cases where the packings big and small,
were packed in two corresponding columns in each size (cases of d: 1
in, d,:6in, and [ :12in,, and d: 0.5 in,, d, : 3in., and [ : 6 in.), so that
d,/d and l/d, became equal, it was found that total surface of the bigger
packings was greater, and the value of o/ became smaller. For in-
stance : the value in the case of L, : 40 {/m> hr, indicated the difference
as a,.1:45% and o/, T0%.

(6) The rate of air sent from the bottom of tower had no mea-
surable influence upon &’ up to the flooding point.

(6) Under various liquid feed rates and air rates (in the steady
flowing state), the rate of the hold-up existing in the column was mea-
sured and divided by the wetted surface, with a view to find the
average thickness of liquid stream™. The results are as follows. The
hold-up increased with the increasing liquid rate. Any change of the
thickness of stream was not noticed within the range of L,: 9.4-39.0
t/m’-hr,, nor within the range of the air rate 128-225 m®/m?. hr, (when
L,: 21 t/m*hr.), and the average thickness was 0.7 mm. :

(7) The inactive surface in the case of gas absorption, though
being not quantitativé measurement, is presumed to correspond to 10%
or so of the actual wetted surface.

Whether or not these results are directly applicable to the present
author’s intermediate scaled experiments remains uncertain. At any
rate, the fact that the wetted area /% does not indicate any noticeable
value in the experiments by Mayo, Hunter and Nash, is worthy of
note.

In fine, from the above, a conclusion is drawn to the effect that
a uniform distribution and the increasing water rate to certain ex-
tent, are essential in order to increase the gas-liquid contact area in
gas absorption tower.

2. Tactors of the Film Coefficients.
There exist the following relations® among the over-all coefficient

* Observing the flowing of liquid in glass tower, Mayo et al. acknowledged that it
flowed down on the surface of packings and did not become drops.
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of mass transfer K, and the gas and liquid film coefficients, k; and k;:—

1 1 H
= + it serta et et et et e 6
K T e L6)
1 DP .
k e OO SN G 7
¢ g BT pgy ( )
1 D.(Cq+Cy)
kp == . Zz£\X4 B) 8
- iz Cax ( )

where H : Henry’s law constant.
te : effective thickness of gas film.
t; : effective thickness of liquid film.
D : diffusion coefficient for gas.
D;: diffusion coefficient in liquid phase.
R : gas law constant,
T : absolute temperature.
P : total pressure.
Ppirs  logarithmic mean of inert gas pressures at film
boundaries.
C,: concentration of solute in liquid phase.
Cy: concentration of solvent in liquid phase.
Cpayt logarithmic mean of Cp at film boundaries.

Therefore all conditions which have influence upon Henry’s law

céonstant, the diffusion coeflicients, and the effective thickness of the
films, have influence upon K, also.

1) Diffusion coefficients D, D;.
When gas A is diffusing in gas B, the diffusion coefficient D is
expressed as the following equation theoretically®,

D=L (9)
o’ P
Maxwell derived the following equation theoretically, considering the
gas molecule as elastic solid sphere®.

RP \T® 11 |
D= /m, S T P 10
(«/ nA-> pz N, Y 10
where, A: Avogadro’s number.
Z: distance between the centers of two unlike mole-

cules at collision.
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M,, Mz: molecular weight of gases A and B, respectively.
a1 proportionality constant.

Gilliland™ obtained the following experimental equation for con-
venience sake.

D = 0.0043 I 1 +., 1“ A [cmz/sec] ...... (11)
P(V 5+ V”"*) Mz

V., Vz: molecular volume of A and B gases, respectively. According
to the measured value of actual gases, change of D caused by the
temparature T is a little greater than the above mentioned, and it
shows n=1.75 in the case of a gas system akin to the permanent gas,
and n=2 in the case of a condensable gas system in the equation
Do T 10,

In the case of carbon dioxide, Loschmidt and von Obersmeyer™
gave the following experimental values of the diffusion coefficient D,
under the standard condition (0°C and 1 atm.).

Gas D, (cm?/sec.)
H~CO, 0.550
CO-CO, 0.137
Air-CO, 0.138
0,~CO, 0.139
CH~CO, 0.166
N,0-CO, 0.096

The relation between the diffusion coefficient in liquid D, and the
molecular properties effecting D;, is much complicated, as the ioniza-
tion, the association, the dissociation and the convection influence the
operation.

Hence, any deffinite theory correspondmg to the kinetic theory of
gases, is yet unestablished. However, as in the case of the organic
compounds or molecules, a similar treatment is applicable when the
ionization, association ete., are negligible

In accordance with the results arranged semi-theoretically by
Arnold™, p, at the ordinary temperature is generally expressed by
the following equation i—

B A/ e + w,.;

— i My U 12
Do = g g (Vi VY a2
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where B: constant.
My, M,: molecular weight of solute and solvent respectively.
Vi Vo molecular volume of solute and solvent respectively.
w': viscosity of solvent.
A,, A,: correction factor.

When Arnold derived equation (12), he made the calibration in the
ordinary temperature or nearby so, using the following equation :—

De= Do (LH0.0808)  coerorrrrereeae e (13)
where D,, D,: diffusion coefficient ‘at £°C and 0°C respectively.

Egs. (12) and (13) are used for the calculation of p, in engineering
computation, when the experimental value is not obtained*.

As the viscosity of water hardly changes in the range up to several
hundred atmospheres in ordinary temperature**, the influence of pres-
sure upon J); in the case employing water as solvent might be negligible
within the range of the operating pressure (below 20 atm.) in the
author’s experiments.

2) Thickness of thé gas and liquid films %4, ¢;.

The effective thickness of the gas and liquid films are presumably
in direet proportion to viscosity of the fluid, and inversely proportional
to the velocity and density.

Gilliland and Sherwood gave the results about the resistance in
the gas film, when it controls the mass transfer in a wetted wall tower.
The process of the mass transfer in packed towers is complicated and
the results obtained in.the wetted wall tower are not applicable as
they stand. However, as an analogous equation may be taken into
consideration in the case of packed towers, the author takes advantage
of their results as a clue.

According to Gilliland and Sherwood*>, the following dimensionless
equation exists as to the thickness of the gas film {; under conditions
of turbulent gas flow in the wetted wall tower.

0,83 0,44

4 _ 023 <de> <‘E_> ................................. (14)

ta 4 °D

%* For Example, Fujita, Chem. Eng. (Japan) 11, 7 (1947); Sanka, Trans. Chem. Eng.
(Japan) €, 1b (3942).

#%  Agcording to Landolt. “Tabellen” 5 Aufl., T Bd. 187 (19238); Hauser Ann, d. Phisik, (4),
5, BT (1901), the difference of viscosity of water in 0 atm. and 400 atm. is about 44’
(98)=0—+1.6% at 18-40°C.




Absorption of Carbon Dioxide by Water under Pressure in a Packed Tower (1) 629

where d: ingide diameter of the tower.
u: superficial linear velocity of the gas, based on the ecross
sectional area of the empty tower.
p: viscosity of gas.
P density of gas.
‘D diffusion coefficient of gas.

Gilliland and Sherwood confirmed, moreover, that ¢, is independent
of pressure within the range of the absolute pressure 110-2,330 mm Hg.

In the above equation, the mass velocity (G.) of the gas in the
empty tower equals #P, hence {; varies inversely proportional to G%%.

The viscosity ¢ of the gas increases more or less, by increasing the
temperature, its range is a little greater than the first approximation,
pecT'?,  However, in the case of the actual gases, the following relation
is obtained experimentally at the ordinary temperature (approximately
288° K )™ 1

/j o T”' ................................ BT (15)
sort of gas He H, N, CO,

value of »’ 064 0.69 0.77 0.95

The explanations relating to Eq. (15) and the value of #/, are in
the case of the single gas. As for the relation between the viscosity
of a mixed gas and that of the component ‘gasg, it is not so simple™,
But, as in the relation between the diffusion coefficient D and T, the
gaseous system which deviated from the permanent gas, shows a similar
deviation even in Kq.(15). In this case it may be regarded that »'=1,
and it is therefore concluded that (n/0D) is approximately independent
of T, under a fixed pressure*. Consequently, f, may be regarded to
increase proportionally to 7% by increasing the temperature, under
the condition that ¢, and d, G, and the pressure are constant in
Eq. (14).

Next, let us eonsider the influence of the variation of the pressure
upon #;. According to the kinetic theory of gas, as the first approxima-
tion, p is independent of the density P, and p is also independent of the
pressure P, provided the temperature is constant. This reasoning well
agrees with the fact, except for the cases of the liquidization of the
gas or of a high vacuum. Hence, by means of PP and De«<1/P, the

*  Kennard, “Kinetic Theory of Gases”, p. 198-(1938). Raw gas in the author’s experi-
ments had the composition of N:(mainly), CO;, CO, Hs ete. ’
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(¢/PD) is independent of P and by Eq.(14) f; is indépendent of the
pressure under the condition that Reynolds number is constant. The
experiments by Gilliland and Sherwood confirmed the relation up to
3 atm. as above stated, and it can be said safely that ¢ is independent
of P* even within the range of experimental conditions of 3-20 atm.
and ordinary temperature. Therefore the same (that ¢ is to be in-
dependent of P) can also be said within that experimental condition,
regarding the wetted wall tower.

In short, in the case of the wetted wall tower, the gas film
thickness f; i3 inversely proportional to G%°, and when G, is constant,
lg is independent of P and varies directly proportionally to 7°° under
the condition at ordinary temperature and 20 atm. In the case of gas
absorption by packed tower, the gas-liquid contact area and the oper-
ating wet void vary in accordance with the liquid rate and the gas
rate. As there are collisions, friction, and narrowing and enlarging of
stream caused by the existence of the packings, or by the complicated
current conditions of liquid, motion of the gas is regarded to become
violent and complicated.

Let the same gas rate and same liquid rate be set counter cur-
‘rent in a wetted wall tower and a packed tower of equal inside dia-
meter : in this case, as the hold-up of liquid is greater in the packed
tower, so the operating wet void is to be smaller. According to Uchida
and Fujita®, the operating wet void of packed tower begins to decrease
suddenly, as the superficial gas velocity increases above a certain rate
under constant liquid rate, and when the gas velocity is still more
increased, it reaches to the flooding point.

From these things, it may be conjectured that the influence of
the superficial gas velocity upon the film is greater in the packed tower
than in the wetted wall tower. Further, in the case of packed tower,
even under ordinary absorption condition, a violent stirring action may
well be expected. Accordingly, the film may become thinner compared
with that in wetted wall tower (mass transfer is molecular diffusion
mainly), and a considerakle influence of turbulent diffusion participates
in the mass transfer through the film.

The influence of D on k, is far less in the case of packed tower,

* Tncrease of viscosity caused by increase of pressure from 1 atm. to 20 atm. at ordinary
temperature, is 5% as to CO:; and 1% as to air, No, and He [Landolt, “Tabellen”, 5
Aufl. TII Erg. Bd., 189 (1985), ibid, I Erg. Bd,, 144 (1927); ibid, I Bd.. 185 (1928)]. The
viscosities of air, Ne and Hs, inerease remarkably in the case of 50 atm. [Landolt,
ibid. ; Hayami, Transportation of Fluid, 188 (1949)].
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whereas ky=(const)D"™ in the case of the wetted wall tower, combin-
ing Eqgs. (14) and (7). Sherwood® obtained the result of experiment
as ket = (const) D" in the humidification of air in packed tower.
Fujita®™ combined his experimental results on the humidification of
air in packed tower and those of other investigators obtained in the
cases the gas film resistance being controlling. Thus he obtained the
following generalized equations indicating the relation between Fkeu
(1/br.) and various factors:—

Feoad?/D = 0.0245 (12/29d) =% (dul [p) (/e DYV oo (16)
or Kot dju = 0.0304 (dPg0%/1®) "* V™0 oot (17)

where d: size of the packings.
g: acceleration of gravity.
Vi: operating wet void (%).

-Other symbols are the same ag the case in FEq. (14). According to
Eq. (16), k.o is independent of D.

