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ABSTRACT
A pilot plant sieve plate absorption column was used to

~study the effect of varying tﬁe perforation size in liquid phase
controlled absorption. Four separate test traYslwere utilized
which had hole diameters of 0.125, 0.250, 0.500, and 1.000 inches
but which, at the same time had equal total gas flow areas. The
gas-liquid systems used were carbon dioxide with water and carbon
dioxide with aqueous glycol solution. Test runs were performed
at 7?°F. and at a pressure of approximately 830 mm. of mercury.
Liquid flow rates ranged from 0.1 toc 4.0 gpm. while gas flow
rates ranged from 0.0 to 1.0 cu. ft./sec.. Experiments included
the measurement of dry plate pressure drops, wet plate pressure
drops, clear liquid depths and froth heights, the determination
of Murphree liquid efficiencies, and also the determination of

g concentration profiles within the liquid froth for carbon
dioxide and water.

The Murphree liquid efficiencies were found to be almost
independent of the hole diameter, and unexpectedly almost
independent of liquid flow rates and also of gas flow rates.
That is, the Murphree liquid efficiency was found to be
approximately constant ( 70-90 percent ). Mﬁrphree liquid
efficiencies were found to be dependent on liquid viscosity and
solute gas diffusivity. The wet plate pressure drops and depths
of clear liguid were both found to be almost independent of hole
diameter. The froth heights viere found to be somewhat dependent
on the hole diameter, smaller holes ylelding greater froth

heights. The concentration profiles showed that the major

R T AT £, P T NG

2 SR



Jancy

concentration gradient of the liquid in the froth occurred in

ii

the region below the weir height. From the results obtained by
the integration of the concentration profiles, it was concluded
that the mixing of the liquid on the tray could be adequately !

described by the “plug flow" mixing model.
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NOMENCLAYTURE
Cross sectional area ol column sq. ft.

Free area, percent hole area to tray area sg. ft.

Orifice plate cocfficient -

A Hole diameter inches
Point efficiency -
Murphree liquid efficiency -
F-factor, F =V, 5§ £t./s6c. (1b./cu.£t.)%
Liguid flow rate gpm.

Liquid flow velocity in eguations 29-36 ft./hr.
Liquid flow rate lb.moles/(hr.sq.ft.)
Liquid flow rate in equation 28 1bs./(hr.sq.ft.)

Number of point liguid vhase transfer units -
Number of liquid phase mass transfer units -

Pitch, centre to centre distance between

holes inches

Gas flow rate at column conditions cu. ft./hr,
Tray spacing | . inches
Plate thickness inches
Superficial gas velocity ft./sec.

Average gas velocity through perforations ft./sec.

Vieir height inches
Average distance across tray . inches
Interfacial area sq.ft./cu.ft.
Constant in equation 14 -
Constant in equation 15 -




in
out

c-!-

xii
Concentration of gas in liquid gm.moles/litre
Constant in equation 23 -

Inlet concentration of gas in liquid gm.moles/litré

Outlet concentration of gas in liquid gm.moles/litre

Equilibrium concentration of gas gn.moles/litre
Average liquid flow path width inches
Constant in eguation 23 -
Entrainment . 1bs.liquid/1bs.gas
Constant in equation 23 -
Fanning friction factor, equation 18 -
Acceleration due to gravity ft./sq.sec.
Vertical distance from tray floor inches
Equivalent clear liquid depth inches of water
Pressure drop in equation 16 inches of water
Dry plate pressure drop inches of water
Pressure drop in equation 17 inches of water
Froth height inches
Pressure drop in equation 18 - dinches of water
Length of a transfer unit 1/inches

Residual pressure drop inches of water

Wet plate pressure drop inches ¢f water
Liquid vhase mass transfer coefficient ft./hr.

Liquid phase mass transfer coefficient 1b./(hr.ft?)

