e —— Room 14-0551

—
] . 77 Massachusetts Avenue
MITLIbrarleS Cambridge, MA 02139
Ph: 617.253.5668 Fax: 617.253.1690
Document Services Email: docs@mit.edu

http://libraries.mit.edu/docs

DISCLAIMER OF QUALITY

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available. If you are dissatisfied with
this product and find it unusable, please contact Document Services as
soon as possible.

Thank you.

Due to the poor quality of the original document, there is
some spotting or background shading in this document.




¥ %

26 0CT1937
UBRAﬁ*

ABSORPTION OF AMMONIA IN A
RING-PACKED TOWER

by

Herbert M. Borden
S.B., Massachusetts Institute of Technology, 1936
and |
Walter Squires, Jr,

S.B., Massachusetts Institute of Technology, 193¢

Subnitted in Partial Fulfillment of the
Requirenents for the Degree of

MASTER OF SCIENCE
from the
Massachusetts Institute of Technology

1837

gignature of Authors e s e 8 s &« o s e »

R L T - e -
Department of Chemical Engineering, Mayéi5, 1937

Signeture of Professor
in charge of research ., ¢ -, sl e e e e e

Signature of Chalrman of
Departimental Committee
on Graduate Students ¢ ¢« ¢ & ¢ o e o & & s



-

o ’
o8

The Graduate House '
Massachusetts Institute of Technology
Cambridge, Massachusetts:

Mey 15, 1937

Professor George W. Swett
Secretary of the Faculty
Mass, Inst., of Technology
Ceambridge, lMass.
Dear Sir:
Submitted herewith is a copy of the thesis
entitled, "Absorption of Ammonia in a Ring-Packed
Tower" which we are submitting in partial fulfill-

ment of the requirements for the degree of Master

of Science in Chemical Engineering Practice,

Very truly yours,




ACKNOWLEDGEMENT

The authors are indebted to Professor Thomas
K. Sherwood who has suggested and directed this

research,




TABLE OF CONTENTS

S um[na‘ry L] L] L] L ] L] [ ) - L] . *

IntrOduction 2 & o e o & 2

PI‘OO e d.U.I‘e e & ® & e *« » @

ReSultS L L] L] » L] L ] - .7 L]

Discussion of Results . . .

Conclusions « « o s o o o+

Recommendations . . . . .

Appendix e o a4 s o e @

A,
B.
C.
D.
E.
F.
G.

H,

Abstract of Literature .
Theory of Gas Absorption
Detaliled Proeedure . .
gummarized Data .« « «
Sample Calculations .
Galibration Calculations
Nomenclature‘ s« e e e s

Bibliography .« « « « « &

Calculations

o w =

(93]

53



I. SUMMARY

~Data on the transfer coefficients for gases in which
the gas film controls the rate of absorption seem to be
lacking at the present time, especially for absorption
towers pgcked with Raschig rings, This present investiga~
tion has been carried out, thérefofe, to obtain such data.
by absorbing ammonia from an ammonias-alr mixture with water,
using a tower packed with 1" carbon Raschig rings,

Gas rates Were varied from 55 - 530 1lbs./hr-ft.2® and
the liquor rates ranged from 440 - 2050 1lbs,/hr-ft.2. In
this range of gas and liquor rates, it has been concluded
that KGa varies with the 0.5 power of the gas rate and with
the 0,4 power of the liquor rate. In accordance with this,
it was found that Kya's may be estimated within 10% by the
equation:

Ega = 0.0465 O0»5 194

where KGa = overall transfer coefficient -'#mols/hr.g
ft2 - atm, '
0
G = gas rate - #/hr-tt,~
L = liquor rate - #/hr,-ft.?

in the range of gas and liquor rates investigated, The
fact that KGa varies with GO’5 does not agree with the gen-
erally accepted conclusion that KGa is proportional to Go‘8

for tower packings. No explanation is given for the difference




A secondary study was made of the pressure drop through‘
Raschig ring packing. It was found that the pressure 4drop és
measured through the packings used in these experiments checked
very well those calculated by the use of a modified Chilton-

Colburn equation.




II INTRODUCTION

To design successfully gas absorption equipment,
data on the performance characteristics of such equipment
are essgential, These data, or more specifically, the data
on the performance of absorption tower packing are quite
scare at the present time, and hence the designer of ab-
sorpﬁion equipment 1g handicapped.

Generally speaking, performance data may be obtained
from two sources: 1, from commercial towers already built
and operating, and 2. from towers built in the laboratories
to simlilate actual commercial operating conditions, While
the former means of collecting data might have some advan-
tages over the latter, the commercial towers are seldom
used because of theilr inacceésibility, their inflexibility,
and because of detailed cooperation necessary from the plant.
Therefore, data on absorption equipment usually are collected
on small scale operating models to more favorably suit the
laboratory. These units prove more flexible and more favor-
able for collecting the necessary data, In them, commer-
cial operation is duplicated as nearly as poésible, and it is
generally planned to use commercial-sized tower packing, The
results of such tests may then be considered applicable to

larger-sized equipment,




The performance of a given type of tower packing may
be gpecified by the "overall transfer coefficient” (see
Appendix B, Page25 ). However, since the active absorbing
surface of the packling, "a' is always difficult to measure
or to estimaﬁe accurately, the overall coefficient is
usually grouped with the term "a" and expressed as_"Kga"
or "Kpa® . For systems where the gas film controls the
rate of absorption and the resistance of the liquid film is
negligible, the overall transfer coefficlent "Kga" is used
to express tower capacity.‘ The absorption of a soluble gas
such as ammonia would exemplify such a system. Where the
resistance of the gas film is negligible compared to the
liquid film, the coefficient i1s expressed in terms of "Kja'.
In systems where nelther gas nor liquid film controls, both
coefficients may be given.

From a theoretical treatment, it is considered possi-~
ble to correlate and predict overall transfer coefficient
data of gases if their individual film coefficients, solu-
bility déﬁa, and diffusion coeffiéients are knowvn, Since the
absorption of ammonia is a typlcal case of '
absorption in which the gas fllm resistance controls, data
on this system are quite desirable, C(onsiderable data have
been obtained on the overall transfer coefficients for ammonia
absorption in spray chambers, and towers packed with wood-

grids, quartz, stoneware, broken stcne, and clay spheres,

(see Appendix A, pp.21 ). There seems, however, to be little




data available on commercial Raschig ring tower packing,

In an endeavor to add to the few data already avail-
able, this present investigation has studied the absorption
of ammonia by water in an absorption column five feet high
using 1" oommercial»carbon Raschig ring paéking. The
effects of gas rate and liquor rate on absorption coeffi-
cieﬁts have been determined, As a secondary study, pressure

.drops through the packing used have been compared with those

obtained from theoretical calculations,




ITI. PROCEDURE

The tower used in these experiments was 5 feet in

overall height 10 inches in dlameter, and was oackea with

1 inch coéierclal Raschlg rlngs. In r;T

and one qu_rter (19 1/4") 1nches of oackl_g'was u eda while

for the otTer runs, the packlng helght was 1ncreased to 31"

uhereby lncrea81ng the absorptlon. Gao absorptlon varled

from 67% to 97%”H The pressure drop through the packing wa.s

measured by an Elllson draft gauge.

Gas and water were supplled to the tewer oounter-

currently. The water was 1ed dlrectly fromfthe~01t%lwater

line 'to the dlstrlbutor in the top of th:"towe
were controlled by an orlfice 1n the 1nlet 11nevand were

fng a run in a

measured by catchlng the actual amount used df;
weighing can. at the bottom of tne tower.f quuér rates varied
from 440—g050 lb /hr~ft,2 but the majorlty of the runs Were

made at rates.varylng.Prom 500-1000 1b. hr—ft 2 -The~temoera—
ture of the eX1t llquor wa.s meacured by a mercury thevmometer.

The 1nlet gas - a mlxture of air and ammonla varying

from 0.3 to 6,5 mol% NHa - was admltued at. t.he bott.om of the
- tower through a 4" plpe. A centrlfugal fan Was used to drive
the gas through the tower and gas rates from 55 - 550 1b. /hr-

ft.2 Were~used The air was measuved by a sharp-edged orifice
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in the gas line, Anhydrous ammonia was tapped from a storage

cylinder into this line and was measured by a capillary flow-

meter. A baffle arrangement in the tower prevented the down-—

flowing liquor from entering the inlet gas line,

samples were taken of the two streams leaving the tower -

i.e,, the exit liquor and the exit gas. The llquor was analyzed

by titrating an aliquot part of the'liquor leaving the tower

with 0,05 N, H2S04, using methyl red as the indicator.