Next, it has been made plain that the thickness of the liquid film
t; is also regulated by Reynolds number® and Schmidt number. Thus
t; 1s inversely proportional to the superficial mass velocity of liquid
L, and directly proportional to the viscosity of liquid . When the
liquid velocity w/ is constant, the increase of the temperature will con-
siderably decrease t; according to the decrease of the liquid density
P’ and of viscosity /. The increase of the pressure has no clear
influence.

3) Solubility coefficient of CO..

Henry’s law constant H, Bunsen’s solubility coefficient a, and the
molecular volume » of CO, hold the relation of H=a/v respectively.
However, H (the same as «) is remarkably lowered with temperature
in the case of CO.,.

3. Influence of Operating Factors Upon I «.

Basing his observation on theoretical considerations, regarding both
gas and liquid films, the author examines the influence of the varia-
tion of the operating factors upon K,a**.

*  But, what value should be taken as d in Reynolds number in this case is not so clear
as it is in the wetted-wall tower.
**  Yushkevieh, Zhavoronkov and Zel'venskii also discussed briefly the influence of operat-
ing factors upon the over-all coefficient of mass transfer in the pressure absorption
of CO; in their first report (J. Chem, Ind. (Moscow), 12, 472 (1936)).
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The principal variable operating factors in the pressure absorption
of carbon dioxide by water in a special packed tower (d,,d,!, V, pack-
ing method and liquid feeding method being constant), are the fol-
lowing five items *:—

(1) gas rate

(2) water rate

(8) operating pressure

(4) operating temperature

(56) composition of raw gas (the sort of inert gas and concentra-

tion of CO,)

As some of these exert effect upon V;, (that is act upon %), as in-
dicated by Eq. (16), the author considers at first briefly, V, and then
examines the operating factors.

According to the study of Uchida and Fujita®, main factors in-
fluencing (V,/V,) are shown as dimensionless groups (u*/2gd) and (u/u')-
(@g/v*)", where n=0.1 in the case of water. The relation between these
factors is diagrammatically given by them®, According to them .V,
is affected greatly by # and «/, as compared with small effect by v/,
in the case of water; V;, decreases with increasing w at any constaunt
u, and increases somewhat with increasing w at any constant u/,

Next, the influence upon Ko provided one of the above mentioned
five items is changed while the others remain constant, might be as
follows,

‘1) Change in gas rate.

Fujita’s equation (17) being kea=const (u/Vy), ket is directly propor-
tional to #, and inversely proportional to V,. Even taking into con-
sideration that V, somewhat increases by increasing u, one is informed
of the increase of kea by decreasing ¢, which has been shown in several
experiments®™ where the gas film is controlling, Many experiments on
the absorption under ordinary pressure prove satisfactorily that k,a
is independent of u, in so far as it deviates from the loading point (or
flooding point).

From the above, it becomes evident that the increase of the gas
rate (in case the gas film resistance substantially exists in the absorption

% de: inside diameter of tower, d: size of packings, : height of packed bed, V4, Vir:

dry and operating wet void, respectively.

Gy L ¢ superficial mass velocity of gas and liquid, u, 4’ : superficial mean linear
veloeity of gas and liquid, »”: kinematic viscosity of liquid, g: acceleration of
gravity.
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process) reduces the gas film resistance H/k, and increases Kq.

2) Change in water rate.

In case the water rate alone is increased, the contact area first
increases and then the turbulence of the liquid stream is increased,
and the k; is enlarged as the film becomes thinner. While, as V5
decreases more or less, the increase of k; may possibly be expected
to take place®.

In the case when the resistance by the liquid film is controlling,
ko L™ oxists by Fa. (2). In the author's experiments, the liguid film
making a major resistance, k,a increases if the water rate increases
and hence the Ko increases remarkably.

3) Change in operating pressure.

The variation of the pressure does not affect %, and acts only upon
ke.

In Eq. (7), as DP is not effected by the total pressure P and i,
is also approximately independent of P**, hence k; decreases showing
inverse proportion to the mean partial pressure of the inert gas vz
However, as the pressure is increased under the condition of G,, re-
maining constant, the decrease of u is to take place (which is inversely
proportional against the increase of P) and it naturally accompanies
the increase of f; and the lowering of k.

Overlapping these effects, the increase of the operating pressure
might lower kg after all, and as the result, it might lower K;a also,
provided the resistance of the gas film is substantially in existence
in the process of the absorption.

4) Change in operating temperature.

Although the changes of the operating temperature effect both
film coefficients, the influence upon k; is greater. As D« T?and ¢, also
increases with the temperature, the effect of T upon k; may not be
very remarkable, viewed from Eq. (7) (in the case of wetted wall tower:
te is directly proportional to 7°° and kgocT°%).

The gas film resistance H/k, may become more or less weak by
the decrease of H caused hy the rise of the temperature.

Next, in the author’s experiments, as the concentration of CO, in

However, according to Fujita, in case only the gas-film resistance exists, gas-ilm
coeflicient is shown to be inversely proportional to L3, and deereased with Ls.
Chem. Eng. (Japan), 11, 42 (1947).

*% 1In the case of wetted wall tower.
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the washing water is really dilute*, C, is negligible compared with
Cs in Eqg. (8); it follows:—

C A -+ C B *
e T T L e 18
c (18)

and Eq. (8) may be written in the form

]CL e 2 (19‘)
L

When the temperature is raised, both viscosity and density of
water decrease, and D, increases (Eqgs. (12) and (13)); then ¢, will be
remarkably decreased, and %; will be noticeably increased according
to Eq. (19).

In the author’s experiment, as the liquid film is presumed to be
the main resistance, K;a is considered to increase as a result of the
rise of the temperature.

5) Composition of raw gas.

The variation of ks and &k, in the case of dilute solution by the
change of solute gas concentration is ordinarily negligible in engineer-
ing computations. However, when the CO0,% of the raw gas is in-
creased remarkably, the &k, might be increased by the decrease of P,

When the composition of the inert gas is changed, the diffusion
coefficient D in the gas film varies in consequence. However, according
to Sherwood® and to Fujita,”™ the variation of kee by D is slight.

As above stated, the variation of K a as influenced by the com-
position of raw gas would be very slight.

III. Apparatus and Procedure

1. Apparatus and Experimental Procedure.

The principal parts of the apparatus and procedure are similar to
those explained in the preliminary experiments®. However, consider-
ing the foregoing experimental results™®, some improvements were
made to secure more accurate measurements of flow rates of gas and

* Saturated concentration of CO: under the standard experimental condition (CO: in
raw gas: 18%, n: 20 atm and ¢: 20°C) is 8.16 (m*-COs/m*H:0)=0.141 % 10~3 (g-mol-CO,/
em®*H;0); as to actual washing water, C.<{0.141x10~%(g-mol/em?), Cp=55.6x10-3
(g-mol/em?), therefore, C4<25x10-3xXCs. Through all the experiments, the highest
concentration of outlet water was 4.36-5.16 (m*-COy/m*Hy0) (Cf. Table 12). Even
in this case Cu4=(3.5-4.1)x10-3Cz.
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water, and to keep the feed water at a higher constant temperature,
whenever necessary, than its original temperature. The main series
of experiments was carried out with combustion gas made from coke
burning as the raw gas, instead of the raw gas composed of CO, and
H, used in the preliminary experiment”. The apparatus employed is
indicated in Figure 4 and the photographs. The tower (6), constructed
of a steel cylinder, had the total height of 4,000 mm and the diameter
of 450 mm, and withstood normal working pressure of 20 kgs/ecm?, the
same as used in the previous experiments®®, The packed bed, 2,300 mm
in height, was made up of 6,800 particles irregularly packed, of 35 mm

I
0)

Fig. 4 Flow Diagram of Absorption Tower System.

@ Gas Holder for Raw Gas. @ Gas Holder for Washed @ Plunger Pump.

(@ Gas Compressor. CGas. @0 Storage Vessel for Pres-
@ By-pass Valve. 1 Feed Water. sure Water.
@ Cock for Gas Sampling. @ Water Meter. @) By-pass Valve.
(® Orifice. Meter for High @ Valve for Water Feeding, @ Valve,

Pressure Raw Gas. @ Steam. €) Water Distributor.
(® Absorption Tower. @ Steam Valve. €) Glass Level Gauge.
(1) Pressure Reducing Valve. (§ Steam Blowing Nozzle. @) Pressure Reducing Valve.
® Cock for Gas Sampling. @ Vessel for Regulating @ Vessel for Measuring
@ Gas Meter for Washed Water Temperature. Waste Water.

Gas. {® Mercury Manometer.
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(2) ' (5)

(3) ' (6)

Photographs
(1) Absorption Tower. (4) Packings (top of tower).
(2) Gas Compressor. (5) High Pressure Water Pump.

(3) Gas Holder (measuring of gas volume). (6) CO. Recovery Tower.
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ceramic Raschig rings, which were
supported on a mild steel packing sup-
port as shown in Figure 5. The free
volume of the packed bed was 71.8%.

Water as solvent was underground
water which, once pumped up into a
storage tank, then passing through a
water-meter (12) and a temperature
regulating vessel (17), was sucked into
a triple-acting plunger pump (high
pressure water pump) (19), driven by
a 10 H.P. induection motor. The com- 3
pressed water was fed, through a high MH H “ H ” l“ ' Jj'
pressure storage vessel (20), to the
water distributor (23) at the top of the tower. The water distributox
was of a perforated-plate type, having 67 through-holes of 8 mm dia-
meter on its bottom plate as shown in Figure 6. Although the pump
had a rated capsacity of about 7.5 m*/hr.,* the rate of water fed to the
tower could be changed easily by adjusting the opening of the by-pass
valve (21) i.e., by changing the rate of return water through the by-
pass. The temperature of the water from the storage tank was
16-23°C throughout the year. To keep the feed water at a higher
temperature, whenever necessary, than its original temperature, a three
hundred liter vessel for regulating the water temperature (17) was
installed in front of the high pressure water pump. Steam of 3 kgs/em?
pressure in pipe (14) was sent, through a gun metal nozzle with a 7 mm
bore (16), directly into the water pipe to warm the washing water. In
steady state runs, as the water level in the vessel (17) was accurately
fixed by controlling valve (13), the water temperature could be easily
and accurately regulated by the steam valve (15). The raw gas was
prepared by the combustion of coke in a gas producer®™ with steaming,
and was composed of 16-18% CO,, 56-75% N,, 8-20% H,, and 4-6% CO.
A three-stage gas compressor (2) was used, with a normal suction

Fig. 5 Packing Support.

* The capacity of the pump is insufficient for a study over a wide range of greater
water rate. However, from the point of view of economy of expenditure, the improve-
ment was limited to the renewal of the electriec motor only. A new induction motor
of 10 H.P. was installed instead of the old direct current shunt motor of 7 H.P., the
maximum capacity of the pump being thus increased to 7.5 m¥/hr.

** The capacity of gasification: 100 kgs of raw material per hour divided by the sectional
area of grate, consuming 2 tons of coke per day.
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\[%'nas pipe

number of holes

8¢ hole

Fig. 6 Water Distributor.

capacity of 250 m*hr. and
normal working pressure of
20 kgs/ecm?,

The volume of raw gas
consumed, was measured by
an orifice meter (5) as well
as by a 280 m® gas holder (1)

- every twenty minutes in a

run, and that of the washed
gas, after its pressure was
relieved, was measured by
a 260 m°/hr. gas meter (9)
and another 280 m® gas
holder (10) at the same time
intervals.

Water rate was deter-
mined by a water-meter (12)
as well as by measuring the
volume of waste water by
using two vessels (26), the
capacity of each being about
150 liters, every ten minutes
in a run. The. orifice meter
for the compressed raw gas
(6) and the water-meter
(12) were newly installed to
measure the flow rates at
the inlets of the tower.