Liquid film coefficient 1b.moles/(hr.sq.ft.)
Average distance travelled by liquid inches
Liquid velocity, equation 7 ft./sec.
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X Concentration of gas in liquid

Cartesian co-ordinate

mole fraction

x* Equilibrium concentration of gas mole fraction
h Cartesian co-ordinate -
z Horizontal distance along the tray {loor inches
=4 Conversion factor from lb.moles/cu.ft. to
gm.moles/litre
JS Diffusivity of dissolved gas in liouid sq.cnm./sec.
S Viscosity of.fluid | centipoises
o Surface tension of fluid dynes/cn.
i Y Density of fluid 1bs./cu.ft.
Cm Density of fluid l1b.moles/cu.ft,
i SUBSCRIPTS
c clear, column
D dry
£ froth, free
G gas
h hole
L liquid
M molar
W wet




INTRODUCTION

Industrial equipment for performing countercurrent gas
absorption or stripping can be classified as one of four types,
spray towers, aerated-tank absorbers, packed towers, or plate
towers. Although each has its own particular advantages, plate
towers are commonly used because they are efficlent and can be
operated over a wide range of conditions. Intimate mixing is
obtained wher gas is forced through holes or slots into a
shallow pool of ligquid. A large part of the inpterphase transfer
occurs as the gas bubbles are formed and as they rise through
the agitated liquid. Additional transfer takes place above
the liquid surface, when the spray and froth are thrown up by
the gas as it passes through the liquid (1). There are several
tray designs, each with its own devices for gas dispersion,
such as the bubble caps, slots, valves, or simply perforations.
The simplest in design is the sieve tray.

In recent years, there has been an increased interest in
sieve trays for gas-liquid contacting becau;e of their advantages
when compared with competitive trays. When compared with
bubble cap trays, sieve trays have a lower initial cost because
they are easier and cheaper to manufacture (2,3,4), have higher
vapour throughputs (4), a lower gas pressure drop (3,5), a lower
liquid hydraulic resistance (3,4,5) and produce a lower liquid
entrainment (4). Moreover, sieve trays seem to give a higher
rate of mass transfer (6,7) and an efficiency equal to or
greater than that of bubble cap trays (3,4,8). Sieve trays have

been thought to suffer from a limited operating range(9,10) but
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this has been largely disproved (6,11,12). Depending on the hole‘
size, they can be sensititive to corrosion and plugging (4) and
they require exact horizontal alignment to prevent 1a§ge liquid
hydraulic gradients, especially in towers of 1érge'diameter.

Trays are installed horizontally one above the other in a
column and are sevarated by some optimum distance usually
depending on the construction and maintenance requirements. For
a non-foaming system this is typically 18 to 24 inches (4,13,14).
A non-foaming system is one in which the froth formed is not

dependent on the liquid properties but only exists as a result

of the gas flow. Sieve trays have been designed without downconers

(15). With downcomerless trays the liquid as well as the gas
pass through the same perforations (but in opvosite directions)
and the liquid holdup on the trays is usually small. Hore
often liquid is conducted from one tray to the tray below by
means of a downcomer. Large golumnsvusuaily have segnmental
dovmcomers, but small columns frequently use a pive passing
through the plate as a downcomer. Gas-liquid disengagement is
sometimes considered to be poor inm circular downcomers (16) but
this depends to a large extént on the cross-sectional area. To
increase the liquid holdup in a downcomer-?late arrangement
a weilr is conétructed to keep a required minimum depth of liquid
on the tray.

This research project was undertaken to determine first
what effect large diameter holes had on the pressure drop and
efficiency of sieve tray absorbers. In addition concentration

vrofiles were obtained in an attempt to clarify the mechanism of
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absorption. Finally experiments were performed to determine the
effect of using a viscous solvent in which the diffﬁsivity of
the dissolved gas was inherently low, |

The absorption column was of pilot plant size utilizing
circular plates because of its similarity to industrial colunmns
and the ease of construction. A pipe~downcomer was chosen because
of its simple construction. To eliminate some of the column
mechanical effects on efficiencies, the welr height, tray
spacing, free area, downcomer area, and tray thickness were kept
constant for all the absorption experiments.,

Most published absorption results were obtained with sieve
trays having small hole sizes, in the range of 1/16 to 1/L inches
in diameter., For their hole sizes the efficiencies were
similar. The authors then postulated (without verification) that
larger hole sizes should reéult in decreased efficiencies
because larger holes might be expected to result in a lower
interfacial area (2,3,17,18,19). A few authors (20,21,22)
recommended large holes, in the range of 1/2 tc.1.0 inch in
diameter, but did not give any supporting experimental data.
The prime advantage of large hole sizes might be expected in
fouling services. For a constant fouling rate, the period of
time before some particular fraction of the hole area became
fouled would be directly proportional to the hole size.