The gas leaving the system was sampled through a glass
tube placed in the top of the tower. The sample was asplrated
by a centrifugal pump, bubbled through an absorption train

containing a known amount of acid, and the residuval gas passed

through a calibrated wet gas meter. Two absorption bottles in

series, the second with but a fractlon of a drop of acid, in-

sured that complete absorption took place in the first pottle,

The system was Iun at as nearly steady conditions as was

possible to maintain, The length of the runs was baken as the

time required for the analysis of the exit gas sample and varied

from 3 1/2 to 40 minutes. After changing operatlng conditions

at least five minutes was allowed for the system to reach equili-

brium, Preliminary tests showed that steady state was reached

in this time,




IV. RESULTS

The results of this investigation are presented

in Tables I to IV and graphicelly in Figures 1 to
5 and 7.




IV. RESULTS

_ IABLE I
Run W . zm entering zmm absorbed NHs gas NHg absorbed % Error in %NHs absorbed
! /hr, \UH.. . wﬁ %\UH.. leaving + NHz gas Material based on NHg
¢y 3 #/hr, leaving. Balance entering
T3 286 588 .,uuwﬁm 0,510 0.129 0,639 9% 75.1%
4 281 498 .627 . 0,426 - 0,131 0,557 lHH 1 67.9
) 280 795 . 666 0,539 0.140 0.679 + 2,0 81,0
6 287 644 e 683 0,476 0.151 0,627 - 0.9 75,2
7 216 664 . +0656 0.523 0,126 0,649 - 1,1 79.8
8 212 637  .682 0,536 0.132 0.668 - 2.0 8.5
9 288 1113 w870 . 0.566 0,126 0,692 + 3,3 84,5
10 288 925 - .672 0.538 0,127 0,665 -1,0 80,0
1A 282 731 1.223 © L0580 0.079 1,129 - 7.7 85,9
2 282 821 1,219 1.082 0,062 1,144 - 6,2 89,0
3 209 © 405 1,070 0,884 0,092 0.976 - 8.8 82.5
4 209 319 1.070 0.852 0.121 0.973 - 9.1 79.5
5 193 495 0.873 0,755 0.0685 0.824 - 5.6 86,5
6 116 407 0,877 . 0.813 0.,0397 0,863 - 247 92,7
7 113 338 1,088 - 0,922 0,052 0,974 - 7.9 87.2
8 113 257 1,058 -0.885 0,067 0,982 -10.,0 83,7
9A 191 551 - 1,060 Ofmmw 0,071 1.006 - 5.1 88,2
1B 187 244 1,060 O qu 0,165 0.922 -13,9 71.5
2 187 247 1,060 - 0.820 0.148 0.968 - 8,7 T7e3
3B 113 240 1,360 1,110 0.113 1.223 -10,0 81,7
10 33.8 453 0,672 - 0.652 00,0016 0,654 - 2.7 91.0
2 29,7 428 1,208 1.120 0,001%79 1,122 - 7.1 92,8
5 29.4 426 1,201 1,140 0,00218 1,142 - 4.9 95,0
4 29,5 326 . 1,038 ,Otmﬂo 0.00212 0.972 - 6,4 93,5
5 35,0 322  1.038 0.8564 0.00364 0,968 - 6,8 92.9
6C 33,0 329 ~1,038 0,995 0,00400 0.999 - 3.8 96,0
1D 69,5 315 1,042 0,895 0.0228 0,913 ~-12.4 85,7
2 69.5 314 1,032 ;O @WO 0,0202 . 0,951 - 7.8 OO 0
3 74,8 331 .. 1,032 ; 00,0217 0,970 - 6,0 mH;Q
4D 62,0 346, . 1,032 - 0,0144 0.979 - 5,1 93.3




 RESULTS - TABLE II | | |

Runs 3-10 Packing Height = 19 1/4" w
i mwﬁ.ﬁ.m”_.b.rr%uu Dl ] n = 31" . v
Run G L o NHz Absorbed NHgz entering as measured zmﬂwﬂ_mu.sﬁmﬁwsm as Average
_Pt2 , P . s eavin
#lor-d pfereed gm0 TR e gE b (o
3 525 079 ~0,510 1.36 19,15 1,31 19,88 19,52
4 815 - 915 0,426 1.33 16,38 1,253 17,70 17,04
5 514 1459 - 0,539 o 1.47 18,78 1.49 18,51 18,65
6 527 1180 0,476 1.40 17,38 1,39 17,50 17,44
7 396 1219 0,523 1.81 S 14,78 1,80 14,87 14,82
8 389 1288 0,536 1,91 14,36 1.88 14,58 14,47
9 528 2045 0.566 1,40 20,70 1,43 20.20 20,45 :
10 528 1700 0.538 1.40 19,70 1.39 19.80 19,75 ;
1A 518 1340 1.080 1,77 18.82 1.66 20.05 19,44 N
2 5 618 1508 1.082 1.66 20,70 1,58 21,75 21.16
3 384 744 0,884 2.20 12,75 2,04 13,73 13,24
4 384 585 0,852 2,34 11,54 2.15 12,55 12,00
5 354 909 0,755 1,94 12,33 1.86 12.89 12,60
6 213 746 1 0.813 - 2.81 9.18 2,75 9,38 9.28
7 207 . 8l2 0.922 3.52 8.30 3.29 8.88 8.59
8 207 472 0.885 3,70 7. 60 3,41 8.24 7,92
9 351 1010 0,935 2,29 12,94 2,20 15,48 13,21
1B 343 448 0,757 2,78 8,64 2,47 9.72 9.18
2 343 454 0.820 2,64 9.85 2,45 10, 60 10.22 _
3 207 440 1.110 5.05 6,98 4.62 7,63 6.30 “
1¢ 62,0 833 0,652 4,05 5.10 3.94 5,25 5,17 _
2 54,5 786 1.120 7,46 4,76 7.06 5,04 4,90
3 54,0 782 1.140 7.75 4,66 7.48 4,85 4,76
4 54.2 598 0.970 6.80 - 4,52 6,45 4,79 4,65 |
5 60,5 591 0.964 6. 68 4,57 6,30 4,85 4,71 _
6 60.5 604 0,995 6,79 4,65 6.55 4,82 4,753
1p  127.5 - 578 0.895 4,59 6.18 4,13 6.88 6,53 F
2 127.5 . 577 0.930 4,46 €,60 4,15 7.11 6.85
3 127 608 0.948 4,17 7020 3,95 7.62 7,41 :
4 113.5 635 0.965 = 4,60 6,65 4,41 6.95 6,80 I




113.5

10,66

RESULTS - TABLE IIT
Comparison of Calculated __Hmmmqm and Measured K.a's based on K,a calculated
| | | = 0,0465 ¢0+° 0.4
Run G 2 L 0.5 0.4 Nmm Kqa % error
#/hr-ft, #/hr, 12 onﬁ_.oﬁmﬁm@ Hsmmmcﬁ.mg dmmmgmmm meagured
3 Q2D L0 B e D 16,9 17.4 19,52 -10,7
4 515 915 22,7 15.8 16.2 17,04 - 4,7
5) bl4 1459 22."7 18,45 19.5 18,65 + 4.3
6 527 1180 22.9 16,9 18.0 17,44 +3, 4
7 396 1219 19.9 17,2 15,9 14.82 + 7.6
8 389 1288 19.7 17.5 16.0 14,47 +10,3
9 528 2045 22,9 2l.4 22.8 20,45 +11,2
10 528 1700 22.9 19,6 20,9 12,75 + 5,6
1A 518 1340 22.7 17.85 18,8 19,44 - 3.1
e 518 1508 22,7 18,7 19.7 21,16 - 7.1
3 384 744 19,6 14,1 12,9 13,24 - 2.3
4 384 588 19.6 12.8 11,7 12,00 - 2.5
5] 354 909 18.8 15,3 13.4 12,60 + 6,7
6 213 746 14,6 14,1 9,6 9.28 + 3.2
7 207 612 14,4 13.0 8.7 8.59 + 1.2
8 207 472 14.4 11.75 7.9 7. 92 o
9 351 1010 18,7 15.9 13,8 13,21 + 4,5
1B 343 448 18,95 " 11.5 9.9 9.18 + 7,6
2 343 454 18.5 11.55 9.9 10,22 - 2,9
3 207 440 14,4 11.4 7.6 6. 30 + 2.1
16 62,0 833 17,8 14,75 5.4 5,17 + 3,9
2 54, 5¢ - 786 7 .38 14,40 4,9 4,90 0
3 54,0 782 7.35 14,40 4,9 4,76 2,1
4 54,2 598 7e37 12,9 4,4 4,65 -6.5
5 60,9 591 7.7 12.9 4,7 4,71 0
6  60.5 604 7,77 12.95 4,7 4,73 0
1D 127, mﬂ 578 11,3 12.75 6,7 6.53 + 3,1
2 127.5 o77 11.3 12.75 5,7 6.85 - 2,9
3 137.0 608 11,7 13.00 7.1 7.41 - 4,0
4 635 13.2 6.5 €.80 - 4.4