When beginning a run,
the gas compressor was
started and air in the tower
was replaced by the raw
gas; then the pressure of
the gas in the tower was
gradually raised to a work-
ing pressure; the plunger
pump was also driven, and
the water was allowed to flow
down through the packed bed
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making a counter-current to the gas stream under pressure. The level
of the water absorbing CO, at the bottom part of the tower was held
exactly at a fixed point in a glass level gauge throughout a run, by
adjusting the rate of water fed as well as by the opening of a valve
(25) for reducing the pressure of the waste water. To make the
measurement of the water temperature in the tower more accurate,
a drain-sampling tube was newly installed at the bottom part of the
tower (at & height equal to the center line of the drain pipe of the
pressure waste water and also in nearest possible position to that
drain pipe). The water temperature in the tower outlet was measured
with a mercury thermometer through this sampling tube. The working
temperature of the gas absorption was set at the average of the
temperatures .of the water in the storage vessel (20), a portion of
which was drained and measured at intervals, and of the above stated
temperature at the tower. outlet.

The working pressure of the gas.absorption was set at the average
value of the pressures measured by two Bourdon type pressure gauges
at positions at top and bottom of the tower. Gas analysis was carried
out by Hempel’s method, and residual CO, content in the washed gas
leaving the tower was measured by alkaline solution at intervals of
five minutes in a run. After the concentration of CO, in the washed
gas became congtant under a prescribed operation condition, the appa-
ratus was allowed to run usually for forty minutes in a steady state.
During such time of steady state operation, measurements of flow
rates of gas and water, temperatures, pressures and analyses* of the
gas stream at points both of inlet and of outlet of the tower, were
taken for the calculation of the coefficient of material transfer.

The accuracy of the measuring instruments was examined as fol-
lows whenever deemed necessary: — .

The gas meter for washed gas, by two gas holders;

The water-meter- for feed water, by two 150-liter vessels’;

The mercury thermometer for the meagurement of water tempera-
ture (50°C, minimum calibration 0.2°C), by a standard thermometer ;

The' Bourdon type pressure gauges (40 kgs/em®, minimum calibra-
tion 2 kgs/em?®) indicating the pressure of the tower, by the “Katsuma”
standard pressure gauge (minimum calibration 0.1 kg/em?).

Regarding the error of the measurements, the following were

*  As for the raw gas, the combustion gas of coke was used in every experiment, and
the analysis of components of the inert gas was often omitted.
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considered as the possible percentages of errcr:--

Of the water temperature and of the water rate 1-2%;

Of the operating pressure 2-25% (20 atm. case);

Of 5 atm. case 8-109%; and

Of the gas rate 3-8%.

Of the error of the CO, concentration in gas, determined by Hempel’s
method, more than 10% was considered as the possible percentage of
error in case the concentration of CO, in gas was under 1%. But
taking the average,

Of the raw gas, 2-8%; and

Of the washed gas, 8-10% (maximum)
errors were estimated respectively.

Moreover, as part of the equipments (absorption tower and gas
holders) were outdoor, the author found that the cloudy or rainy
days of spring (Mar.—May) and autumn (Oct.~Nov.) are the proper time
for getting most accurate measurements.

2. Calculation of Over-all Lapaclty Coefficient (.

For the purpose of engineering computation of the capamty coei-
ficient K,a, the author assumed that Henry’s law was applicable over
the range of the experimental conditions, and employed a simplified
way of numerical calculation” with the following equations (20), (21) and
(22), instead of the usual graphical integration method.

GU—1U) = L (@—,) oo (20)
Y
= L P 21
e STy (1)
" de  Kw-S-H ,
X‘ Ty = T, T (22)

The height per over-all transfer unit, [H T.U.)pr was calculated by the
following equation (23):—

[HEUl,= 2 (23)
odw
Smn mg‘_‘x
where L : water rate, (m*/hr.).

G: inert gas flow, (m’/hr.). .
B : ratio of water rate to inert gas ﬁow (L/G).
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z : CO, concentration in liquid, (m*-CQO,)/(m*water).

y: CO, concentration in gas, (m*CO,)/(m*inert-gas).

x;: GO, concentration of the liquid leaving the bottom (gas
inlet), (m*CO,)/(m*water),

¢t CO, concentration of the gas entering the column, (m*
CO,)/(m*-inert-gas).

@,:  CO, concentration of the liquid fed at the top (gas outlet),
(m*-CO,)/(m*water),

4t CO, concentration of gas leaving the top of the column,
(m*-C0O,)/(m*inert-gas).

zq: CO, concentration corresponding to equilibrium with the

CO, concentration in the main body of the gas, (m*CO0,)

J(m*-water),

operating pressure, (absolute atm.).

a : Bunsen’s solubility coefficient of CO, in water, (m®*-CO,)/
(m*-water) (atm)

H : height of packed bed, (m).

S : sectional area of column, (m?).

3

The data of Bohr™ taken from the Landolt “Tabellen” were employed
for the solubility coefficient a.

All components of gases except CO, were regarded as the inert
gas. The flow of inert gas contained in the raw gas was taken for
the value of G in the calculation. The losg of inert gas was obtained
from the gas balance, calculated on the rates of both raw gas and
washed gas, and on their compositions. The loss was usually evaluated
under 5-6% of the inert gas contained in the raw gas., The data
obtained from those experiments indicating a loss of inert gas above
10%, were not adopted for the calculation of the capacity coefficient.

IV. Experimental Results

1. Influence of Water Rate.
1) Case where operating pressure is 20 atm, in different tempera-

tures.

K;0 was found under the following conditions:—
CO, in the raw gas 14-17%;,
Operating pressure 20 atm.,
Operating temperature 19-22°C,

Raw gas rate 67-75 m*/hr.,



642 : Gen TAKEYA

Inert gas rate, G,: 350-422 m*/m* hr.,
Water rate 2.61-7.00 m*/hr.

L,: 16.4-44.0 m*/m*.hr.

The data obtained are shown in Table 2.*

Next, with a view to examine the influence of the operating tem-
perature, the water temperature was raised to 27-28°C by steaming
(other conditions being unchanged); the data are shown in Table 3.
The relations between K,s and the water rate I, in Tables 2 and 3,
plotted on logarithmiec paper, are shown in Figures 7 and 8 respectively.
In Figure 7, some values of K,a are scattered above the upper broken
line, although most of the values are included between the two broken
lines. Those scattered values of K, were obtained in the experiments
where larger losses of solute-free gas were recorded, and in those
experiments, therefore, the raw gas rates were surmised to be over-
estimated because of inaccurate measuring. In the case of Figure 8,
the values of Ko are well concentrated.

70 7ol
60— 0
. ¢ L
Ed ~ oy
e.;;m ”(LI ESO /‘/ 7=
g ek o S
JE - - ol e
B o et 1 g0 i
| et B L
< P e < ti2fo~25.0
30—y S § 30 - 720z ~20.8 [
- o~ azo G5 1346 ~437
2 ‘ﬁ/ JL%8~202 — —— bk
‘ . Gs 2350 ~42z
[ T T4 2ol - :
t 5 20 30 40 0 60 18- 20 30 40 $0
’ Water Rate Ls, {in¥fm?hr} Water Rate  Ls, (m/m®h)
Fig. 7 Influence of Water Rate I Fig. 8 Influence of Water Rate I1
(20 atm.) (20 atm.)

The full lines, L,, L, in both figures show the mean values of K,a.
The diffierences betwéen the full line and the broken lines are +10%
at maximum. The empirical equations of these full lines are as
follows. '

L line: Ko =5T7L"% i (24)
where L,: 17-43 m®/m?. hr.

* Tables 2-7 & Tables 9—_15: see p. 657-685.
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t: 19.0-22.0°C
r: 19.8-20.2 atm.

L, line: Ky =60 L5 oo (25)
where L,: 20-44 m*/m®-hr.
t: 27.0-28.0°C

7 20.2-20.5 atm.

Thus the gradients of both lines are quite equal and K,a increases
directly proportional to 0.56 power of the water rate L,.

Sherwood, Draemel and Ruckman” explained ordinary pressure
desorption of CO, by the Eq. (1). The equation presented by Sanka®
relating to the absorption of C,H, by water was shown as Eq. (3).

In the author’s experiment on the CO, absorption under 20 atm.,
the influence of the liquid rate upon K,a is a little smaller compared
with the above Eqs. (1) and (3).
In Figure 9 the difference of
the value of K;a showed by the
lines L,, L, is not very great, but
by the rise of the liquid tempera- g
ture, the liquid film coefficient is &7 e
increased, and K,o is also in- ré::: 0

2 | /

creased more or less. However,
the changes of K,o by liquid S 3
temperature are not so acute as

| La
1:19.0~22.0¢ 270~280
n:198~202 doa~20571 -

in the case of the ordinary ab- Gia50~422 3¢6-439
sorption of CQ,"® 20l - - | ‘lo—r Ja

The inﬂuence Of the WateI‘ Water Rate Ls, (mﬂlmzh‘\‘)
temperature and that of the Fig. 9 Influence of Water Rate
liquid rate, is slow compared (20 atm.).

with the ordinary pressure ab-

sorption where the liquid film resistance is controlling. These results
show an appreciable role of the gas film resistance in the high pressure
CO, absorption.

2) Case where operating pressure differs.

As operating pressures of 10-20 atm. range are usually applied in
industrial absorption of CO,, the author carried out experiments on the
influence of the operating pressure upon K,¢, by changing the pres-
sure to 15 atm. and to 10 atm. (the other operating factors being similar
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Fig. 10 Influence of Water Rate
III (15 atm.).

to those indicated in Table 2).
The results are shown in Tables
4 and b.

The relation of K,a and the

. water rate-in Table 4 is as shown

in Figure 10; K,a increases with
the water rate. The full line
L, is expressed as the following
equation :— )

L:; line : Kla, —= 3.8 LSO.'I()

where L,: 22.0-43.0 m*/m*hr.
t: 19.7-21.0°C
7+ -15.0-15.8 atm.

Next, the points plotted from the data in Table 5 are scattered
(the reason is not clear) as shown in Figure 11, however, the general
tendency of K,a vs. L, would be indicated by the broken line L, and

K,a therefore increases with L,.

In Figure 12, the results of the above three series of tests (full
lines in Figures 7, 10 and 11) in which other conditions were similar
and only the operating pressure varied, are compared with each other,

80 80
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Fig. 11 Influence of Water Rate
IV (10 -atm.).

Water Rate  Ls, (m%m® he}

Pig. 12 Influence of Water Rate
under Varioug Pressures.
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As has been mentioned, so far as the experiments relating to the
influence of the operating pressure upon K,a are concerned, only two
reports may be found ~ one by Yushkevich and the other by Sanka.
The former treats of the pressure absorption of CO,. Figure 12 prepared
by. the present author, roughly coincides with the decreasing tendency
of K,a with the increasing operating pressure (Figure 13) shown by
Yushkevich and others. Figure 12 shows the fall of K,s accompanied
by the rise of the operating pressure from 10 atm. to 20 atm.
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Fig. 13 Influence of Water,Rate under Various Pressures
(by Yushkevich, Zhavoronkov & Zel'venskii).

According to the author’s experiments, K,a is directly proportionate
to L % at the operating pressure of 20atm. and to LS at 15 atm.;
thus it shows a greater gradient in the latter.

The L, and L, lines of Figure 12 seem to coincide almost with each
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other on L,<2b m®/m*hr. range, while on the range of L,>25m*/m*hyr.
their difference is gradually noticeable.

These results qualitatively agree with the theoretlcal cons1derat1ons
stated above in Section II; that is, when the operating pressure is
lowered (under 20 atm.), the gas film resistance falls, causing the
relative increase of the ratio of the liquid film resistance. . The in-
fluence of L, becomes greater at low pressure. When the liquid rate
is increased under certain operating pressure, the liquid film resistance
decreases, a stronger role of the gas film resistance being revealed.
Thus the influence of the difference between the operating pressures
(16 atm. and 20 atm.) upon K, becomes gradually noticeable as I,
increases.

2. Influence of Gas Rate.
1) Case where liquid rate differs.
Combustion gas of coke (CO, 15-18%) as raw gas;

Operating pressure (abgolute) - 20 atm. ;
Operating temperature 18-21°C;
Ligquid rate 6.7-7.0 m*/hr ;

L,: 41.9-44.0 m*/m*hr,

Under these conditions, the raw gas rate was changed within the
range of 551-163.5 m*/hr, (inert gas rate G,: 291-847 m*/m®hr.); the
data obtained are shown in Table 6.