The absorption system studied, carbon dioxide and water,

was chosen for several reasons. Because it has been used often,

a comparison of results was possible., The equilibrium

solubilities were readily available (23,24), and the physical

s W




properties of the dilute aqueous solutions of carbon dioxide

could be considered to be the same as for pure watgr.'bure

carbon dioxide was used so that gas phase resistances were
eliminated thereby insuring that the resistance to mass transfer
lay entirely in the liquid phase. The concentration of carbon
dioxide in water could be easily determined by titration. The
aqueous solution was acidic but only mildly corrosive, non-foaming
and non-toxic. To show the combined effect of viscoéity and
diffusivity on efficiency, experiments were also performed using
carbon dioxide and an aqueous solution of ethylene glycol. All
experim§nts were performed at 7?°F. and a pressure of approximately
830 mm. of mercury.

Murphree liquid phase efficiencies were calculated. Gas
flow rates ranged from 0.0 to 1.0 cu. ft./sec.. Absorption
experiments were conducted vith liquid flow rates of 0.1, 0.2,
0.5, 1.0, 2.0, and 4.0 gpm. for each of the four trays having
respectively hole sizes of 0.125, 0.250, 0.500, and 1.000 inches
in dizmeter. For the aqueous glycol experiments, carbon dioxide
flow rates ranged from 0.0 to 1.0 cu. t./sec., liquid flow
rates were 0.5, 1.0, and 2.0 gpn., and the tray hole size was
0.250 inches in diameter. Values for dry élate pressure 4rop,
wet plate pressure drop, equivalent clear liQuid depths, and
froth heights were measured. Point concentrations of carbon
dioxide in the liquid were measured for water and also for the
aqueous glycol solvent using the tray having 0.250-inch diameter
holes. Based on the point or local concentrations, a nixing

model was proposed. Finally, emperical correlations for the




Murphree liquid efficiency, the wet plate pressure drop, the

clear liquid depth, and the froth height were attempted.
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THEORY AND LITERATURE REVIEVW
A. Absorption Theory and Definitions "

Gas absorption is a unit operation in which a gas is
contacted with a liquid for the purpose of preferentlally
dissolving one or more compénents of the gas. Vhen a slightly
soluble gas dissolves in a pure liquid, most of. the resistance
to mass transfer lies in the liquid, and the system is said to be-
liquid phase controlled. Although derived for packed columns the
transfer unit concept can be applied to trays. If the gas bubbles
rise at a nearly uniform rate through the froth, then the mass
transfer coefficient and interfacial area per unit volume of
froth would be of the same order of magnitude throughout., If it
is a2lso assumed that the liquid moves across the tray at essentially
a constant velocity regardless of the height above the tray
surface, the rate of mass transfer would depend only on the
concentration driving force;

A component balance on a vertical element of fluid, dz in
thickness, results in the differential equation:

a(xL') = ka(x*~-x)dz (n
If L' is assumed constant across the tray
L' (ax) = ka(x*-x)dz - - , (2)

This can be integrated to give the number of transfer units

} k_a
I =f’<az (3)

Ll
For dilute solutiens it .can be assumed that
¢ = Xpy X ()

Hence, substituting equation 4 into equation 3
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koa
de L
NtL = j\c*-c = Ivl dz (5)

If at the inlet of the tray, z=0, the gas concentfation in the

liquid is Cips and at the outlet of the tray, z=Z, the gas

concentration in the liguid is Cout? then:

c

out
i de _ ka2 ©
tL ~ c¥-c - vy
Cin

The average width of the liquid flow path, d, on a circular tray
can be considered as the width of a rectangle which has a length
equal to the tray diameter and an area equal to the cross-
sectional area of the tray (10). If hc is the equivalent cleaf

liquid depth, then

_ 0.321 L
vy = 5§ h 7N

The numerical constant has the units of ft. sq. in./gpm. SecCe.
It was found experimentally that the largest concentration
gradient existed in the liquid which was below the weir height.