3
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calculated
)Hav

. m4  sos  olzr
) T Ty
207 o 47s 0,10
31 1010 0.27

845 a8 0.2
343 454 0,245
,20?.,1 . 440 0,09
207 40 0,09

w“manometer used

15 S ene . o.0s
S 127.5 - 577 0,04
137,0 608 0,05
1113,5 655 e 0.035

S 14,5

14,5
- l4v5

145
15,5

16,0

14,8
- 14,5

14,5
© 14,5

16,0

16,0

16,5

16,5
16.5
16,0

- 16.0

16.0
16.5

165

"17'
17

17
17

1,45
1.45

1,50
1,50

1.50

1.50

1,55

1.50

1.50
1,50
1.50

11,50
'1.80

1545
1,40
1.50

1,40
1.40
1.40

1,45

1,45
1,45
1.45

. Ay  taken as 1,0
: Ap' taken as 0,28 (Fig. 42)

1 _A¥"read from curves G (Fig., 43 and 44)
- read fvom cufve (?1g. 40)

' 5 771u'
75‘65ﬂ»w
 8.61
- 3,81
2,05
 5 85=V?

T‘5,7o,
3,70

2,02

2.02

1.72
©.526
0,589
0. 589

1.69

51.62 o
0.589
0.889

”Pressure drop too small to measure accurately with

0.223

- 0.223

0.259

0,176

uReference. sherwood Absorptlen and ?xtractlon, pg. 138 fr,

0
0
-0
0.
-0,
0
0
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0,043

0,050

0,034



2

FIGURE

-

PLOT OF Ko VS. GAS RATE

LIQUOR RATE = 570 — 830 LBS/HR.—SOJ-‘.T_

100

50

10
000

o
i
B IRE R 1©
i 3!
RS [ N ~
. 40t
i i
- T @
i e

1
cigesaddl

EEPSS POREE Ny

b

ik,

ot

ide

2

T

i
LI

10
100

8 9

B8 gmanyy mEpey

o

eyt

t
1

Ey
it

or

1

o

GAS RATE — LBS/HR.—SQ.FT.

5-13-37

H.M.B.




100

7

6

5-17-37

W.S.

G o
z
: =
§) J F
A - -
: 3
]
Qo (14
T
O % :
2 :
o ~ .
I o | )
2] e :
w > 2B
@ a ¥ =
o O S - o
2 ¢ © S
* e 2 |
B
s )

PRESSURE:




5

VS LIQUOR RATE

FIGURE

———

‘G°'4

\ND

sl

o

SRuEnE

PLOT OF

B

5 -149 -37

4+
i

[Hne 5y

W. S

fogs

-SQ.FT

.

o bl

/—m

Fen 3o

H

T

dgan

gt

i

I

RN AR
iyedfe

PR £

LIQUOR RATE - LBS

DI R ,

-




§ . Im
M 2EA) i
- L Tt —
b T L
it -1
—H=
ﬁ G ot
_~ « . L . - iy P ~
1 ! h e b 3
11 Hy » w ipes o I
H e T ™ o ¢
<i el i b M
el T+ o 0
j3ketee o
it - .
i 2
= i ‘ .T
i o
L i
i L)
- 1R
i -

it

g

8 Poan

4

100

VS. GAS RATE

FIGURE

_KGQ
LQ4

154 PPt
i

i

+

1

50

'PLOT OF

e e

k3

y
PR Eypse

A s

GAS RATE — LBs/ HR.-SQFT.

H

I\——k»




37

|
38 ®
s < 1
T BE T
3 Sz i [ 2]
4 EREER | iz
i 133 L
s .Lmu u.c w -
: i v o
i >
I

3

LJ
b ,
o = &
P L
& =S d
S 9 .
g .
-J

/HR

VS,

LIQUOR RATE — LBS

LIS R

1ttt

Y

—ee gre




o o S SN B ST . (5 oo 3 P £ b B E

V. DISCUSSION OF RESULTS

The reliability of the results of the‘SO runs may
be judged by the checks of the meterial balances., These ma-
terial balances check, for the most part, within 10% and the
average i1s between 5 - 6%, It 1s felt, therefore, that the
data are quite satisfactory.

Of the three streams measured and used to calculate
material balances, it i1s believed that the measurement of am-
monia entering is most likely to be in error, since the capillary
flowmeter used to measure ammonia flow could not convenlently
be calibrated with ammonia directly. his might be substan-
tiated by the fact that the material balances are in error in.
the same direction with but two exceptlons., Since Ka 1is in-
versely proportional to the average mean driving force, which
itself is proportional in part to the concentration of the
ammonia entering, KGa's have been calculated based not only
on the inlét ammonia concentration as measured, but also using
the inlet ammonia concentration calculated from the sum of
ammonia absorbed and the ammonia in the gas leaving, An aver-
age of these two values hag been used as a basis for the plots,

The values of Kga are considered to be accurate within 10%,
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The runs were made at varying gas rates and 1iquor
rates, and the results may be observed from the plots,
Figures 2-5. Several runs were made at substantially con-
stant liquor rates but varying gas rates, The results of
these.runs are presented in Figure 2 and show Kga to vary

with the 0,5 power of the gas rate. To correlate the entire

group of runs and to find the effect of liquor rate, all KGa
0 5and the result;6~§,

values of KGa have been corrected by dividing by & ;/plotted G
against liquor rate in Figure 3. A power curve with a slope
of 0.4 has been fitted to this plot indicating that for the
range of liquor rates studied, Kya varies with LO'4. Next, by
correcting all runsg for liquor rate, the result, KGa/LO'4,
has been plotted against G —— Figure 4, This curve also had
a slope of 0,5 showing the results of Figure 2 -- that KGa
veries with g0+° - to hold over the entire range of liquor
rates investigated, t has been found that this latter curve
may be represented by the following empirical equatlion for
liquor rates from 440 - 2000 1b, /nr-ft.? and gas rates from

55 - 530 lbs/hr-ft,2:-

Kga = 0,0465 ¢0+5 10+4
The results of these tests showing KGa to vary with

GO'5 contradicts the generally agreed conclusions thet KGa is
. 0.8 _— 15 P .
proporticnal to G7°° for tower packing. Tests indicating
0.8

this reilationship of KGa and G *° have not been gpecifically
/

i T TN Pa— R T S R TR T IS - LR ———




nade on Raschig rings but on othier types cf packing, It is
not felt, however, that Raschilg rings should heve such a
different effect on the variation cf Kza with gas rate, fhe
only published data on Raschig ring packing available seems
to be that of Johnstone and Singhll‘who have studied the ab-
sorption of S0z in caustic -- a case of abscrption where the
gas film controls ~- in a tower packed with 1" Raschig rings,
Thelr results indicate Kga to be proportional to GQ'95 for
gas rates varying from 625 - 2400 lbs/hr-ft? and a liguor
rate of 1080 1lbs,/hr-ft? which isg a much higher range of

gas rates‘than investigated by the present tests, Since
Johnstone and Singh have used a packing height of only 0,5
feet in their experiments, the relisbility of their results
may be questionable, With such a low packing height the
effect of spray elther above or below the packing would be
very pronounced and tend to make the results not wholly rep-
regentative of the packing itself,