If the relation between the

w0 inert gas velocity G, in the empty
=5 ek \»\ HEE tower and Ko (Table 6) is dotted
o TR NN on logarithmic paper, Figure 14
mg'"é ® G ' is obtained. The Figure includes
=§3° i t¥1e data at somewhat low opera-
z 13 il ting temperature (about 18°C),
3 a1~ 204 [11 however, the influence of tem-
B ‘ Lor# 0 qag perature “would be negligible
ool L L | [ | UL L, within the range of G,: 300~600,

Inert Cas Rate Gs,(ma/m2 hr) that coincides as estimated from

Tig. 14 Influence of Gas Rate the theoretical considerations in

1(20 atm.). Section II. The full line G,

showing average value, is expressed by the following equation: —

Gl . 1ine . KLCL = 3.8 Gs""“ .................................... (27)
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G,
(L

provided

43 m*/m*hr.,

T
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300-600 m*/m*-hr.

20 atm., ¢: 20°C).

However, it seems that K,a shows the lowering tendency with increas-

ing gas rate within the range
of G,: 600-800 m*/m*hr. Within
the range of G,> 600, some
changes of the counter-current
contact of gas and liguid -are
supposed to take place.

Next, let the liquid rate be
decreased to 5.0 m*hr. (L,: 30.9~
82.0 m*/m*hr.) and to 3.5 m’/hr.
(L, : 22.2 m/*m®hr.), the other con-
ditions being unchanged. The
results of those two series of
experiments are shown in Table
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Fig. 15 Influence of Gas Rate II
(20 atm.).

7. Its graphical illustration is as Figure 15, the same tendency as in
Figure 14 is noted again, though the obtained experimental values
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Fig. 16 Influence of Gas Rate
. (20 atm.).

order of greater value of K,a.

gx 10t

are not numerous. That is to
say, K;a shows a tendency to
increase with G, in the range
of lower gas rate, and has the
inverse tendency in the range
of higher gas rate. Figure 16
is a superposition of Figures 14
and 15 and by this, support is
gained for the assertion of the
following facts:—

(1) The influence of liquid
rate on K,o was confirmed, that
is, the lines G,, G., and G; lie in

(2) If G.(m’/m*hr)) represents the critical inert gas rate over
which K;o begins to decrease with the increase of inert gas rate in
Figure 16, the following table i‘s obtained (Table B).

In Table 8, as L, is decreased, G, becomes smaller.

The ratio of

the critical gas rate to the liquid rate and its value under the operat-
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Tavie 8
Name of curve Gy Go Gs
G [m%m?2hr.] 600 480 370
Ls [m3m?2-hr.] 3 32 22
Ge ! Ls 14 15 17
Gel|Ls+m 0.70 0.76 0.84

m: 20 atm.

ing pressure are :—
Gn/Ls.: 14“17
G,/ Ly 7 = 0.70~0.84

Then G./L, = corresponds™ to an important factor u/u’ roughly which
affects the operating wet void. When the gas-liquid ratio becomes
a certain value (0.7-0.8), some changes in the conditions of absorption
(perhaps of gas and liquid contact) seem to take place. Further, Ko
will be lowered if the gas velocity increases over this value ** '

But no experiments indicate the existence of the influence of the
gas velocity as has been suggested by the present author. Elgin and
Weiss® stated that the liquid hold-up inside the packed bed is not
affected by gas rate until the loading velocity is reached. Sherwood
and Holloway®, approving their opinion, mentioned that the gas stream
does not appreciably affect the mechanism of flow of the liquid below
loading nor does any appreciable spray action occur within the packing
in packed towers. These are statements connected with absorption
under the ordinary pressure.

- 2) Case where operating pressure differs.

The influence of gas rate was examined at the operating pressure
of 15, 10 and 5 atm. respectively, keeping the water rate L, at about
44 m*/m*-hr. and the operating temperature at about 20°C. The results
of the experiments are shown in Tables 9, 10 and 11.. G, line in
Figure 17 and G, line in Figure 18 are obtained by plotting K,a at 15

* Though % is superficial mean velocity of total raw gag; because the raw gas of the
author’s experiments had constant eoncentration of CO: (16-182%3), Gs/Ls*n corresponds
to u/u’ generally.

According to the author’s survey (1942), the operation of pressure absorption of

CO. in factories of synthetic ammonia or synthetic fuel in Japan, had been practised

under the conditions of Gs/Ls-r=0.3-0.5, therefore, it was considered to be a safety
~ operation with no decrease of operating capacity caused by such phenomena.
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Fig. 17 Influence of Gas Rate 11T Fig. 18 Influence of Gas Rate IV
(15 atm.). (10 atm.).

atm. and 10 atm,, against the inert gas rate G, respectively. In Figure
19 these lines are compared with G, line.

Some experimental values
in Figures 17 and 18 are not
8o accurate as those of ex-
periments described in Section
IV-1, as they were obtained
during summer when the
atmospheric temperature was
high. The lines G, and G, are
expressed by the broken lines,
and the points marked x are
obtained by examining the
straight lines I, and I, which
indicate the influence of the
liquid rate (Figures 10 and 11).

Based upon these data, the

g0
80
? 70 =
S 60 L= .
ONU P 1
iE
E‘%\/ Gs // / \\
£ 40 é h
= ~
& G,
5
il
Gi: 20 atm.
Gyt 15 ofm
Gst 10 abm
20
150 200 ° 300 400 500 600 o0 300 10

Inert Gas Rate G'g, (m3/m2.hr)

Fig. 19 Influence of Gas Rate under
Various Pressures.

following statement may be made :—

(1) K,a increases with the

gas rate in the case of 15atm. and 10

atm., and no decreasing of K,s, as was seen in the case of 20 atm,,
is noticed within the experimental range of G,.

(2) The ratio of the maximum inert gas rate (within the experi-
mental range of G,) to the liquid rate is as follows:—

600

Lt

Case 156 atm.:

1
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600 1

Case 10 atm.: =14
ase Y 13

In spite of these ratios over the critical value 0.7 in the case
of 20 atm. (Table 8, Gy), the decreasing of K,z is not yet clearly
noticed. It may be concluded that the conception of the critical
gas velocity is to be taken into consideration only in the high
pressure absorption under 20 atm. or so.

(3) According to TFigure 19, K,a decreases evidently with the in-
. creasing of operating pressure, thus affording support for g state-
ment made above.
Yushkevich, Zhavoronkov and Zel'venskii'® reported on the
influence of the gas velocity upon K,a in CO, absorption under
pressure of 5 atm as shown in Figure 20%*.

According that Figure, .the

160 = . tendency of K, to increase with
1 (G, is greater than that of the
10k ‘ R author’s experiment. This would
L s NEERRG be attributable to that, because
E:: 4 5,0‘0? the packed tower used by Yushke-
5w e I vich had a small ratio of diameter
jj’ém s %0 |° to packing dimension and a great
Eg packed depth, and therefore, the
f 10 influence of the gas velocity was
& ;O ;ﬁjgﬂ:ﬁ%“ presumably greater than that in
11 et 675 mmite author’s tower. Excepting this,
o - 8”’*/ the results obtained by the author
2 ‘ ; | H { i { qualitatively coincide with those by

40. 50 GO 70 80 90 100 200

Yushkevich. To repesat, the result

Water Rate 3

Fig. 20 Influence of Water Rate
under 5atm. and Various
Gas Rates
(by Yushkevieh, Zhavoronkov
& Zel’venskii).

attained by the author mentioned
in Section IV-1 and -2 coincide
with those of Yushkevich (about
the influence of the operating pres-
sure and that of the gas veloeity),

and are in opposmon to the results expressed by Sanka, who did not
admit the influence of the operating pressure on K,a in the pressure

absorption of acetylehe.

* Kra in Figure 20 differs from the values in the original paper, and ig recalculated

by the author.
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Next, the data of Table 11, those of the absorption under 5 atm.
pressure, are graphed in Figure 21, plotted on logarithmic paper. In

this series of experiments, a little
inaccuracy in the measurements
was unavoidable, as it was pretty
difficult to keep the steady state
of operating pressure (batm.) as
well as gas rate during a run, be-
cause of wusing a gas compressor
having normal working pressure of
20 atm.

As a matter of fact, however,
the industrial absorption is not
practised in €o low pressure as at
5 atm. The results under such
pressure will serve only as re-
ference.

3. Influence of the Composition of
Raw Gas.
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Tnert Gas Rate Gs, (m*m? hr)
Fig. 21 Influence of Gas Rate V
(5 atm.).

1) Influence of the CO, concentration; in raw gas.

The CO, concentration of raw gas, used in industrial high pressure
absorptions, differs according to the method of manufacturing the raw

gas

and the purpose for which the gas is to be used.

For instance,

the raw gas made by the catalytic reaction between steam and water
2as (by water gas shift reaction), has about 30% of CO..

i
e

= A0

m3 (02

. jnl)

Ko,

20% 5 10 i 20 25 30 35
CQO2, % in Raw Gas

Fig. 22 Influence of CO>.Concentra-
tion in Raw Gas.

The influence of CO, concen-
tration (7-36%) on K,a at the
operating pressure of 20 atm.
wag examined in two series: one
was under the liquid rate of 43
m’/m*hr.,, and the other was of
22 m*/m®-hr. ,

In this case the raw gas hav-
ing CO, concentration up to 35%
was prepared by adding CO, to
the combustion gas of coke. The
carbon dioxide added, was re-
covered from the waste water
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absorbing CO, through the pressure absorption of the combustion gas

of coke. ' ‘
The results of the experiments are shown in Table 12 and Figure 22.
In Figure 22, notes are as follows :—

Operating conditions I (marks e) II (marks a)
L, (m*/m*hr.) ' 41.9-43.5 20.8-24.4
t (°C) 19.2-20.5 17.0-20.7
7 (atm.) 19.9-20.4 19.8-20.1
G, (m*/m*hr.) 374-426 350-507

From these the following considerations may be formulated :— .

(1) The influence of the change of CO, concentration in raw gas
upon K,a, is almost negligible. The variation of the CO, concentration
in raw gas may be considered as having no effect upon the diffusion
coefficient, provided the inert gas is of the same kind. _

The following data are obtained by calculating the partial pressure
of the inert gas using Table 12, in the cases of the maximum and
minimum of CO, concentration.

. Partial pressure of .
i Operating co, % ianei‘?: gpas inu t%: Difference
Series Exp. pressure 2 main body of gas (atm.) of mean

(No.) (atm.) Inlet Outlet Inlet Outlet Mean (atm.)

'(I){ 179 202 6.6 0.3 189 201 195) o
157 199  35.0 6.0 129 187 158(
(180 202 6.6 16 189 196 193 i

<H)l 158 199 350 150 129 169 149/
Changing CO, concentration in raw gas from 6.6% to 359, the
partial pressure of the inert gas (in the main body of gas) decreased
by 8.7-4.4 atm.* This corresponds to 19-239% (ca. 20%) of the partial
pressure of the inert gas in raw gas containing 6.6% CO, If the gas
film resistance were controlling, K,a is to be influenced by the 209
fall of the partial pressure of inert gas. In point of fact there is no
considerable change in K o (Figure 22),
* In sections IV-1 and -2 above, the existence of the gas film re-
sistance has been shown, investigating the influence of the variation
of the operating pressure upon K,e¢. Judging from the results, how-

i The difference of mean value of partial pressure of inert gases (in the main body
of gas) at the inlet and outlet of the tower is taken instead of the difference of
paar in discussion.
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ever, a conclugion is drawn to the effect that the gas film resistance
is not so strong as to be called controlling.

(2) Among those experiments with the raw gas containing more
than 25% CO,, a big loss of the inert gas has been observed in Exps. 157,
1568 and 160. Dealing with the raw gas of high CO, concentration, the
tendency for a considerable loss to oceur in the inert gas may be noticed.

2) Case of raw gas consisting of H, and CO..

In all above described experiments, the author used combustion
gas of coke as the raw gas. In case the kind of inert gas was changed,
a change therefrom is noticed in the diffusion coefficient.

The value of diffusion coefficient D in CO~H, system is about four
times as great as the values of D in CO,—air, CO,-0,, and CO,~CO systems,
according to KEq. 7, gas-film coefficient %z is probably influenced by
the kind of inert gas.