If it is considered that the weir height is the characteristic

dimension in equation 6, then
kLaW
N =
tL vy,

(8)

If the equilibrium concentration is constant across the
tray, and the mixing occurs only in the direction perpendicular
to the liquid flow, equation 6 can be integrated to give

c -Cs
N,, = -1n(1-~-0fE—iw) (9

tL Cin




The Murphree liquid efficiency is

By, = Cout™%in . - (10)
————
cF=Cin .

Combining equations 8,9, and 10; the relationship between the
Murphreé liquid efficiency and the mass transfer coefficient is

kLa "‘I
Ey, = 1.0 - exp(-'qr—--O , (11)
1
In an analogous manner to that for packed absorntion columns,

Sherwood and Pigford (1) have defined a léngth of a transfer

unit for tray columns. It is defined as

h. = —Ll (12)

The parameter 1 is the average distance travelled by the liquid;
B. Sieve Tray Efficiencies

To describe the effectiveness of contacting in liquid
phase controlled absorption processes, a Murphree liquid
efficiency is defined as the ratio of actual change in a liquid
concentration to the change which would have occurred if the
liquid was in equilibrium with the gas. These efficiencies are
functions of the structural parameters of the column and the
physical properties of the fluids. A high iiquid residence time
on the tray is usually considered to result in efficient
contacting for liquid phase controlled systems (3). An increase
in weir height (13,25,26), length of liquid flow path (25), or
tray width (27) would tend to increase the tray efficiencies
since the liquid residence time would be increased. The percent

free area of a sieve tray is defined as the percentage ratio of

o
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holg area to tray area. A large free area should be conducive
to high efficiencies (22) because more bubbles can be formed
enabling, even at low gas velocity, an increase iﬁ the
contacting time between gas and liquid. The optimai free area
should be between 5 and 15 percent of the total tray area (4).
Efficiencies tend to decrease for trays having excessively
large free areas because of weeping (28).

With small holes the degree of mixing and interfacial area
in the froth might be expected to be greater than that obtainable
with large holes and consequently one might predict that smaller
holes would give a higher efficiency. Experiments reported in
the literature were performed with smali-holed sieve trays.
Ellis and Moyade (2) desorbed oxygen from an agueous solvent
using air in a column equivped with plates having hole sizes of
1/8, 3/16, and 1/4 inches in diameter. Umholtz and Van Vinkle
(26) performed hydrocarbon distillations with plates having
hole sizes of 1/16, 1/8, 5/32, and 3/16 inches in diameter. Van
Vinkle (25) absorbed methyl alcohol vapour intoc water and used
hole diameters of 1/8 to 1/bL inches. Calderbank Evans and
Rennie (29) and Hellums (19) observed the effect of small-holed
sieve plates on binary distillation systens. Hay and Johnson (18)
experimented with methanol-water distillation with plates heving
hole sizes of 1/8, 3/16, and 1/4 inches in diameter. These
authors verified that hole diameter had no appreciable effect on
efficiency for hole sizes within the ranges they studied,

It has been concluded that efficiency decreases with an

increasing licuid flow rate (3,13,28) because of the decreased

B
:
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contacting time of liquid and gas. When the gas flow rate was
increased the degree of mixing and interfacial area were
increased. On the other hand, the contact time befween gas and
liquid was decreased. The two effects would tend to cancel one
another so that there was little effect of gas flow rate on
efficiency except in the weeping region (4,26,30).

Studies of the effect of liguid physical properties have
been scarce. Efficiencies have been found to decrease with an
increase in liquid viscosity (13,31) or a decrease in solute
diffusivity (13,29,32). Highly viscous liquids were reported to
form froths having a lower interfacial area. Low solute
diffusivities reduced the rate of mass transfer.