To show that the reéults of Kya obtalned in these
tests cannot be proportional to any other power of G other
than0,5, Figure 5 has been plotted. Kyga hae been corrected
for gas rate by using GO'4 and G9+6 instead of GO‘5. The
scattered poilnts obtained by plotting KGa/GO'4 and KGa/GO'e'
0.5

against the liguor rate show that KGa proportional to G R

as shown in Figure 4, is the best correlation of the data

available, It i1s evident that correcting KGa for gas rate

15
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to a higher or lower power than 0,6 or 0.4, respectively, will
only cause a more diverse scattering of the pointsg,

It 1s already known that KGa is increased within & certain
range by increased water ratel5. It is thought probable that
this increase is caused by the fact that the packing is 6n1y
partially wetted at low liquor rates and increased water rate
results in an increase of the wetted surface, Further, it is
felt that after the packing is completely wetted, increaged
watér rate will cnly tend to increase the thickness of the

water layer over the surface of the packing and thus has

~little effect on Kga Tor the case in which the gas £ilm is

controlling. 1In view of this fact, it is felt that the pack—
ing of the tower used in these ekperiments was not completely
wetted at liquor rates of 2000 lbs./hr—ft.g. While a power
equatlion has been fitted to the curve of Figure &, it must be
borne in mind that the slcpe of 0.4 holds only in the range
investigated and is likely to break dovn for liquor rates
ebove 2000 1bs,/hr-f+.% or below 440 lbs/hr-ft2. The equa—
tion derived from these tests:

Kya = 0,0465 g0-5 0.4

where KGa = overall transfer coefficient - # mols/hr—ft3~atm.
G = gas rate - #/hr-rto
L = liquor rate - #/hr-ft2

may be taken to be accurate to within 10% for the sstimation

e U R




of Ksa's (See Table III).
The pressure drop through the tower packing is shown

in Table IV and compared with values calculated from the
16

. - - - L

following modified equation oI Chilton and Colburn :-

ap = 2.1 By Ap Ay ud h

Ay = taken from Fig. 44, Sherwood, Absorption and
Extraction, Dpg. L43
f1 taken from Fig. 40, Sherwood, Absorption and

b
Extraction, pg. 139.

The pressure drop 1n runs 1¢ - €C was too small 10 measure
with the set-up used. mo correlate this data, the megsured
pressufe drcps have been plotted in Figure 7, where two
curves are drawn representing the above equation for the two
tower packing heights used, For these curves, average values
of 14.8 and 16,2 have been used for f', an average value of
1.45 has been used for AL, while Ap and AW have been taken
as 0,08 and 1, respectively. The correlation is quite good,
and the errors are ?artly due to errors in the measgurement
of pressure drops which is not considered to be more accu-

rate than 10% with the instrument used,

[ L e
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VI, CONCLUSIONS

The absorption data reported Were obtained in the
range of gas rates from 55 - 530 lbs/hr-ft,2, and liquor
rates of 440 - 2000 lhs/hr-ft%  Over this range of gas
and liguor rates, it is concluded that:-

1, The experimental apparatus is gulite satisfactiory

e KGa's for 1" carbon Raschig ring packing are di-

rectly proportional to GO‘5;

3. KGa'S for 1% carbon Raschilg ring packing are di-

rectly proportional to Lo'é.

4, X.a's may be estimated within 10% by using the
T
following empirical eguation:

0,5, 0,4

K.a = 0,0465 ¢ "L
T

5, Pressure drops as measured through the heights
of 1" Raschig rings. emploved in these tests compare favor-

ably with those calculated by the modified Chilton and

Colburn equatlion,

Cp o —— ety GNRBN e84 MR REE WG T T WS W ) e © YOS 0 s e oo = e o —— e
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VII.. RECOMIENDATIONS

ince the range covered by these eXperiments:is
rether limited, it would seem desirable to collect further
data on 1" carbon Raschig rings over an extended range
using the same exXperimental set—up wlth minor modifications,
or a similer apparatus. The ammonia-water system seems to
be a very deéirable one for collecting data on absorption
for the case in which the gas film controls the rate of
absorption, »

It would be very desirable to obtain performancé
data on both large and smaller sized Raschig rings, The
tower used in these tests would be satisfactory for smaller
ring sizes bulbl it is felt that a tower of larger diameter
would be required for ring sizes of 1 1/2% or greater. Lastly,
it would Pe interesting 1o compare the‘performance of the car—

bon rings with that of stioneware packing, These results would

(o]}

tend to aid the designer in specifying the exact packing to

ugse for a given absorption system,

B T T R o Rt R et
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APPENDIX A

ABSTRACT OF LITERATURE

A gurvey of the literature was made in preparation for
this thesis. Data on absorption of NHz by water in packed
tower seems to be scarce, However, brief abstracts of per-
tinent articles snd theses pertaining to the absorption of

enmonia by water or absorption equipment and packing are
presented below;

1, Smith8 gtudied the absorption of ammonia in water

- and found that the basic absorption equation

gb = kaVAP held over a range of pres-

sures from 4 to 80 mm., with an average deviation of 2%, It

was alsc found that the gas film offered the main resistance
to the absorption of ammonia,

2. Whitman and Davis5 reported values of KG and KL
for the absorption of ammonia in water in a beaker-type
absorption apparatus., Both the gas and liquid were stirred
with propellors and the effect of the stirring on absorption
coefficient noted,

3. Haslam, Hershey, and Keanz obtained absorption co-
efficients for ammonia in water on a small wetted wall tower
3" in diameter and reduced their results to the form

.8 "‘104

_ 0
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4, Kowalke, Hougen and Watsonl conducted a very in-
tensive study including hundreds of runs on the absorption
of ammonia in water, Thelr investigation was carried out in
a gimple spray chamber as well as in towers packed with
wood-grid, quartz, and two sizes of stoneware, The towers
used were 16" in diameter and 4! in height. From their re-
sults, Kga has been expresgsed by émpiricalvequations.
| 5. gherwood and Kilgore5 obtained overall transfer
coefficients for the absorption and desorption‘of NHz in a
small tower 10,2 cm, in diameter packed with S-16 mm. coke
packing, Liguid velocities were held constant and gas vel-
ocity varied., The coefficlents for absorption and desorp-
tion reported were found to be the séme within the limit of
experimental error,

6. Butcher’

reviewed the several different types of
tower packings used for gas absorption correlating such data
as surface of packing, free gas space, cc.

7, Hanks and McAdams4 obtained values of Kg for the
absorption of NHz and waﬁer in a small wetted wali tower 2"
in diameter,

8. O!'Connor and Walsh9 compared multi-tube packing with

spiral ring packing by absorbing air 1n water using a semi-

commercial sized tower (18" in diameter, 10! in height),




9. EdmondslO correlated previous data obtained on
transfer coefficients in an attempt to replace the many
empirical equgtlions covering specilal cases with g more
general one, He reported that in the case of gas film re-
sistance controclling

Kga = et 17

10, Hixgon and Scott6 reported overall transfer co-
efficients for the absorption of NHz in water in a small
spray tower 2 7/8" in diameter, The effect of variable
fluid flow at three tower heights was investigated and en-
pirical eguatlons correlating these variasbles developed,

11, Johnstone and Singh11 studled the absorption of
S0, 1n NaOH as an example of gas film controliing absorp-
tion using several kinds of tower packings, For 0,5 feet
of 1" x 1" Raschig ring vacking and a liqucr rate of 1080
kga = 0.107 Gy
varying from 625 - 2410 1bs./hr,—ft.2.

1bs, /hr, -ft,°, they report k for gas rates
1
12, Chilton, Duffey, and Vernon*g reported values of
Kg from 0,11 to 0,29 lbs.mols/hr,-ft,~atm, for the absorp-
tion of NHa by water using crushed stone and clay sphere
packing 1in three different tower sizes. Kga's were found 1o

increase with the 0,5 to 0.6 power of the surface per unit

volume, Tower diameter is without effect on the absorption

efficiency provided the initial distribution isg satisfactory,



and the ratio of tower diameter to packing diameter is 8 to 1
or greater., A previous test is referred to where a four-

point distributor was found to be adequate for a 12" tower,
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APPENDIX B

THEORY OF GAS ABSORPTION CALCULATICNS

To specify the capacity of an absorption tower, the

overall transfer coefficlent is generally used, This unit

is derived from equations based on simple material balances

and on rates of absorption and will be derived below,

Based on the two-film theory of gas absorpticn, the

rate of absorption may

_%g_’= kLaA(xe -x)

where AW =
L)

kL =

2 I Y
] [}

©
Il

e considered to be
dH = K aA(y-y )dH

rate of solute gas transferred
per unit time

film coefficient of the liquid film
i} n L] ] ga s it
cross sectional area of apparatus

height of apparatus

area of liguid-gas interface =

A H
active absorbing surface of packing

concentration of + liquid phase

concentration of liquid phase at
equilibrium

concentration of gas phase

concentration of gas phase at
equilibrium

25
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Referring now to the material balance, Absorption
towers are usually operated on the counter-flow principle,
the gas entering at the bottom of the tower and the liquid
at the top,

G = 1bs, of inert gas passing

Gy Ly through the tower/unit time,
Yo

O 1, = 1bs. of sbsorbing liquid/
unit time,

y = gas phase compogition - 1lbs,
solute/lb. inert gas.