According to Sherwood and Fujita, the influence of D upon the
gas-film coefficient is very slight (Sherwood) or rather relationless
(Fujita) in the case of gas absorption in packed tower under ordinary
pressure. The author carried out a few absorption experiments under
20 atm., using hydrogen as the
main component of the inert gas.
The results are shown in Table
13. The relation between K,u
and the inert gas velocity is
illustrated as Figure 28,

According to that Figure,
the following points are to be
noticed :— &

(1) Comparing the average 2
value G, line in Figure 14 (N, and ) Ll A TP
CO as the main component of the A Inert Gas Rate Gs, (m¥m2:hr)
inert gas) with the case where Fig. 23 Case of Hydrogen as
H, is the main component, one ‘ Inert Gas (20 atm.).
finds that K.,a is greater by 15-20%. This percentage exceeds the ex-
perimental error.* Therefore, the influence of the diffusion coefficient
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* (C0:% in raw gas in experiments of Table 13 is somewhat less than the standard
composition” of raw gas (COz: 182), but the influence of this fact on Kia
need not be considered. Assuming the influence was not negligibe, ke or Kig is
rather apt to decrease as a result of increasing partial pressure of inert gas,
in the case of total pressure being eonstant and of low CO: concentration in
raw gas. :
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of the gas seems to have appeared quslitatively in the present ex-
perimental results.

(2) The existence of the maximum value of K,a near G,=4600
m?®/m?-hr., has been observed, though not so plain as in the case of G,
line, owing to the small number of expriments.

(8) The values of K,z in Tables 1-12 may be apphcable to the
absorption towers for the manufacture of H, from CO~H, mixture with
a rather large safety factor. '

V. Summary

The author considered about the factors of over-all capacity coef-
ficient K;0 and of coeflicients of gas and liquid films according to the
literatures. Based on this, the author presumed the influence of operat-
ing factors—water rate, gas rate, pressure, temperature and composition
of raw gas—upon K;o in the pressure absorption of CO,. Then the
apparatus and experimental procedure employed were explained.

The tower, constructed of a steel cylinder, had a total height of
4,000 mm with a diameter of 450 mm. It withstood normal working
pressure of 20 kgs/cm®, The tower was irregularly packed to a height
of 2,300 mm with ceramie Raschig rings of 35 mm nominal diameter.

The raw gas was prepared by the combustion of coke in a gas
producer, and underground water was used as the washing water,

During the time of a steady state operation, measurements of flow
rates of gas and water, temperatures, pressures and analyses of the
gas stream at both the inlet and the outlet of the tower, were taken
for the caleculation of the coefficient of material transfer.

The experimental results including the values of K a0 and (H.T.U.3,;
obtained under various operating conditions, were reported together
with a discussion of the results, especially on the influences of the
above mentioned operating factors upon K.

1) Inﬂuence of water rate.

Changing water rate L, within the range of 16.4-44.0 m*/m*.hr. and
raw gas rate of 656-80 m®hr., 55 measured values of K,o and [H.T.U.],;
were obtained from the following two series of experiments:—

~a) Experiments under operating pressure, =: 20 atm., and at dif-
ferent temperatures (t: 20°C and 28°C); and

b) Experiments at temperature t: 20°C, and under dlﬂ‘ferent pres-
sures (z: 16 atm. and 10atm.).
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It was found that K,o increased with the increase of water rate
and temperature respectively, and was lowered by raising the operating
pressure from 10 atm. to 20atm. As shown in Fgs. (24) and (25), K,a
inereased directly proportional to 0.56 power of L, in the case of 20 atm.
Compared with the case of CO, absorption under ordinary pressure
where the liquid film resistance is controlling, the influence of L, upon
K,a was less. The influence of operating temperature was not so sharp
as those reported by other investigators of CO, absorption under
ordinary pressure as well, ,

" The influences of water rate, temperature and of pressure, or the
difference between the slopes of two lines, K,a vs. L, obtained
under 20 atm. and 15 atm. respectively, agree qualitatively with those
presumed in theoretical considerations, and showed a gimilar tendency
as the result (lowering of K,a with increasing pressure) reported by
Yushkevich, Zhavoronkov and Zel'venskii,

(2) Influence of gas rate (or inert gas velocity).

a) Experiments with z: 20atm, and various water rates.

Changing raw gas rate within the range of 55-164 m®/hr, (inert gas
rate G,: 291-847 m*/m*-hr.) under the conditions of =: 20 atm.,-t:
20°C and L,: 43 m*/m*hr., 14 measured values of K;ao and [H.T.U.},;
were obtained.

By adding the data obtained in the above experiments ((1) a)) to
these measured values, the influence of G, was examined in the case
21 measured values of K,a in total. As shown in Eq. (27), K,0 increased
directly proportional to 0.4 power of G, within the range of G, <600
m*/m*hr.,, and that agrees qualitatively with the presumption from
theoretical considerations. But K,u deereased with increasing G, within
the range of G,>600m*/m?hr.

The similar tendency was also dbserved in exper 1ments of the other
two series (z: 20 atm., I,: 32 and 22 m*/m=hr.). In the case of absorption
under 20 atm., when the gas-liquid ratio reaches a certain critical value
(G,/Ly 72 0.7-0.8), some change in the absorption process (perhaps of gas
and liquid contact) seems to take place. And K,a will be lowered if
the gas velocity increases over this critical value G,.

b) Experiments with [,: 43 m"/m*hr. and various pressures.

Changing raw gas rate within the range of 40~120 m*/hr. (G, : 200~
600 m*/m*-hr.) under the condition of ¢: 20°C and L,: 43 m*/m” hr., three
geries of experiments under different pressures (z: 15, 10 and b atm.)
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were performed. Comparison was made with the case of 20 atm. K«
increasad with the gas rate in the case of 15 atm. and 10 atm. as well,
but no decreasing of K,a within the range of high gas rate as was
seen in the case of 20 atm., was noticed within the experimental range
of G,. The lowering of K,o with increasing pressure was confirmed.

The result attained by the author coincides qualitatively with those
of Yushkevich (about the influence of the operating pressure and that
of the gas velocity), but are in opposition to the results expressed by
Sanka, who did not admit the influence of the operating pressure on
K,a in the pressure absorption of acetylene.

Judging from the influence of operating pressure and of gas rate
upon K,u, the existence of gas film resistance in the over-all resistance
is noticed in the case of the pressure absorption of CO,, although the
gas film resistance is not so large as to be called controlling.

(8) Influence of the composition of raw gas.

a) Influence of the CO, concentration in raw gas.

Changing the CO, concentration in raw gas within the range of
CO, 6-35% under the condition of =: 20 atm., t: 20°C and raw gas rate :
65-90 m*/hr., two series of experiments with L,: 43 and 22 m*/m=hr.
respectively, were performed. The influence of change of CO, con-
centration in raw gas upon K,a, was almost negligible within the ex-
perimental range. '

b) Case of raw gas consisting of H, and CO.,.

In all above described experiments, N, and CO were used as the
main components of the inert gas. In this case, by changing gas rate
under the condition of =: 20atm., ¢: 18-20°C and L,: 44 m*/m*-hr., 8
experiments were performed using hydrogen as the inert gas, and
compared with the results in (2), a). According to the comparison, the
value of K,a was greater by 15-20% in the case of CO.~H, system.
Therefore, in this case (z: 20 atm.) the influence of the diffusion coef-
ficient of the gas seems to have appeared qualitatively, though it is
not very great.

The values of K,a¢ obtained by the author are applicable to the
absorption towers for the manufacture of H, from CO.,~H, mixture
with a rather large safety factor.
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Kra:
[H.T.U]oz:

Nomenclature for the Following Tables

Water rate, (m*m?.hv.)

inert gas rate, (m*m?2-hr.)*

ratio of water rate to inert gas rate

operating pressure, - (absolute atm.)

CO; concentration of the liquid fed at the top of the column (gas
outlet), (m*-CO:y/ (m*water)*

CO: concentration of gas leaving the top of the column, (m*-COs)/
(m3-inert-gas)*

CO: concentration of the liquid leaving the bottom of the eolumn
(gas inlet), (m3-CO,)/ {m*water)? '

CO: concentration of the gas entering the column, (m*-C0.)/ (mé-inert-
gas)¥

over-all capacity coefficient, (m?>-CQ,)/(hr.) (m% (m?*-COs/m?)*

height of over-all liquid-phase transfer unit, (m)

#*

The gas volume ig calculated at 0°C and 760 mm Hg.
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Tasre 2(i)

Influence of Water

'Igéggd‘;,f gi? nfli%?z;]%(:; Raw Gas Water Tempera-

Exp. State (Inlet) Rate Rate ture

COs Inert Gas .

(No.) (min) (26) (%) _{(m%hr) (m*hr) 'C)
40 40 14.3 85.7 75.2 6.56 215
41 40 - 140 86.0 728 - 4.00 22.0
42 40 14.0 86.0 5.0 3.55 222
61 40 16.4 836 69.3 3.69 215
62 40 164 - 836 684 3.02 215
63 d0 16.4 826 73.4 403 21.6
64 30 164, 836 71.2 261" 22.0
71 40 158 84.2 72.3 352 205
73 40 15.7 84.3 79.6 © 691 20.5
74 40 15.6 84.4 73.0 273 21.2
6 40 15.6 84.4 73.6 470 21.0
i 40 15.6 84.4 73.6 2.65 21.3
110 40 148 85.2 70.5 5.00 19.0
111 40 14.2 85.8 64.8 498 195
112 40 15.0 85.0 59.3 6.82 19.8
113 40 14.6 85.4 70.5 6.80 200
143 40 17.8 82.2 78.1 6.75 194
175 40 16.2 83.8 66.8 6.84 21.3
177 40 15.6 844 705 492 21.3
183 40 174 82.6 718 3.50 20.7
185 40 17.0 83.0 70.0 415 198
187 40 10.8 - 89.2 66.7 6.80 195
49 40 15.8 84.2 7.9 7.00 21.0
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Rate upon K,a. 1
Gauge T%&tggg;_ C%%lgs}fégi(glagf Wgsal;ed ‘ hl{gig g‘rfas
Pressure ture (Outlet) \ Rate ‘\‘ Calculated
CO: [ Inert Gas | ~ i
(kg/om?) ¢C) (%) () | (mYh) | (mh) @
19.9 33-35 1.5 98.5 64.7 0.6 0.9
19.7 35-36 3.8 96.2 63.3 1.6 2.4
19.8 33 4.6 95.4 64.1 3.3 5.1
19.6 29-30 - 4.7 95.8 59.0 1.7 2.9
194 30-381 6.3 938.7 57.4 . 84 5.9
194 . 33 48 95.2 62.0 2.4 3.9
19.3 33 8.1 91.9 62.2 2.3 3.9
198 . 22-93 5.2 94.8 63.1 1.0 1.6
19.7 26-27 1.9 98.1 66.0 2.3 3.4
19.8 . 28-29 7.3 927 64.2 2.1 34
19.9 29-217 3.2 96.8 62.9 1.2 1.9
198 23 80 92.0 62.9 42 6.3
19.7 16-17 2.2 978 — — =
19.9 19-21 1.5 98.5, 52.6 38 6.8
19.7 11-12 0.7 99.3 50.5 0.3 0.6
19.8 12-18 1.0 99.0 60.5 0.3 0.5
19.7 18 14 98.6 64.8 0.3 04
19.9 28 14 98.6 54.6 2.2 3.9
19.9 27 20 98.0 56.3 4.3 7.2
19.8 22-23 5.2 94.8 57.3 5.0 8.4
196 - 19-20 44 95.6 60.2 0.3 0.5
19.7 19 0.5 99.5 56.9 2.9 4.9
19.4 30 1.6 98.4 64.1 2.5 3.8
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Tasre 2 (ii)

Exp.
(No.)