Experiments in which carbon dioxide was desorbed from
water using air, in laboratory tray columns, have been reported
to have low efficiencies (28,33,34). Low efficiencies were also
reported in experiments in which carbon dioxide was selectively
absorbed from aif and carbon dioxide mixtures (6,35,36). When
pure carbon dioxide was absorbed by water, however, efficiencies
in excess of 70% were obtained. It appeared possidle that in
the former experiments a significént gas vhase resistance
reduced the overall tray efficiency in sﬁite of the authors'
claims to the contrary. West Gilbert and Shimiza (31), Eden anq
Pigford (37), and Walter and Sherwood (30) notea that with trays
designed for low liguid floﬁ rates (less than 2.0 gpm.) for a
pure carbon dioxide and water system, the water was almost

saturated in all cases and the efficiencies were very high.
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C. Dry and Vet Plate Hydraulics

It is convenient to use the diagram shown in Figure 1 for
defining the equipment and operating variables. |

Gas flow through a dry plate is similar to flow through an
orifice. There are expansion, contraction, and friction losses
which result in a permanent pressure loss. Because of their
simplicity, dry plate pressure drop relationships are highly
developed. In an analogy to flow through an orifice, some
authors (38,39) have correlated their data using the simple orifice

equation

by = cVi (13)

Others (11,20) have assumed a simple equation

hy = Vo (14)

c
The constant a is approximately 1.8. Some authors (3,26,35) have

used the F-factor in their correlations to obtain

p = ch : ‘ (15)

h
Here b is approximately 2.0 and ¢ is an emperical constant.
McAllister (5) derived a theoritical correlation for dry

plate pressure drops involving pressure losses. The contraction,

expansion, and friction losses, respectively, can be expressed as

2
4\ Vn

h:: = OOL!‘(] .25" _'K;- -é—g_ (16)

2 2

A v

_— h h
bé = {1.0 3 P (1?7

[+4
- LETVE

28Dy (18)

v

|- i< P,
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These can be combined to give

o ®n 7 LV v
hp = K 10.4{1.25-7" ) + 4 5= \+ (1= == |  (19)
c h A .
c
The coefficient K which accounts for hole interaction, is a

function of hole diameter, Dh’ and plate thickness, T. The
coefficient has been correlated by a K versus T/Dh curve over an

extremely wide range of conditions as shown in Figure 19.

Recently Harada (40) and Sterbacek (38) have verified this

equation experimentally and Madigan (41) has correléted the
coéfficient by

K = 1.09(p, /102 (20)
for a range of T/Dh from 0.2 to 2.0,

There is a two-phase mixture of liquid and gas above an
operating tray. This adds an extra hydrzulic resistance to the
gas flow. This extra pressure drop has been found experimentally
to be equal to the equivalent clear liquid depnth. The cleér
liquid depth is that which would occur if all the liquid in the
froth collapsed and formed a pool of liquid. Although not as
theoretically well developed as dry plate pressure drops, wet
plate pressure drops show similar trends with respeét to hole
diameter. An increase in wet plate pressure'drop occurs with
an increase in gas flow rate (25,42), a decrease in free area
(40), an increase in plate thickness (5) and tray length (25),
an increase in liquid flow rate (35,43), and an increase in
welr height (25.32) bgcause these fact;rs tended to increése
the equivalent clear liquid depth, hc' The most common wet plate

pressure drop correlation (3,6,10,26,38) is
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b, =hp+ h +hy : a1
where hR is the residual pressure drop as a result of bubble
formation and is a function of the liquid surface fension. The
residual pressure drop can be calculated (14,39,40) by

' hy, = 0.06 v/pLDh (22)

Viet plate pressure drops were found to be almost independent of
‘liquid viscosity and density (16,44).

The clear liquid depth was measured by means of a side tube
as shown in Figure 1. The gas blown through the holes causes the
clear liquid to expand and form froth. Both the clear liquid
depth and the froth height normally increase with an increasing
liquid flow rate, with an increasing gas flow rate, and also an
increasing weir height (18,35). Froth height is almost
independent of hole diameter (2,18) but tends to diminish with
‘increasing liquid density and viscosity (13,44). The clear
lJiquid depth is a measure of the ligquid residence time. Huang
() recémmended clear liquid depths between 2 and 4 inches as en
optimum operating range. Correlations for clear liquid devths
(6,17) are of the type

h, = a + bF + cL + dV + eD, | (23)

Similar correlations are used for the froth heights (17,35).
Entrainment is the carry-over of liquid from one tray to
the tray above. Enfrainment tends to lower the tray efficiency
(11,45) and it can be estimated from nomograms (4,46) which
relate the amount of entrainment to the column structural

parameters.