A
] 'TL x = liquid phase composition -
lbs. solute/lb, absorbing
liquid,

1 = subscript referring to base
of tower,

(@]
1l

subscript referring to top
of tower,

G L
1 1
yl xl

V = volume of packed surface in
: tower,

By an overall material balance,
However, assuming no change in weight of inert gas

or absorbing liquid,

|
@

Gl = GO = constant =

Ll = Ll = constant

I
&

(Yl-y)—é: (%1 = x)
This last equation relating gas composition and liquid

composition is one of & straight line with slope'% and repre-—




:

sents the actual relations between gas and liquid at any
point in the tower,

Over an infinitesimally small volume, 4V,

_@}1: d =
) G dy L dax

However,

dW: - =.!' —
> kGaA(y ye)dH k 2A (xe x)dH

L dx = kgah (y - yg)ed

Xy H v
Or, L dx = [k aA dH = [k,a 4dv
— G G
5 X0 0 0

Upon integrating, assuming kGa remains constant through-

out the tower,

L ]( dx = kGaV
y-Y
bd e
O

If the solute content of the gas is sufficiently low

so that the partial pressure, p, may be taken as proportion-
al to the concentration, y, in stoichiometric units, and 1if
the individual film coefficient is replaced by the overall

transfer coefficient, the equation becomes

X3
Ka =254 d=x
G v P = pe
o)

where KG = overall transfer coefficient

P = partlal pressure of solute in the
main gag phase corresponding to y.

Pe = equilibrium partial pressure cor-
responding to ye.

27



In a like manner, 1t may be shown that
Xy _
Ka = L _ 4x
) X - X
e
0
The exact evaluation of the above equations necessi-
tates graphical integration of _ 1 or 1 agaihst
P - P KXo = X
X. However, 1f the equilibrium line ¥s straight or relative-~
ly straight over the range in question, the calculations nmay
be simplified and accémplished without resort to graphical
integration, In this specigl case, it is possible to use an
average mean driving force based on the log mean of the term-

inal conditions, That 1s,
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APPENDIX C

DETAILED PROCEDURE

Tower: The tower used in these experiments was 5 feet
"in overall height, 10" in diameter and was constructed of 26
gaﬁge galvanized sheet iron (Toncan iron). It was bullt iﬁ
two parts - the lower section, being one foot in height,
acted as the‘liquor regservoir and gas inlet section; the upper
cection was four feet in height and was the packed secﬁion.
The sheet iron was turned, rolled, and soldered, thus belng
absolutely tight, The two sections Were flanged with a 14"
diameter plate and were sealed together with rgbber gaskets,
A 4" galvanized iron pipe about 18" long was soldered into
the lower section. This plece was fitted so as to be concen-
tric with the tower and was extended 8" up from the bottom,
A 29" 1ip beveled about 30° was soldered on to the upper end
of this pipe. The packing was supported on a meshed screen
(1/2n mesh} placed between the upper and lower tower sections.
To thig screen an inverted pan 6" in diameter and 3" deep was
attached, This pan together with the lip on the inlet line
prevented the liquor flowing down the tower from entering the
gas line, A 1" iron pipe was soldered to the bottom of the
liquor reservoir to serve as a liquid exit line, The top
of the tower was left open to the atmosphere., (Arrangement

had been made to connect an outlet gas line to an exhaust

29



hood, but the dilute concentration of ammonia in the gas made
the use of this unnecessary,) The inside of the tower was
lacquered to lessen corrosion,

Packing: The packing used in these experiments was 1
commercial carbon Raschig rings dumped into the tower, These
rings were very uniform in size and shape. Since they had
been used before and were covered with iron rust, before being
used in this test, the rings were scrubbed in dilute acid,
washed and thoroughly rinsed in fresh water, The bulk density
of the packing used in these runs was about 30 pounds per cu,
ft.

Pressure Drop: The pressure drop through the tower

packing was measured by an Ellison inclined draft gage.
Pressure taps were fitted on the lower section of theltower
below the packing support and on the upper sectlon about 4"
above the packing,

Water Distribuior: City water was used for the absorp-

tion and was piped to the tower through 1/2" iron pipe, After
passing through an orifice for control purposes, the water
passed to the water distributor in the tower., The distribu-
tor head consisted of a 1 1/2" iron nipple into which short
lengths of 3/16" copper tubing were soldered, The distribu-
tor had 13 openings which were adjusted to give uhiform
streams of water by pinching the ends of the tubes., This

arrangement served to distribute the water very effectively

30



over the top of the packing without giving spray. The head
was placed about 3-4" above the packing, Liquor rates of
440-2050 pounds per hr. per square foot were used in these
experiments, The temperature of the exit liquor was measured
by'a mercury thermometer and was found to remain fairly con-
stant throughout all runs (13-20°C.). Since it was necessary
to only crack the valve in the water line to cbtain the
liguor rates desired, the liquor rate remained constant dur-
ing any run, This was proven by successive runs at the same
valve setting which gave indentical rates of flow each time,
ggg Inlet: Air, the inert gas, was blown into the
tower by a centrifugal blower through a 4" galvanzied in-
let line. With this fan, gas velocities of from 55-530
pounds per hour per square foct were obtained and used;
these represented linear velocities of from 0,2-2,00 ft, per
sec, through the tower. The air was measured by means of a
sharp-edged orifice in the line 12 feet from the fan and 4
feet from the tower. Three sizes of orifices were used —-
1/2", 3/4", and 1 7/1€" depending on the air rates desired,
The manometer taps were connected 4" upstream and 1 1/2V
downstream, thus satisfying the requirements for throat tap

13, 14 . s - . .
connections, An orirfice coefficlent varying with the

1
ratio of orifice and plpe diameter was used for each orifice,
The ammonia flowed in the line at & point about 6" down-

stream from the downstream orifice connection,



Ammonis Inlet: Anhydrous ammonia was used in these

experiments., The gas was bled from a storage cylinder stand~
ing on end and controlled by a needle valve, A wire héating
element was reqguired around the valve to prevent the gas
from freezing upon expansion from the cylinder, The gas

was measured by passing it through & 1,5 mm, capillery flow-
meter about 2" long., The flowmeter was calibrated with air
against a calibrated wet gas meter three times during the |
expefimental work and check results were obtained, After
passing the flowmeter, the gas'was led directly into the air
inlet line, Temperature and static pressure measurements
were made of the ammonia on the upstream side of the flow-

meter,

Liquor Flow and Liguor Sample: The exlt liquor line
was designed so‘that a. constant head of 1 - 2" of liquor
as maintained in the reservoir at all times during a run,
The rate of flow was taken by catching and weighing the
amount of liquor flowing from the tower during a given run,
the time :being measured by a stop-watch, The exit liquor
sample was taken from the amount of liguor collected during

the entire run. Partial pressures of NHz were calculated by

assuning Henry'!s law for the solubility of a gas ‘in'a liquid,

Exit Gas Sample: A sample of the exit WS withe

drewn continuously from the tower at a point -




the water distributor by means of & small Cenco aspirating
pumb. No entralnment was found to colleect in this line, and
therefore an entrainment separator was found unnecessary.
This sample was then passed through an absorption train of
two bottles in series, one of which contained a known amount
of sulfuric aéid (5 or 10 cc., of 0,05 N HpSO4, and’methyl

red indicator, The second bottle contained a fraction of

a drop of acid and indicator and served to insure that com-
plete absorption took place in the first boﬁtle. The sample
denuded of its ammonia content was then passed through a
calibrated wet gas meter to measure the inert gas and then
through the denco aspirator., (It was necessary to withdraw
from 4 to 70 liters of sample to neutralize the acid used

in & run, The runs for the most part required between 8 - 12
liters.,) A by-pass around thevabsorption train and meter

was used to flush the sample line at the start of a run., The
wet gag meter was calibrated under operating conditions both
against a nmeter célibrated to within 0,5% and ageinst cali-
brated bottles by the displacement method., In each case,

the meter factor was found to be 1,00,

L
Chemical Analysis: .