40
41
42
61
62
63
64
71
73
74
76
™

110

1

112

113

143

176

1

183

185

187
49

Lis

41.3

25.2
22.3
23.2
19.0
25.3
16.4
221
43.5
172
29.6
16.7
3156
31.3
42.9
42.8
425
43.0
30.9
22.0
26.1
42.8
44.0

Gs

405

394
406
364
360
386
374
383
422
387
391
391
378
350
317
379
404
3562
374
373
365
374
413

0.102
0.064
0.056
0.064
0.053
0.066
0.044
0.068
0.103
0.044
0.767
0.043
0.083
0.090
0.136
0.118
0.105
0.122
0.083
0.069
0.071
0.114
0.107

20.0

20.0
20.1
19.9
198
19.8
20.1
20.1
20.0
20.1
20.2
20.1
20,0
20.2
200
20.1
20.0
20.2
20.2
20.1
19.9
20.0
19.7

o

0.001

0.001
0.001
0.0004
0.0004
0.0004
0.0004
0.0004
0.001
0.001
0.001
0.001
0.001
0.001
0.006
0.005
0.0056
0.005
0.005
0.005
0.005
0.0056
0.001
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%o @1

0.015 1.50
0.040 1.93
0.048 2.08
0.049 2.30
0.067 2.45
0.060 2.21
0.088 2.49
0.065 2.30
0.019 1.62
0.079 2.40
0.083 2.01
0.087 2.30
0.023 1.82
0.016 1.68
0.007 1.25
0.010 143
0.014 1.93
0.014 147
0.020 2.00
0.055 2.63
0.042 2.30
0.005 1.02
0.016 1.61

”n

0.167

0.163
0.163
0.196
0.196
0.196
0.196
0.188
0.186
0.185
0.185
0.185
0.174
0.166
0.176
0.171
0.217
0.198
0.185
0.211
0.205
0.121
0.188

Kra

474

39.6
41.6
36.0
320
371
26.1
820
45.1
211
38.6
21.6
38.3
40.3
41.0
46.2
50.8
40.0
49.3
39.2
34.6
50.5
49.0

[H.T.U.]

0.868
0.637

0.525-

0.644
0.593
0.682
0.628
0.691
0.962
0.632
0.764
0.772
0.821
0.7
1.06

0.931
0.836
1.09

0.628
0.561
0.754

0.846

0.906

oL
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Tasre 3 (1) Influence of Water
Time of Composition ,
o, | Sty | offawGes | TapGes | Weler | Tempore
b State
CO» Inert Gas
(No.) | (min) (25) ’, %) (m*/hr) (m%hr) 'C)
78 0 | 181 | 839 83.2 6.97 215
79 40 16.8 83.2 79.1 491 21.5
80 40 17.0 3.0 717 5.31 - 27.8
81 40 16.9 - 83.1 70.4 4.95 28.0
82 30 17.1 82.9 75.4 6.83 27.6
83 40 - 16.9 83.1. 75.7 5.99 21.3
84 40 17.2 82.8. 75.6 3.67 216
89 0 172 82.8 76.3 6.58 270
20 40 1.2 82.8 70.3 3.17 28.0
01 40 ) 82.8 70.3 2.92 28.0
Tasne 8 (ii)

Exp. Ls Gs B m @
(No.)

78 43.8 439 0.0999 20.3 0.001
79 80.9 414 0.0746 20.2 0.001
80 83.4 874 0.0892 20.3 0.001
81 26.7 368 0.0727 20.5 - 0.001
82 43.0 393 0.109 204 0.001
23 37.7 ! 396 0.0952 20.3 0.001
24 22.5 394 0.0570 204 0.001
89 41.1 400 0.103 20.2 0.001
90 19.9 366 0.0545 202 0.001
01 184 366 0.0502 20.3 0.001
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Rate upon K, 1II
Gauge T%zlgggg ;:_ C%r\;lzf)s%séglga: f W&sal;ed 11%255 (()}gs
Pressure ture (Outlet) Rate Calculated
CO» Inert Gas
_ (kpfem?) &) (%) (25) (m®/hr) {(m%hr) (%)
20.0 29 2.8 97.2 66.2 6.4 9.2
19.9 29-30 6.2 94.8 66.4 2.8 4.3
20.0 33 3.2 96.8 60.5 0.9 15
20.2 33-32 5.0 95.0 60.2 1.3 2.2
20.1 26 2.3 97.7 63.6 04 0.6
20.0 27-28 3.0 97.0 64.6 0.3 0.b
20.1 28 7.5 92.5 66.6 1.0 1.6
19.9 30 24 97.6 64.5 0.6 0.9
19.9 32 7.8 i 92.2 62.6 0.5 0.9
20.0 33 84 | 916 630 | 05 0.9
%0 @y i Kia [HT.Uloz
0.0288 1.64 0.192 53.8 0.816
0.0649 1.98 0.202 43.3 0.712
0.0331 1,92 0.205 50.1 0.667
0.0626 2.08 0.203 44.0 0.607
0.0236 | 1.67 0.206 52.2° : 0.821 -
0.0309 | 1.82 0.203 515 ? 0.730
00811 | 2.21 0.208 35.7 0.628
0.0246 1.78 0.208 55.8 0.735
0.0846 2.26 0.208 37.8 0.628
0.0917 t 2.33 0.208 38.0 0.483
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Tavre 4 (1) Influence of Water
] v,
%iégg d?/f SF rxﬁ%(zsl%%g Raw Gas Water Tempera- |
Exp. State (Inlet) Rate Rate ture
CO. | Inert Gas
~_(No) | (min) @) | e | i) | (mYh) co

52 40 16.2 24.8 70.3 6.96 21.0

95 40 11.0 89.0 80.9 6.68 21.2
146 40 164 83.6 61.0 6.81 19.7
147 40 17.2 82.8 82.0 6.79 197
176 40 16.0 84.0 72,6 6.82 21.0
178 40 16.8 84.2 68.3 4.82 21.0
182 40 16.2 83.8 69.1 5.56 19.7
184 40 16.6 834 68.6 3.54 20.5
186 40 17.6 82.4 704 4.17 20.0
191 40 15.6 84.4 70.5 5.41 20.0
192 40 154 84.6 68.8 3.99 20.0

Tasre 4 (ii)

Hxp. Ls Gs e T a0
(No.)

52 43.8 376 0.117 15.0 0.001

95 42.0 453 0.093 154 0.001
146 42.8 321 0.134 15.5 0.005
147 42.7 427 0.100 15.8 0.005
176 42.9 383 0.112 16.5 0.005
178 30.3 362 0.084 15.5 0.005
182 36.0 364 0.096 15.2 0.005
184 22.3 360 0.062 15.3 0.0056
186 26.2 365 0.072 15.2 0.005
191 34.0 374 0.091 15.3 0.005
192 25.1 366 0.069 15.8 0.005
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Rate upon K,a. III
Gauge | Qutdoor | REEEIE | Waed Iners Gas
Pressure ture (Outlet) Rate Calculated
CO. Inert Gas
_ (kg/em?) 0) (2) (%8) (m?/hr) (m%hr) (%)
14.5 36 32 96.8 58.4 3.0 5.6
14.9 30~-31 24 97.6 72.1 1.6 2.2
15.0 25 14 98.6 49.2 2.5 4.9
15.3 28 34 96.6 67.0 32 47
15.0 28 24 97.6 57.4 4.9 80
15.0 27 4.0 96.0 b6.9 3.8 6.6
14.7 22 39 96.3 59.2 0.9 1.6
148 22 74 92.6 57.9 3.6 63
14.7 21 6.2 93.8 61.0 0.8 14
14.8 22 3.6 96.4 58.9 2.7 45
14.8 22 b.8 94.2 59.6 2.1 3.6
%o @1 ”i Kra [HT.Uloz
0.331 1.256 0.179 41.0 1.07
0.025 1.64 0.124 53.6 0.786
0.014 1.37 0.196 50.2 0.788
0.036 173 0.208 52,1 0.821
0.025 1.49 0.191 55.5 0.772
0.042 175 0.188 49.6 0.610
0.038 1.62 0.193 435 0.804
0.080 1.98 0.199 32.6 0.682
0.066 2.07 0.214 433 0.607
0.037 1.68 0.185 474 0.917
0.062 1.76 0.182 36.4 0.691
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Tasre b (i) Influence of Water
Time of >C(_)mposition
b State a ! ure
i CO2 [ Inert Gas |
(No) | (min) () (22) (m¥%hr) | (m%hr) | (CC)
51 40 154 | 846 67.0 6.97 20
54 40 160 840 65.7 7.0 210 |
134 a0 174 82.6 627 6.91 175
151 40 170 83.0 84.2 6.87 195
162 40 15.4 84.6 714 6.92 215
163 40 158 84.2 645 425 213
164 40 162 83.8 63.6 483 217
165 40 16.6 83.4 60.8 3.39 215
189 40 14.2 85.8 67.2 5.08 19.2
190 40 144 85.6 68.0 4.08 195 |
Tapre 5 (@11
f
Exp. o, Gs 2 . -
(No.) | {
.\‘ !
51| 438 357 0.123 10.3 0.001 |
B4 443 347 0.128 104 0001 |
184 444 327 0.133 10.6 0001 |
151 432 439 0.098 105 0.005 |
162 435 380 0.115 10.7 0.005
168 26.7 342 0.078 10.6 0.005
164 | 30.4 335 0.091 10.7 0.005
166 21.3 319 0.067 10.6 0.005
189 | 320 363 0.088 10.6 0.005
190 26.7 366 0.070 10.6 0005 |
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Rate upon K. 1V
Gongo | Oudoor | OEOnOt | wanea | ol
Pressure tire {Outlet) Rate i . Calculated
COs Inert Gas :

(kg/em?) C) (22) (22) '+ (mPhr) | (mdhr) (2)
9.6 36 5.0 95.0 58.9 02 1.2
9.7 31 4.7 95.3 59.1 -1.1 -2.0
9.9 10-11 3.6 96.4 51.1 2.1 5.2
9.9 22 6.5 93.5 69.6 4.7 6.7