Veeping is defined as the falling of liquid through the

P s az
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sieve plate holes. It decreases efficiency because liquid by-
passes the plate without contacting the gas. The weep‘point is
defined as the minimum gas flow rate at which liquid is just

prevented from draining through the tray perforations. Weeping

tends to start at a lower gas flow rate when either the free area

or hole diameter are decreased (10,40). It also tends to start at
lower gas flow rates with solvents of higher surface tension (5).
Correlations have been proposed to predict the point of incipient
weeping (5,9,45).
D. Mixing Models and Concentration Profiles

Numerous mixing models have been used in an attemot to
describe the mass transfer mechanism on sieve trays. The plug flow
model (equation 9) has been used often (18,27,30,31,34) because
of a lack of local concentration and liquid velocity data. Other
models proposed have been complete miking (36), partial mixing
(47), licuid svlashing (48), moving froth layer (40), chain |
bubbling (49), pool mixing (13), penetration theory (37), znd eddy
diffusion model (13,19,40). ihese models have been only vartially
successful in explaining the transfer mechanism.

In this research the concentration profiles were measured_
and a mixing model based on it is proposed.‘COnsider the diagram

of the nth

plate in a column as showvn in Figure 2. The liquid
enters at composition Xpaq and immediately after leaving the
inlet downcomer the liquid rises vertically and reaches a
composition Xy which is a function of vosition h. The liquid can

be considered to flow in layers horizontally across the tray. Each

liquid layer then travels hcrizontally across the tray and reaches

Bl e




O U

%]

" plete

a 16'

. Figure 2. Theorstical Mixing Model
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2. comwosition Xge Then the liquid layers near the outlet

dowvnconer (each of which has a composition X based on position,

(o)

h) combine and leave the tray having a composition Xpe
For uniform gas composition on the tray, then in the
horizontal slab, the number of point liquid phase transfer units

are given by

%o
g .

M=\ 5 ' (2)

x5
which can be integrated and rearranged to give
N,
*-— - =
x*-x; = (x*-x/)e (25)

The point efficiency in the horizontal direction can be defined as

X -}si

0
= = (26)
B x*-x, |
A combination of equations 25 and 26 yields

1—EL = e (27)
From equation 6, N;, can be expressed as a functicn of the
horizontal distance across the tray

. kia Z
N, £ —5— : (28)

A mass balance on an element of fluid near the inlet
downcomer yields
Ldx = kya(x*~-x)dh (29)

This can be integrated in the vertical direction to obtain

x; h '
k-a
dx — f dh (30)
% xX*=x L )
n-1

85574

...
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Assuming that kja/L' and kya/L are not functions of position,

equation 30 can be integrated to give upon rearranging

kLa
h
- L

Ye (31)

*--r -— -
x*-xy = (x%-xpy 4

Equating and rearranging equations 25 and 31 one obtains

k.a

x, = x* - (x*-xn_1)exp(-NL)exp(— i h) (32)

If one assumes that Xn is the average composition of a mixture

~from the tray floor to the fréth height, then

he
| f x, dh

x X = 0
5pf
0

Substituting equation 32 into 33 and integrating one obtains

(33)

upon rearranging

x*-x -N k.a -
n L L [ L
- = —eee | 1 = exp(- h il (34)
X An—l kLa hf L £
The overall Muréhree liquid efficiency is
X, =X
n n-1 (
‘o) = - . 35)
EML x* Xn-1
Combining equations 27, 3k, and 35 yields
1-14" k a
“ML L { 1,
- 1 - exp(_ —m—— h ) (36)
1—EL kLa hf L f-]

Equatien 36 is the relationship between Murphree liquid efficiency

and point efficiency.

B
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APPARATUS

The experimenpal equipment consisted of an absorption
colunn, a.stripper, storage tanks, a.heat exchanger, and
auxiliaries such as a pump, gas blower, and a vacuum pump.

Liquid in the storage tanks was drawn up into the stripper by
vacuum. The liquid then entered a circulation pump. Part of the
liquid from the discharge of the pump was returned to the stripper.
The remaining liquid was metered by one of two rotameters and

was vumped to the inlet of the absorstion column. The partially‘
saturated liquid collected at the bottom of the column was
returned to the storage tanks. The carbon dioxide was circulated
by a gas blower. A process flow dilagram is shown in Figure 3.