1. Exit Liquor: The sample of exit liguor ob-

tained as described above was snalyzed by titrating an aliquot

part directly against 0,05 N. HzS04, methyl red being used as
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the indicator,

5. Standardization of HaSOas. The acid used for the
analysis of the exit liquor and exit gas was titrated
against 0,5 N. NaOH, methyl red as an indicator, The NaOH
in turn, wae standardized directly against 2,000 g. of
KHCgH404 ~-— potassium acid phthalate -- phenclphthalein
being used as the indicator. The standardizations were
made before the runs in this experiment were begun, and
were checked to less then C,5% during the latter part of

the experimentation,
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SUMMARIZED DATA
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TABLE V

Summarized Data for Figure 2

Plot of & ve Kra at Constant Liquor Rate
SA 384 744 13,24
4A 384 584 12,00
7A 207 612 8.59
1C 62 833 5,17
2C 54,5 786 4,90
3G 54,0 782 4,786
4¢ 54,2 598 4,65
5C 60,5 591 4,71
6C 60,5 604 4,73
1D 127.5 5'78 6.53
2D 127.5 577 5.88
3D 137.0 608 7.4l
4D 113,56 635 6,80
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TABLE VI _

Summarized Data for Figure 3

Run K. ¢ ¢r® fed L
G G'5
3 19,952 525 2249 853 1079
4 17,04 515 22,7 . 751 915
5 18,65 514 2.7 .821 1459
6 17,44 527 22.9 . 762 1180
7 14.82 396 19.9 o 745 1219
8 14,47 389 19.7 . 735 1288
9 20.45 528 22.9 .892 2045
10 19.75 528 22,9 .863 1700
1A 19,44 518 22,7 .857 1340
2A 21,16 518 22,7 . 934 1508
SA 13.24 384 19.6 675 744
45 12.00 384 19.6 .B12 h85
5A 12,60 354 18,8 . 669 909
BA 9.28 213 14,6 . 635 746
TA 8.59 207 14,4 . D96 612
8A 7.92 207 14.4 . 580 472
SA - 13.21 351 18,7 707 1010
1 9.18 343 18.5 . 496 448
2B 10.22 343 18.5 . 055 454
3B 6,30 207 14.4 . a37 440
1C 5.17 - 62 7.87 . 657 833
o0 4,90 - 54,5 7.38 . 664 786
30 4,76 54 7.35  ,648 782
40 4,65 54,2 7,37 . 630 598
5C 4,71 60,5 7,77 . 6086 591
60 4,73 60,95 7,77 . 609 - 604
1D 6,53 127,95 11,3 . 578 578
2D 6,85 127.5 11,3 . 606 577
3D 7,41 137 11,7 » 833 . 808
4D 6,80 113.5 10,66 . 638 635
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TABLE VII

summarized Data for Figure 4

Run L L KGa %ﬁi G
LO.4 _

3 1079 16,3 19,052 1,20 525

4 915 15,3 17,04 1,11 515

5 1459 18.45 8,585 1,01 514

S 1180 16,9 17.44 1,083 527

7 L1219 17.2 14,82 .86 396

8 1288 17,5 14,47 .83 389

9 2045 21,4 20.45 ., 96 528
10 1700 19,6 19.75 1,01 528
1A 1340 17,85 19,44 1,09 518

2 1508 18,7 21,16 1,13 518

3 744 14,1 13,24 .94 384
4 5856 12,8 12,00 .94 384

5 909 15.3 12,60 .83 354

6 746 14,1 2.28 66 213

7 61l2 13,0 8.59 . 86 207

8 472 11,75 7e52 .67 207

9 1010 15,90 13.21 L5 351
1B 448 | 11.5 2,18 .78 343

2 454 11,55 10.22 .89 343

3 440 11,40 8.39 .55 207
1G 833 14,75 5,17 « 3D 62

2 786 14,40 4,90 . 34 54,5
3 782 14,4 4,76 « 33 54,0
4 . 598 12.90 4,65 .36 54,2
5 591 12,90 4,71 a7 60,5
6 604 12.956 4,73 .37 60,5
1D 578 12,75 6.5H3 . 0L 127,56
2 577 12,75 6.85 . D4 127.5
3 608 13,00 741 . D7 137,0
4 635 13.20 .80 .01 113,5
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TABLE VIII

Summarized Data for Figure 5,

6 4

-Run G Log G .6 Log G  G° .4 Log G G* K.a KXKa = K.a L
Yo, - A G G G
| | | g6 g4
3 525 2.7R 1,632 42,85 1.088 12,25 19,52 « 456 1,595 1079
4 515 2,712 @ 1,6272 42,4 1.,0848 12,17 17,04 . 402 1,40 915
5 1014 2,710 1.6263 42,3 1,0842 12,15 18,65 441 1.535 - 1459
6 527 2,722 1.6332 43,0 11,0888 12,27 - 17.44 . 406 1,42 11180
7 _ 396 2,598 1.5588 36,2 1.0392 10.95 14,82 « 409 1,35 1219
8 389 2,590 1.5540 35.8 1,0360 10.86 14,47 . 404 1.33 1288
9 528 2,7225 1,6335 43,0 1,0890 12.28 20.45 476 1,67 2045
10 528 2.7225 1,6335 43,0 1.0890 12,28 19,75 . 460 1.61 1700
1A 518 2,714 1.6284 - 42,5 1,0856 12,18 19,44 . 458 1.60 1340
2A 518 2,714 1l,.6284 42,5 1.,0856 12,18 21,16 , 498 1,74 1508
3A 384 2.584 1,5504 35,9 1,0336 10,8 13,24 373 1,23 : 744
4A 384 2,584 11,5504 35.5 1.0336 10.8 12.00 . 338 1,11 585
5A 354 2.549 1.5294 33.8 1.0196 10,46 12,60 73 1.205 909
6A 213 2.828 1,3968 24,95 . 9312 8,53 9.28 .uqm 1,087 746
A 207 2.316 1.3896 24,55 . 9264 8,45 8.59 e 3D 1.015 612
8A . 207 2,316 1,.3896 24,55 2 .9264 8.45 7.92 Y2 . 937 472
9A 361 2.0455 11,5273 d3.,65 - 1,0182 10,42 13.21 . 393 1,27 1010
1B 343 - 2.5366 1,5213 334 2 1.0142 10.35 9.18 « 276 . 886 448
2B 343 2.5355 1,5213 33.2 1,0142 10.35 10.22 . 308 . 988 454
3B 207 2,516 1,3896 24,5 « 9264 8,45 6,30 « 257 . 746 440
62 1,7925 1,0755 11,9 - 7170 5,21 5,17 <435 . 392 833
54,5 1,736 1.,0416 11,0 . 6944 4,95 4,90 . 445 .99 786
54 1,732 1,0392 10.95 . 6928 4,93 4,76 . 398 « 966 - 782
54,2 1,734 1.0404 10,97 - . 6936 4,94 4,65 « 425 . 941 - bo8
60,5 1,782 1.,0692 11,72 T ,7128 5,05 4,71 « 402 .« 933 - 591
60,5 1,782 1.0692 11,72 . 7128 - 5,05 4,73 <403 - .935 604
1D 127.5 2.,1055 1,2633 18.3 .8422 6,96 6.53 . 357 .938 578
2D 127,5 2,1055 1.2633 18,3 .8422 6,96 6,85 e D74 <983 577
3D 137 - 2,1365 1,2819 19.4 8546 7.15 q »H . 387 1,037 608
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TABLE IX-A

Summerized Data
NHs entering as measured

Run NHz entering b3 NHz leaving Ap Ap,-—-AD log A
Mol Frac, pp-mm.Hg mim, mm. Mol Frac,. @ouas.mm g : ° . MWM ESwwmm.