10.1 27-28 42 95.8 59.8 3.1 5.1
10.0 27 75 92.5 56.4 2.1 3.9
10.1 30 6.8 93.2 54.6 2.4 45
10.0 29 9.4 ©90.6 55.1 0.8 1.6
10.0 20 5.6 94.4 60.4 0.6 1.0
10.0 21 7.2 92.8 60.9 17 2.9
70 @ ; Yt Kia : [HT.U.loz
0.053 1.05 0.182 54.8 0.799
0.049 1.11 0.190 56.1 0.790
©0.087 181 0.211 58.6 0.742
0.070 1.87 0.205 65.8 0.655
0.044 1.22 0.182 80.3 0.541
0.081 1.87 0.188 61.8 | 0.432
0.073 1.33 0.193 55.3 5 0.549
0.104 1.42 0.199 43.6 0.488
0.059 121 0.166 55.2 0.578
0.078 1.29 0.168 52,5 0.488
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Tasne 6 (1) Influence of Gas
'léiég:d()f S}‘? r%%?siié(;r; Raw Gas Water Tempera-
Exp. Stat g (Inlet) Rate Rate ture
COg Inert Gas
(No.) (min) (%) (%) {m¥/hr) (m%hr) )
96 40 14.6 85.5 79.3 6.66 19.2
97 30 14.8 85.2 104.1 6.69 19.5
100 40 15.6 844 157.0 6.73 19.7
105 40 16.0 840 1225 6.82 19.0
112 40 15.0 85.0 59.3 6.82 19.8
113 40 14.6 85.4 70.5 6.80 20.0
114 40 15.2 84.8 141.5 6.79 20.3
116 40 15.2 84.8 101.3 6.80 20.0
141 40 176 82.4 917 6.81 181
142 40 17.6 82.4 126.2 6.81 19.0
148 40 17.8 82.2 78.1 6.75 19.4
170 40 15.8 84.2 125.0 6.80 21.0
171 40 16.0 84.0 135.8. 6.77 21.0
49 40 15.8 84.2° 7.9 7.00 21.0
73 40 15.7 84.3 796 6.91 20.5
175 40 16.2 83.8 66.8 6.84 21.3
187 40 10.8 89.2 66.7 6.80 19.5
130 40 16.2 83.8 110.4 6.79 17
131 40 16.2 83.8 55.1 6.83 18.2
132 40 17.6 82.4 163.5 6.71 18.7
133 40 17.8 82.2 85.0 6.71 18.4
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Rate upon K;a. 1
Gauge T%&tggg;_ C(\)?r\?:fstilseizgi(gla; f W%ded Ir%gsf &fas
Pressure ture (Outlet) Rate Calculated
COq Inert Gas |
(kg/em?) | 0 (28) (25) (m®hr) {m%hr) (25)
19.7 19-20 1.6 98.4 66.5 2.4 3.5
19.8 20-21 3.2 96.8 91.1 16 L7
20.0 21-22 7.0 93.0 142.2 03 0.2
19.7 18 4.7 96.3 109.4 — —
19.7 11-12 0.7 99.3 50.5 0.2 0.4
198 12-13 1.0 99.0 60.5 03 05
196 14-15 5.7 94.3 126.3 0.9 08
197 15-16 21 973 86.8 14 1.6
20.1 15 2.8 97.2 7.6 5.1 6.3
1938 20 5.0 95.0 100.2 8.8 8.5
19.7 18 14 98.6 64.8 0.3 0.5
19.9 26 5.4 94.6 109.3 1.9 18
19.6 26-27 6.0 94.0 121.0 04 | o4
194 30 1.6 98.4 64.1 2.5 3.8
197 2621 19 98.1 66.0 28 | 84
199 28 14 98.6 54.6 2.2 3.9
19.7 19 0.5 99.5 56.9 2.9 49
19.7 [ 12-13 3.4 96.6 85.3 10.1 10.9
19.6 ‘ 14-15 0.4 99.6 — — —
198 | 15416 7.4 92.6 -~ — —
19.9 ‘ 14-13 18 98.2 — — —
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TapLe 6 (ii)
(P;\]X(f’) Ls Gs 8 x %%
96 41.9 426 0.0982 20.0 0.001
97 421 564 0.0746 20.1 0.001
100 42.3 833 0.0508 20.3 10.001
105 42.9 647 0.0668 20.0 0.001
112 429 317 0.185 20.0 0.005
118 4238 379 0.113 20.1 0.005
114 421 755 0.0566 19.9 0.004
115 428 540 0.0792 20.0 0.004
141 428 . 506 0.0846 20.4 0.005
142 428 654 0.0655 20.1 0.005
143 425 404 0.105 200 0.005
170 428 662 0.0648 20.2 0.005
171 42.6 718 0.0593 19.9 0.005
49 44.0 413 0.107 19.7 0.001
3 435 422 0.103 200 0.001
175 43.0 352 0122 20.2 0.005
187 428 374 0.114 200 0.005
130 427 582 0.073 200 0.005
181 430 291 0.148 19.9 0.005
132 42.2 847 0.050 201 0 005
183 422 440 0.096 20.2 0.005
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%o @ " Kia [H.T.U.]oz

0.0163 1.56 0.170 444 0.943
0.0331 1.86 0.176 482 0.871
0.0753 2.16 0.186 41.9 V].‘Ol

0.0493 2.13 0.191 46.8 0.916
0.00705 1.25 0.176 41.0 1.05

0.0101 1.43 0.171 46.2 0.931
0.0605 2.10 0.179 40.5 1.06

0.0278 1.92 0.179 54.4 0.785
0.0288 2.19 0.214 ; 46.9 0.913
0.0526 2.46 0.214 | 5238 0.810
0.0142 1.93 0.214 50.8 0.836
0.0571 2.02 0.187 44.0 0.970
0.0638 2.13 0.191 48.4 0.879
0.016 1.61 0.188 49.0 0.906
0.019 1.62 0.186 45.1 0.962
0014 147 0.193 40.0 1.09

0005 1.02 0.121 50.5 0.846
0.035 2.16 0.193 49.5 0.861
0004 1.29 0.193 42.3 1.01

0.080 2.69 ’ 0.214 53.5 0.788
0.018 2.07 0.217 48.8 0.865
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Tasre 7 (i) Influence of Gas
Exp. Tg&: d(;f gf() nf]{%%ilt(]}c:; Raw Gas Water Tempera-
State (Inlet) Rate Rate ture
CO: Inert Gas )
(No.) (min) (25) (23) _ {m%br) | (mdhr) | (cy
101 40 154 84.6 46.7 491 19.0
102 40 154 84.6 7.3 5.04 193
103 40 15.6 84.4 1079 5.07 19.3
104 40 16.0 84.0 135.7 4.94 19.5
110 40 14.8 85.2 70.6 5.00 19.0
111 40 14.2 85.8 64.8 4.98 195
144 40 17.6 824 56.8 5.09 18.3
145 40 17.6 824 91.5° 5.09 18.6
138 40 18.0 82.0 48.178 4.94 17.0
139 40 18.0 82.0 1.9 4.99 176
106 40 154 84.6 45.5 3.55 19.5
107 40 16.0 84,0 71.3 3.68 19.8
108. 40 15.6 84.4 95.5 3.5¢4 19.3
109 30 15.6 844 132.0 3.52 19.5
1 40 15.8 84.2 72.3 3.52 20.5
Tasre 7 (i)
Exp. Ls Gs 8 - %
{(No.)
101 30.9 249 0.124 20.0 0.001
102 31.7 411 0.0771 20.1 0.001
103 31.9 572 0.0558 20.1 0.001
104 31.1 v 0.0443 20.0 0.001
110 31.5 378 0.0832 20.0 0.001
111 31.3 350 0.0895 20.2 0.001
144 32.0 294 0.109 20.1 0.005
145 32.0 474 0.0675 20.0 0.005
138 31.1 251 0.124 204 0.005
138 314 3871 0.0846 20.3 0.005
106 223 242 0.0902 20.0 0.001
107 22.2 317 0.0589 20.0 0.001
108 223 507 0.0439 20.1 0.001
109 22.1 701 0.0316 20.0 0.001
1 22,1 383 0.0578 20.1 0.0004
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Rate upon K,a. II
Gango | Qusdoor | RG] Washod Tnors Gas
Pressure ture (Outlet) Rato Calculated
CO2 | Inert Gas
(kg/em?) 0 () | (%) (m*/hr) (m?/hv) (28)
19.7 17-19 0.6 994 - 40.5 — —
19.8 18-20° 2.6 974 66.1 1.0 1.5
19.8 20 5.6 944 95.7 0.6 0.7
19.7 19 8.0 92.0 122.0 1.8 1.6
19.7 16-17 2.2 97.8 - — -
199 19-21 15 98.5 52.6 38" 6.8
19.8 14 0.7 99.3 45.1 2.0 4.3
19.7 18 4.2 95.8 75.0 3.6 4.6
20.1 9 05 99.6 41.0 -0.8 2.0
20.1 10 2.1 97.9 —_ — —
19.7 1719 1.5 98.5 39.8 — —
19.7 20-21 4.8 95.2 64.0 — —
19.8 16-18 7.4 92.6 86.9 0.1 0.1
19.7 18 10.0 90.0 1148 8.1 7.3
19.8 22-23 5.2 4.8 63.1 1.0 1.6
%o ) Y Kia [H.T.Uloz
0 00604 1.42 0.182 34.0 0.906
0.0267 2.02 0.182 425 0.744
0.0593 2.2 0.185 39.2 0.810
0.0870 2.39 0.191 365 - 0.849
0.0225 1.82 0.174 88.3 0.821
0.0152 1.68 0.166 40.3 0.777
0.00705 1.91 0.214 43.9 0.728
0.0438 2.52 0.214 44.7 0.717
0.00602 1.74 0.220 36.1 0.861
0.0215 284 0.220 416 0.764
0.0152 1.80 0.182 29.0 0.780
0.0504 2.38 0.19056 34.3 0.648
0.0799 2.39 0.185 29.0 0.754
0.111 2.33 0.186 22.1 0.975
0 0549 2.30 0.188 32.0 0.691
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9 ()

TasLe Influence of Gas
Exp. ’I‘Sig;gd%f gf) Hﬁ%%?-%%ﬁ Raw Gas Water Tempera-
State (Inlet) Rate Rate ture
CO: Inert Gas
___(No.) (min) (25) (%) (m’hr) | (m%hv) (°0)
52 40 15.2 84.8 70.3 6.96 21.0
67 40 16.0 84.0 36.7 6.56 213
95 40 11.0 89.0 80.9 6.68 21.2
146 40 16.4 83.6 61.0 6.31 19.7
147 40 17.2 32.8 82.0 6.79 19.7
148 40 16.6 83.4 110.2 6.85 19.0
154 30 17.2 32.8 120.8 6.68 19.0
176 40 16.0 84.0 2.5 6.82 21.0
Tavre 9 (ii)
| | |
Exp. Ls | G 8 : . ! %o
(No.) “'
52 43.8 375 0.117 15.0 0.001
67 413 194 0.213 156 0.004
95 42.0 453 0.0928 15.4 0.001
146 42.8 321 0.134 15,5 0.005
147 427 427 0.100 16.8 0.005 -
148 43.1 578 0.0745 15.1 0.005
154 42.0 629 0.0668 15.1 0.005
176 42.9 383 0.112 15.5 0.005
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Rate upon K,a. III

Gange | Qutdoor OGRS Washes et s
Pressure ‘ture (Outlet) Rate Calculated
i CO: ¢ Inert Gas !

CGkglew®d | €O (%) | () | (mYbr) | (mYhr) (25)
145 36 32 | 968 58.4 3.0 5.5
15.0 33-34 0.6 99.4 32.5 -15 -4.9
14.9 30-31 24 97.6 721 1.6 22
15.0 25 14 -98.6 49.2 2.5 49
15.3 28 3.4 96.6 67.0 3.2 47
14.6 20 54 94.6 92.1 48 5.2
146 20 71 92.9 1105 21 2.7
15.0 28 - 24 97.6 57.4 4.9 8.0

‘

7o ‘ X1 71 Kia [HT.U.]or
0.331 1.25 0.179 410 | 1.07
0.00604 0.87 0.190 33.0 1.25
0.0246 1.06 0.124 53.5 0.785
0.0142 1.37 0.196 50.2 0.788
0.0352 1.78 0.208 52.1 0.821
0.0571 1.92 0.199 é 65.9 0.653
0.0764 1.97 , 0.208 ‘ 55.8 0.752
0.0246 1.49 0.191 55.5 0.772
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Tasre 10 () Influence of Gas
Exp. Tsig;gd?,f (ojg r%%%slt(}}%g Raw Gas Water Teml?eva—
State nlet) Rate Rate ture
CO: Inert Gas
(No.) (min) (22) (%) ' (m?/hr) (m*hy) 4o
51 40 154 84.6 67.0 6.97 22.0
54 40 16.0 84.0 65.7 7.05 21.0
60 40 15.8 84.2 103.0 6.98 21.56
66 40 15.8 84.2 89.7 6.71 20.5
134 40 174 82.6 62.7 6.91 176
135 40 17.6 824 414 6.89 180
160 40 16.6 83.4 56.2 6.91 18.4
151 40 17.0 83.0 84.2 ©6.87 195
152 40 17.0 83.0 1103 6.86 19.6
153 40 17.2 82.8 123.8 6.83 19.0
162 40 154 84.6 714 6.92 215
Tavre 10 (ii)
Exp. Ls Gs B w o
(No.)
51 43.8 357 0.123 | 10.3 0.001
54 44.3 347 0.128 10.4 0.001
60 43.9 545 0.081 105 0.001
66 42.2 210 0.201 10.6 0.001
134 444 327 0.133 10.6 0.001
135 43.3 214 0.202 10.6 0.001
150 43,5 295 0147 10.7 0.005
151 43.2 439 0.098 10.5 0.005
162 43.1 575 0.075 10.6 0.005
153 42.9 644 0.067 106 0.005
162 43.6 380 0.115 10,7 0.005
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Rate upon K,a. IV

677

Gugo | Ousoor | St ot | wahea | Lom gl
Pressure ture | (Outlet) Rate Calculated
i CO; Inert Gas ‘ *