The absorstion column consisted of three QVF glass sections,
18 inches in length and 6 inches in internal diameter. These were
separated by brass sieve plates and secured by standard flanged
fittings. Fach plate was supported on either side by a brass ring
1/4=inch in thickness, 1/2-inch in width, and 6 inches in
internal dlameter. These rings were used for installing pressure
taps and sampling tubes. Butyl rubber gaskets were installed on
either side of each of the rings to provide a sas-tight seal.

The ends of the column were 1/4-inch thick.brass plates. Column
details are showvn in Figures 4 and 5.

Gas was introduced into the bottom of the column by means
of a 2~inch diameter copper tube which was partially hooded to
prevent liquid from entering the blower. At the top of the column
the gas flowed through a 2-inch copper tube, énd through a

straight section of pipe approvimately 50 pipe diameters in

- I
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length, to develop a uniform velocity profile; The gas was then
directed down through an orifice to determine its flow rate. It
was then drawn into a centrifugal blower and recyéled back into
the column. Degassed water at a controlled temperature entered
the top of the column. The liquid flow rate was indicated on one
of the calibrated rotameters and regulated by adjusting the
appropriate globe valve.

Specially designed froth splash baffles were used to prevent
froth carry-over and to increase the residence time of the froth
on the tray. Each splash baffle was bolted to the downcomer
pipe. The baffle consisted of a section of 2-inch copper tube.
It was covered at the top by a 1/16-inch thick copper plate. The
splash baffle is showvmn in operation in Figure 36. A liquid baffle,
force fitted on the bottom of the dowmcomer, prevented liguid on
the tray from mixing with the liquid within the dowﬁcomer. Tﬁe
baffle was made of 1/16-inch thick copper plate and cut as shown
in(Figure 5. The open sides were covered with 1/16-inch mesh
copver screening. The downcomers were lengths of 1-inch coprer
tubes. The weir height was 1.5 inches. Details of downcomer
construction are given in Figure 5.

The liquid samples for the efficienéy'studies were taken
through 1/4-inch stginless steel tubes which were brazed to the
ring located above the test tray. The tubes were fitted with
1/L4~inch ball valves. Samples for the concentration profiles
near the tray floor were taken by way of adjustable 1/3-inch
stainless steel tubes. The froth probe, similar to that used

in the A.I.Ch.E. study (13), consisted of two concentric
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stainless steel tubes of 1/8-inch and 3/16~inch diaﬁeters,
respectively. The inner tube ended with an inverted bell shape.
It slid vertically inside the larger tube. The probe was manually
moved parallel to the tray surface. Pressure taps were mounted
through the brass ring. In order to correctly meaéure the wet
plate pressure drop gas purge lines were used to keep liquid
from entering the manometer lines.

The stripper consisted of one 3-foot long, 6-inch internal

.diameter QVF glass section with brass plates flanged at both

ends. Water from the storage tanks entered the sfripper through
a 1-inech diameter perforated copper tube closed at one end.
Recirculated water was sprayed through a standard shower nozzle.
A constant liquid level was maintained in the stripper by an
automatic level controller consisting of a mercury-filled
manometer uscd to control the liguid head, and a solenoid valve
activated by an electrical contact in the mercury manometer was
used to regulate liquid flow from the storage tanks. A regulated
flow of steam in an 3/8-inch copper coil was usea to heat the
liquid in the stripper when reaquired.

Two stainless steel tanks having a capacity of eight and
eleven géllchs, resnectively, were used as.storage vessels for
fresh water and for water from the bottom of the absorption
column. 4 single pass, countercurrent, shell and tube heat
exchanger consisted of a 3-inch diameter copper shell and ten
1/2-inch diameter copper tubes. The heat exchanger's overall

length was 5 feet. Water, from the main water supoly, was

regulated to the heat exchanger by means of two globe valves. All

e s TR
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piping carrying liquid was 1-inch diameter copper tube, except

where specified otherwise.