3 .00405 3,08 0,45 . 000770 » 085 206D 2,06 0,656 1,36
4 .00380 2.88 0.40 . 000795 . 604 2,48 1.88 0,613 1,33
5 .00405 3,08 0,29 . 000854 . s 048 2,79 2.14 0.634 1,47
6 . 00376 2.86 0.36 . 000895 .682 2. 50 l1.82 0.564 1.40
7 .00818 3,94 0,39 . 000995 . 756 3,55 2,79 0.,€71 1.81
8 . 00549 4,17 0.42 .001053 - 801 37D 2,95 0,670 1.91
9 .00396 3,01 0.22 . 000747 . 068 2,79 2,2 0,690 1.40
10 .00328 3,08 0,295 . 000752 .D72 2. 78 2.21 0,686 1,40
1A .00741 2,63 0,65 .000478 e 003 5,00 4,64 1,138 1,77
2 .00738 5.61 0,57 . 000375 . 285 9,04 4,75 1,247 1.66
3 00874 6,64 1,07 . 000780 . 070 5,957 0.00 0.990 2.0
4 , 00874 6,64 1.34 . 000988 . 7OL 5430 4,65 0,848 Ce 54
) .00771L 5.86 0.72 JOOGOH . 460 5.14 4,68 1,048 1.94
8 .01280 9,81 0,96 .000584 . 444 8.83 8.39 1.299 2.81
7 01596 12.11 1.36 000785 . D96 10,75 10,18 1,266 5,52
8 .01596 12,11 1,70 .001010 . 768 10.41 9,04 1,132 3,70
9 , 00947 7.20 0.80 .000635 L4882 6,40 5,92 1,122 2e 29
1B . 00868 7.35 1.86 .0015h05b 1.142 5,49 4,35 0,680 2,78
2 .00968 7,30 1.93 .00135 1,026 5,42 4,39 0,722 2,64
3 . 02050 15,58 Ce T2 .001706 1.296 12.86 11,56 0,996 5,056
1C .0328 24,90 0,71 . 0000807 0.0614 24,19 24,13 2,096 4,05
2 .0649 49, 30 1.34 .0001029 0.0782 47,96 47,88 2,786 7.46
3 ,0652 49, 50 1.29 .0001265 00,0962 48,2 48,11 2,700 7,75
4 - ,0b66 43,00 1.53 , 0001224 0,0931 41,47 41,38 2. 648 5,80
g .0510 38,80 1.54 HO0L8BE 0.1428 37. 26 37.12 2,416 ¢, 68
6 .0510 38,80 1,63 , 000207 00,1571 37.17 37,01 . 2,373 6,79
1D .0250 19.00 1.50 .000560 0.425 17.90 17.0%7 1.6L4 4,59
2 .0248 18.84 1.56 .000513 0,390 17.28 16,89 1.646 4,46
3 . 0230 17,560 1,51 . 000495 0,376 15,99 15,61 1.628 4,17
4 0277 21,00 1.50 . 000396 0,301 19.50 1,811 4,60

12.20

- |



TABLE IX-B

a1

Summarized Data

NHz entering as sum of NHz leaving and NHz absorbed.

Run NHs entering Pig - NHs leaving Ap, Ap,=Lp, log Apy A P
Mol Frac, ©»;-mm,Hg, mm,Hg, Mol Frac, Po—mm, Hg. . APo mm, Heg,

3 .00381L 2,89 .43 . 000769 . 9585 Ce46 1.87 . 624 1,306

4 ., 00338 2,57 . 40 . 000795 . 604 2.17 1,97 . 055 1.23

o 00414 3.14 .29 .0008563 . 649 2.85 2.20 . 642 1,49

5 .00372 2.83 . 36 . 0008898 . 683 Se 47 1.79 . 558 1,392

7 .00513 3. 90 . 39 . 000994 755 3, 61 2,75 . 667 1.795

8 . 005638 4,08 o 42 .0010561 .800 3. 66 2,86 . 660 1.88

9 . 00410 3.1 w221 . 000745 . 066 2.89 e 32 . 708 1,430
10 .00394 2,99 o 2D . 000752 . 071 2. 74 2417 . 680 1.39

1A .00682 5,18 .63 000478 . 363 4,55 4,19 1,098 1,660

2 . 00692 5,26 « 57 .000375 « 285 4,69 4, 40 1.216 1,680 w
3 . 00795 6,05 1.07 , 000750 « 970 4,98 4,41 . 941 2,04 :
4 .00793 6.02 1,34 . 000987 . 750 4,68 3,93 . 795 2.15 ;
5 , 00729 5,54 .72 , 000605 . 460 4,82 4,36 1.020 1.86 !
6 .,01265 9,54 .98 . 000583 . 443 - 8.956 8.12 1.88%7 24745 i
7 .01470 11.18 1.36 .000785 » D96 9.79 9.19 1.215 3.285 :
8 .01438 10,92 1.70 ,001011 . 769 9,22 8,45 1,079 3,41 m
9 . 00900 6,84 »80 .000634 .482 6,04 9,56 1,098 2,20 .
1B .00841 6439 1.86  ,00LB03 1.145 4,53 3.38 . 597 2.465 i
2 .00883 6,71 1.95 .00135 1.027 4,78 3.75 . 668 2,445 ]
3 .01845 14,01 2.73 .,001705 1.287 11.28 9.98 . 939 4,62

1C .0319 24,20 .71 . 0000807 .0614 23,49 23443 2,082 3,94

2 .0608 46,20 1,34 , 0001022 .0781 44,86 44,78 2,758 7.06

3 .0624 47, 40 1.29 .0001.265 .0961 46,11 46,01 2,680 7.48

4 .0532 40,40 1,53 .0001225 .093 38.87 38,78 2.620 6.43

5 0477 36,20 - 1.54 . 000188 143 34,66 34,52 2. 384 6,30

6 .0491 37, 30 . 1.63 .000207 . .1575 35,67 35.51 2.554 8,85

ip ,021¢ 16,65 1.50 . 00056 . 426 15,15 14,72 1.550 4,13

2 .0228 17,30 1.56 .0005613 « 390 15,74 15,35 1,606 4,15

3 .0216 16,40 1.51 . 000485 . 375 - 14,89 14, 51 1,598 3,95 :
4 4,41

L0262 19,95 1.50 , 000396 . 301 18,40 18,1C - 1.'786
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APPENDIX E

SAMPLE CALCULATIONS

A, Calculation of KGa - Run 1 C
1, Calculation of Air Flow
Orifice diameter = C,5"

Areas of orifice = n(0.25)% = 0,001363 sq. ft.

et

Z 144
P air, 1 atm,, 68°F, = 0,0750 1lbs./cu.ft.

P water = 62,4 lbs,/cu,.ft,
Orifice Manometer Reading = h = 5,156" Hz0
2 .
f 1o = 1_—(&91__ = 01545 SC. ft’.
Area of tower A 144 g

From page 73, Walker, Lewls, and lMcAdams notes,

Orifice coefficient = 0,606 =

: jg»-U(Ao/Ap)e
Lbs. air/hr, =p,, % 3600 x ° Aoj_?%_h
- \Ao/An)z
= 0.0750 x 3600 x 0,606 x 0.001565-\}2}{32.2 62.4 h
- 12,86 | B 5. 075012

where h = manometer reading in inches of water,

= 33.8 1lbs, /hr.

Lbs. air/hr.-sq.ft. = 33.8/0.545 = 62,0 1bs./hresy.ft.