(kg/em?) ¢C) %) ) (m¥hr) | (mhr) @)
9.6 36 5.0 95.0 .68.9 0.7 1.2
9.7 31 47 95.3 59.1 -1.1 -2.0
9.8 36-37 8.0 92.0 89.6 44 5.1
9.9 31 14 98.6 34.5 -0.6 -1.8
9.9 10-11 3.6 96.4 51.1 2.9 b.2
9.9 12 1.0 99.0 32.2 2.2 6.5

10.0 19 2.5 97.5 483 -0.2 ~-0.4
9.9 22 6.5 93.6 69.6 47 - 6.7
9.8 23 8.8 91.2 94.8 5.1 5.5
9.8 20 9.5 90.5 114.9 -1.5 -1.5

10.1 27-28 4.2 95.8 59.8 3.1 5.1

%o x Y1 Kira [HT.U.]oz
0.063 1.05 0.182 54.8 0.799
0.049 111 0.190 56.1 0.790
0.087 1.25 0.188 66.7 0.657
0.014 0.87 0.188 416 0.888
0.037 131 0.211 58.6 0.742
0.010 1.01 0.214 53.5 0.810
0.026 1.18 - 0.199 60.6 0.717
0.070 1.87 0.205 65.8 0.656
0.097 1.46 0.205 71 0.607
0.106 1.55 0.208 85.6 0.502
-0.044 1.22 0.182 80.3 0.541
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Tasre 11 (i)

Influence of Gas

Exp. ngg d;f gf(f) E%?ﬂsllt(l}%g Raw Gas Water Tempera-~
State et) Rate Rate ture
CO: | Inert Gas
(No.) (min) (25) 1 (%) (m?®hr) (m?/hr) °C)
53 60 16.0 84.0 62.8 7.05 21.0
59 40 156 84.5 92.2 7.06 21.0
Gb 60 15.8 84.2 35.3 .6.69 20.8
69 40 15.8 84.2 64.2 7.06 20.3
70 40 158 84.2 95.5 7.06 20.0
94 40 11.0 89.0 86.4 6.90 21.5
166 40 16.2 83.8 89.5 6.88 21.0
167 40 16.2 83.8 45.7 6.88 21.0
86 50 16.7 83.3 84,4 6.98 20.5
92 40 16.0 84.0 B8.7 6.97 20.0
136 40 178 1 82.2 40.3 6.96 185
Tasre 11 (ii)
Exp. s G "B T o
(No.)
53 443 332 0.134 5.6 0.001
59 444 490 0.091 6.1 0.001
65 421 187 0.225 5.9 0.0004
69 444 340 0.131 BT 0.0004
70 444 506 0.088 58 0.0004
94 434 484 0.090 5.7 0.001
166 43.8 208 0.208 6.0 0.005
167 43.3 241 0.180 5.9 0.005
86 43.9 442 0.099 5.8 0.001
92 43.8 310 0.141 5.1 0.001
136 43.8 208 0.210 b.3 0.006
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Gaugo  0utdoor | CGGIELT | Washed vt Gas
Pressure ture (Outlet) Rato Calculated
CO2 Inert Gas
(kg/em?) 4] (26) (2) (m*hr) (m*/hr) (22)
48 32 8.6 914 57.0 0.6 1.1
5.3 36-37 10.5 83,5 83.8 2.9 3.7
5.1 30 34 96.6 30.1 0.6 2.0
49 23-24 8.6 914 60.6 -14 -2.6
5.0 23 11.0 89.0 90.56 ~0.1 -0.1
4.9 30-31 7.6 924 80.4 2.6 84
5.2 30 4.6 95.4 36.4 -1.6 -4.8
5.1 30-32 6.2 93.8 42.3 ~14 -3.6
4.5 29 11.6 88.4 81.2 ~-1.5 -2.1
4.3 22-23 8.6 914 53.3 0.6 1.2
4.5 16-18 4.6 95.4 31.5 3.0 9.1
%o o Yt Kra [HT.UJoz
0.094 0.722 0.190 82.4 0.637
0.117 0.730 0.183 59.Q 0.762
0.035 0.680 0.188 76.0 0.553
0.094 0.717 0.183 70.0 0.634
0.124 0.730 0.188 56.9 0.780
0.082 0.465 0.124 49.8 0.871
0.048 0.703 0.193 70.5 0.613
0.066 0.717 -0.193 68.0 0.635
0.131 0.703 0.201 58.6 0.762
0.094 0.690 0.191 87.9 0.498
0.048 0.805 0.217 106 0.413
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Tanre 12 3)

Influence of CO,

Time of
Steady
State

_(min) |

40
40
40
40
40
40
40
40 |
40
40
40 ‘
40
40
40
40
40
20
40

Composition \
of Raw Gas Raw Gas | Water Tempera-~
(Inlet) Rate ! Rate ture

CO: Inert Gas
(o) 1 (%) (m*hr) | (m%hr) ¢)
157 843 796 { 6.91 20.5
145 i 85.5 793 1 6.66 19.2
150 . 850 593 | 682 | 198
46 | 854 05 | 6% | 200
s | 822 81 61 194
19.4 80.6 705 6.85 195
35.0 65.0 040 | 666 205
29.0 71.0 85.4 6.78 20.3
%3 | w1 834 6.75 20.5

66 934 | 63.6 6.72 20.0
10.8 89.2 66.7 6.80 195
15.8 st2 | 728 3.62 20.5
16.0 80 | 13 353 . 198
15.6 s4 | 955 354 | 193
35.0 65.0 ; 85.2 3.88 20.7
66 934 636 | 343 | 204
114 | 86 | 623 | 382 | 170
4 | s6 | &3 | 330 1738
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Gauge | mdeor | SRS | Washed T, G
ressure ture (Outlet) Rate Calculated
COs Inert Gas

{kg/em?) 4] (%) (2) (m%hr) {m%hr) (%)
19.7 26-27 1.9 98.1 66.0 2.3 3.4
19.7 19-20 1.6 984 66.5 2.4 3.5
19.7 11-12 0.7 99.3 50.5 0.2 0.4
19.8 12-13 1.0 99.0 60.5 0.3 0.5
19.7 18 14 98.6 64.8 0.3 0.5
19.8 22 14 98.6 52.7 4.8 84
19.6 25 6.0 94.0 58.1 6.5 10.6
20.1 24 34 96.6 59.8 28 4.6
19.8 24 2.6 974 58.9 4.9 7.9
19.9 22 0.3 99.7 57.6 2.0 3.4
197 19 05 99.5 56.9 2.9 49
19.8 22-23 5.2 948 63.1 1.0 1.6
19.7 20-21 4.8 95.2 64.0 — —
198 16-18 74 92.6 86.9 0.1 0.1
19.6 2627 | 150 85.0 59.8 46 8.2
19.9 23 1.6 98.4 58.9 14 24
19.5 3 2.5 976 68.5 — —
194 9 5.0 95.0 56.1 2.3 41
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Tapre 12 (ii)
{

Exp. ' Ls Gs 2] 7 o
(No.) |

73 ‘ 435 422 0.103 20.0 0.001

96 419 426 0.0982 20.0 0.001
112 42.9 317 0.135 20.0 0.005
113 128 379 0.113 20.1 0.005
M3 | 425 404 0.105 20,0 . 0.005
185 | 431 357 0.121 20.1 0.005
57 419 334 0.109 19.9 0.006
B9 426 381 0.112 20.4 0.005
160 424 392 0.108 20.1 0.005
9 494 374 0.113 202 0.005
w1 428 374 0.114 20,0 0.005

no 1 383 0.0578 20.1 0.0004
w2 8 0.0589 20.0 0.001
108 ! 22.8 507 0.0439 20.1 0.001
158 | 244 348 0.0700 19.9 0.005
18 216 374 0.0577 20.2 0.005
119 22.1 347 0.0688 19.9 0.005
124 208 350 0.0504 198 0.005
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Yo @ Y K [H.T.U.Jox
0.0194 1.62 0.186 45.1 0.962
0.0163 1.56 0.170 444 0.943
0.00705 1.25 0.176 41.0 1.0
0.0101 1.43 0.171 462 0.931
0.0142 1.93 0.217 50.8 0.836
0.0142 1.89 0.241 425 1.01
0.0638 4.36 0.539 485 0.865
0.0352 3.35 0.408 46.6 0.913
0.0267 2.88 0.339 50.7 0.836
0.0030 0.600 0.0707 50.1 0.842
0.0050 1.02 0.121 50.5 0.846
0.0549 2.30 10188 32.0 0.691
0.0504 2.38 0.191 34.3 0.648
0.0799 2.39 0.185 29.0 0.754
0.177 5.16 0.539 32.3 0.754
0.0163 0.938 0.0707 35.1 0.613
0.0256 1.62 0.129 29.1 0.759
0.0526 2.67 0.211 315 0.657
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TasLe 138 (i) Case where Hydrogen
Exp. 'I‘siggdng gg %%?1%%2 Raw Gas Water Tempera-
State et) Rate Rate ture
Co; " Inert Gas
. (No) |  (min) (%) (%) _ (m®/hr) (m¥hr) C)
17-a 40 4.2 95.8 127.3 7.06 20.0
17-b 30 42 95.8 84.1 7.06 20.0
o1 60 8.0 92.0 105.8 - 6.93 19.0
26-a 60 11.0 89.0 98.2 7.05 20.3
2. 40 146 85.4 96.4 7.00 20.5
16 40 134 86.6 47.9 6.97 180
18-a 40 128 87.2 1154 7.02 18.0
18-b 40 12.8 87.2 66.4 6.91 18.0
Tarrte 13(ii)
Exp. Ls Gs B T %o
(No.)

17-a 44.4 767 0.0679 20.1 0.005
17-b 44.4 507 0.0876 20.1 0.005
21 43.6 612 0.0712 19.9 © 0.005
26-a 44.3 550 0.0807 20.3 0.001
27 44.0 518 0.0851 19.8 0.001
16 43.8 261 0.168 20.3 0.005
18-a 44.2 633 0.0698 20.8 0.005
18-b 435 364 0.119 22.3 0.006
TasrLe 13 (iii)

Exp. Composition of Raw Gas
(No.) CO: CinHn (o} CO CH, Hs N2
17-a 42 0.0 0.1 0.4 0.0 93.8 15
17-b 42 0.0 0.1 04 0.0 93.8 1.5
21 8.0 0.0 0.0 14 0.0 80.0 10.6
26-a 11.0 0.0 0.2 1.2 0.0 YN 9.9
21 14.6 0.0 0.1 1.4 0.0 78.3 5.6
16 134 0.0 0.4 12 0.0 2.5 12.6
18-a 128 0.0 0.3 0.6 2.2 8.1 6.0
18-b 12.8 0.0 0.3 0.6 2.2 78.1 6.0
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Gaugo | Qutdoor | RERGIERI | Washed Tnect Gas
Pressure ture (Outlet) Rate Calculated
CO; Inert Gas
 (kgfem?) &) (%) (22) (m?/hr) (m?/hr) (%)
19.8 23-24 12 98.8 118.0 10.3 8.4
19.8 24 04 99.6 69.6 — —
19.6 17 1.3 98.7 9.1 9.4 9.1
20.0 23-24 1.3 987 81.1 74 8.5
195 23-24 1.6 98.4 79.1 45 5.5
20.0 6-17 0.1 99.9 — — —
20.5 12 21 97.9 97.3 5.3 " 53
22 12-14 0.4 99.6 56.4 17 2.9
Yo Tt ) Kia [HTU] or
0.0121 0.552 0.0438 52.1 0.852
0.0040 0.461 0.0439 57.7 0.769
. 00132 1.04 0.087 744 0.585
0.0132 1.6 0.124 64.6 0.686
0.0163 1.83 0.171 69.1 0.637
0.001 0.920 0.155 45.7 0.958
00215 1.80 0.147 60.8 0.726
0.0040 1.20 0.147 48.3 1.00
Composition of Washed Gas
CO: CinIu 0; co CH, He N:
1.2 [ — 1 — — — — —
0.4 — ; — — — — -
13 — ] — — — — —
1.3 [ 0.0 ‘ 0.2 07 0.0 91.1 6.7
16 | — — — — — —
0.1 ‘ 00 06 0.6 0.0 93.6 5.1
21 - — — — —
04 0.0 04 1.7 1.9 9.1 05
I}
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