9, Calculation of Water Flow
Amount of liguor collected = 143.5 lbs,

Time for measurement of water § 19 min-0 sec,




Concentration of ammonia in water = less than
0,002 g/cc of solution, Therefore ammonia in the water is

negligible,

Water rate = 143.5 x 60 / 18,0 = 453 1bs, /hr,
= 453/0,545 = 833 1bs, /hr-sq.ft.
3. Concentration of ammonia in water,
25cc sample of solution titrated with HoSO.,
Acld reguired for titration = 40,86 cc
Normality of acid = 0.051%N.
g. NHz/cc of solution = 40,86 x 0,0517 x 0,017/25
= 0,001438 g./cc,

Since ammonia concentration in water is negligible,

NHs concentration = 0,001438 lbs, NH3/1lb.H,0

NHs absorbed water rate x NHz concentration

453 x 0,001438
= 0,652 1lbs. NHg/hr,
4, Calculation of ammonia flow
Flowmeter manometer reading = 21,75" H,0
Static pressufe on gas before flowmeter = 1,68"Hg,

Temperature of gas = 34°(C,

. = L7 x 273 x 31.60 = 0,0445
fDNHa before flowmeter =55 =55 5595

e after flowmeter 17/359 x 273/30%7 = 0.0421
3
fDNHa ay, = 0.0433

lbs, /hr, of ammonia = M FNHa av. were M = a

J
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value from figure &, corresponding to the orifice mano-
meter reading (See Calibration Calculations),

Lbs. NHs/hr, = 3,237/0.,0433

0.672 1lbs,/hr,

5, Calculation of ammonia in gas exit
Acid used in absorption train = 5,0 cc,
Normality of acid = 0,0517 N

Inert gas = 78,3 liters

CA
w

1bs. NHg = cc of acid x N. x 0,017 x 28s

44

10, air Titers of inert gas 453 0.075

- cc, of acid x N x 0,0143
liters of inert gas

_ E_Eﬁgggéiz x 0,0143 = 0,0000472 1bs, NH3/1lb, Air

NH; leaving in gas = Gas rate x 1lbs, NHz/1lb, air

33.8 x 0,0000472

0.,00160 1bs. NHz/hr,
6. Material Balance ' |
NHz entering (as measured) = 0,672 1b, /hr,
NH, absorbed = 0,652 1b, /hr,
NHs leaving in gas = 0,002 lbs, /hr,
NHs entering (Dby material balance ) = 0,654 1bs, /hr,

-0,01
% error (based on NHs as measured) = 0.672 * 100

=-2,7%
7. Calculation of Kqa
NHs entering (as measured)
0,572
Mol fraction = _ L7_ = 0,0328




a5

py = 760 x 0,0328 = 24,90 mm, of Hg.
NHs in equilibrium with aqua-NH,; leaving tower
Temp, = 15°C,
(References Perry's Chem., Eng., Handbook, page 996)
Pg 15°C = 492 mm, H%/&b- NHa/1b,Hz0

D, 150C = 492 x 0,001438 = 0,71 mm Hg.

NHz leaving tep of tower:-

0.0016
Mol fraction = 17 = 0,000080%7
’ S0.,8 + 0,0016
| 29 17
Ppo = 760 x 0,0000807 = 0,0614 mm, Hg.

NHs in equilibrium with water entering the tower
analyzed dbut found to be negligible
Ap, = 24.90 - 0,71 = 24,19

0.0614 = 0 = 0,0614

&>

e]
(e}

Il

AP = Apl - Apo =24,189 - 0,06 = 24,13
bp, = Apy -Apo

1n 8py
Apg
= 24,13 - = 4,00 mm Hg,
1ln 24,19
0,0614
Tower packed with 31" of packing. i
. | °" 1b.mols/nr, £1,2300 -
1lb,mol/hr,-ft,2 oomor/nr=~ris-aty/
_ 1b.WHg absorbed/hr. 1
Xa® = %% 0,545 Ao B
| 760 12
= 1b,NHs absorbed/hr. x 31.75
ADp »
- Z.ggg x 31,75 = 5,10 1b, mols/hr-ft,3-atm,
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B. Pressure drop through the packing - Run 1 A

'(Reference: ~ Sherwood — Absorption and Extraction, p.138)

2
ap = 2 f' Ay Ap Agpuo b x 19
g 4 55,4

AP = pressure drop in "HzOC

= linear gas velocity Pased on tower crose section-fi/sec,

Yo
p = density of gas - 1bs, /cu.ft.
h = tower height - ft.

g

= goceleration of gravity - ft./sec.2

d, = nominal size of packing - ft,
£1 = modified friction factor correlated agalnst
- d_pu / , a modified Reynold's Number,
pr 0" ,
Ay = "wall effect factor®”

Ap = correction factor for hollow packlng

AL = correction for the wetting of the packing by
the solvent circulated,

For 1" ring packing, Ap = 0,28 and A, = 1
)Dair - 0,075

AP =2f'x1lzx 0.28 x A7 x 0,075 ug h 12
;| 62,4
322 - —fg

- =30,1 x10 © 1t 4 W h

For Run 1 A
G = 518 1b./hr-ft,?
- 518 - _5818 =192 £t
Y0 T ;% 3600  0.075 x 3600 -9 ft./sec.
£1 ='14,5

A; {corresponding to L = 1340 1b,/hr-ft.2) = 1.50




ThusaP

AP
measured

h = 3L

calc,

= 30.1 x 10~% x 14,5 x 1.50 x (1.92
= 0.695" Hz0

= 0,575" Hz0

)% x 31/12

4%
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APPENDIX F

CALTBRATION CALCULATIONS

Calibration of Ammonia Tlowmeter

The capillary flowmeter used to measure the NH; was
calibrated using alr,., Hence it was necessary to convert
the calibration measurements obitained with alr to measure-

ments using ammonia, This has been done in the following

manner: -
2gn! 62,4\"
v . =K é_&___.._e_)
air 12 pair )
n
nt 62.4 )
NHa (8 12 Py,
Agsuming XK' = K", since the coefficient of the flowmeter

presumably does not change for the gas flowing through, and

letting h! = h",

Vo=V, &Pm)“
NHa aly PNHS)

gince for most flowmeters or orifices, the veloclty 1is pro-
portional to the 0.5 power of the manometer differential

across the orifice, we shall let n = 1/2. (In this case,

. 0,5
Vair was actually proportional to (l/f’air) .

|

- £ air
VNHg vaig\p N

\Ha
or, Yy, f NHs vairuf’airvaHa
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Tabulated Data f or Calibration Plots

| I
Metered FLOW Valr
h -"Hz0 cu.ft,/sec.

P ai Pair v 2 5600 ﬁS
8iTay, *“av,  Vair O°PV Y Airg.

21,8 .00327
35,1 .00418
35,1 .00419
36,1 ~,00422
47,6 -, 00494
48,0 .00490
60,5 .00560
61,2 .00562
74,9 .00618

RN

‘W WY MG Y R B DRGNS Ehtmmwn N TeRBe b Bem et

L0763
L0776

0781
.0796
.0786
,0808
. 0802
.0812

. 276
» 278

"L 278

. 279
. 284
. 280
. 283
. 288

3,25

4,18
4,20
4,24

5,06

4,94

5.71
5,73

6,34



APPENDIX G

NOMENCLATURE

a = active absorbing,surfacé of packing - sq.ft./cu,ft,
A= crossésectional area of tower - sq.ft,

AL= correction for the wetting of the packing by the solvent
A = area of orifice opening - sq.ft.

A_= correction factor for hollow packing

AP= crosg-sectional area of pipe - sq.ft,

Ag= "wall effect factor'

c = orifice coefficient

4 = nominal size of packing - ft,.

e = gubscript denoting equilibrium conditions

ft= modified friction factor correlated against-a modified

d
Reynold's number, p Pl
W
= acceleration of gravity - ft,/sec.?

= gas rate - 1lbs,/hr.-sq.ft. unless noted as lbs,/hr,

&
G
h = manometer reading - "Hz0 or MTHg
h, H = height of tower - ft.

k

= film coefficient of the gas film - lb,mols/hr, -sq.ft,-atm,

b
{

, = film coefficient of the liquid film - 1b.mols/hr,-sq,ft.-
' unit driving force.

@ KL = overall transfer coefficient - 1lb,mols/hr,-sq.ft.-
unit overall driving force,

K.a = overall trensfer coefficient - 1b,mols/hr,-cu,ft.-atm.
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Kt, K" = flowmeter constants

L absorblng liquor rate - lbs, /hr.-sq.ft. unless noted

as 1bs, /hr,

lbs, NH é/nr;

M o= flowmeter’calibration{ggnstant - ]ﬁaﬁﬁs

Py = partial'pressure of Nﬁs in entering gas - nm, Hg.

po = L " " NHz in exit gas - mm, Hg.

pé1‘= equilibrium partial pressure of NHa in exit liquor - mm. Hg.
péb = s N " " ",NHS in entering liquor - mm,Hg.

Apm = log mean of partial pressure differences - mm, Hg,

AP = pressure drop through the tower packing - "H,0
v = volume rate of flow - cu,ft./unit time
vV = volume of tower packing - cu,ft,

w ¥ amount of solute gas transferred - 1lbs,

x* = liguid phase composition in stoichiometric units - 1lbs,
solute/1lb, absorbing liquor,

y - = gas phase composition in stoichiometriec unit - 1lbs,
solute/lb. inert gas

= density - 1lbs./cu.ft.

time = hours or seconds

T O © Y2
I

= gas viscosity - 1lbs./sec.-ft.
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