As a result of vreliminary trials, it was concluded that
the absorption of carbon dioxide by water was rapid and almost
complete. Therefore, only two trays were used. Efficiencies and
hydraulic data were obtained using the upper test tray. The lower
tray was used to cool the gas and to saturate the gas with the
liquid. The trays.were constructed from brass disks 12~inches in
diameter. Six holes were drilled in the tray at a radius of five
inches from the centre to facilitate assembly onto the column.

A 1-inch diameter hole was drilled in the trays for insertion
of a downcomer. The perforations‘were drilled to + 0.002 inches
and the plates were machined. Pertinent specifications for the
five trays are given in Table 1. Hole configurations are shown
in Figure 6. The triangular pitch-~hole diameter ratio was
constant at 3.0 for all trays. The pitch is defined as thg
centre-to~-centre distance between two adjacent holes. The free
area was 5.56 percent for all plates. The bqttom tray, having

1/L-inch holes, was unchanged during all the expériments.

Ty
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Hole Diameter
inches
TEST PLATES
0.125
0.250
0.500
1.000

BOTTOM PLATE

‘ 0.250

Fumber of Holes

128
32

32

TEST TRAY SPECIFICATIONS

Plate Thickness

inches

0.314
0.345
0.256

00306

0.356

Pitch

inches

0.375
0.750
1.500

3.000

0.750

T/Dh

2.512
1.380
0.512

0.306

1.424
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PROCEDURE

During the operation of the column, a constant liquid rate
was maintained while the gas flow rate was decreased in nearly
equal increments and samples were taken at each of the gas rates.
Preliminary studies indicated that steady-state was quickly
established after a change in operating conditions. The column
was operated at a temperature of 77.0 % 0.2 °F. and a pressure
of approximately 40 + 2 inches of water above the prevailing
atmospheric pressure {about 830 mm. of mercury).

In order to ensure that the gas phase was not contaminated
with air, air was initially purged from the column by displacing
it with water, which was in turn displaced with carbon dioxide.
The procedure was reveated several times. The static pressure
inside the column was maintained by continuously adding carbon
dioxide to the column from a cylinder through a sensititive
pressure regulator. An Orsat gas analyzer showed that the gas
phase was 98 to 100 percent carbon dioxide. The flow of gas was
measured by a calibrated orifice flowmeter and was regulated by
a large gate valve located at the gas blower discharge.

Viater was degassed by'vacuum and was recycled. The degassed
water contained a small amount of carbén dioxide (avout L35 of
saturation). Fresh water was ocpasionally added because of
sampling losses and evapouration during stripping. The flow of
liquid to the absorption column was measured by one of the two
calibrated rotameters. Partially saturated liquid was forced out
of the column into one of the storage tanks. A U-tube

prrangement kept a constant liquid level in the column.
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Temperatures of the gas and liquid in the tubing were
determined with thermometers. A copper-constantan thermocouple
measured the femperature of the gas-ligquid mixture on the tray.
Water-filled manometers were used to measure the pressure drop
of the gas across the orifice plate, the static pressure of the
column, and the pressure drop of the gas across the test tray.
The dry plate pressure drop data were obtained using sealed
downconers (20,45). The equivalent clear liquid depth was
measured in a glass side tube. Froth height was measured with
a ruler. Atmospheric pressure was determined using a mercury
barometer and was recorded,

Steady-state was rapidly reached but the equipmént was
operated for an hour before samples were taken. Samples were
collected in 25 ml, pipettes connected by rubber tubing to the
sample valves. Slow extraction of the sample was necessary to
prevent gas from entering the sample lines, otherwise the - -gas

would be absorbed in the sample line and incorrect results

would be obtained. Triplicate samples were obtained and duplicate

runs were performed in order to determine the reproducibility.

A froth probe was used to obtain samples of the froth. Absorption

in the tube was prevented by limiting the liquid flow with a
fine needle valve and by giving the froth bubbles time to
break in the fumnel. Samples were titrated to determine the

carvon dioxide content.
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RESULTS

Experimental results include dry plate pressure drops,‘
wet plate pressure drops, clear liquid depths, and froth heights.
The Murphree liquid efficiencies, the dry plate pressure drop
coefficient, the weep point, the concentfation profiles, the
number of liquid phase transfer units, the mass transfer
coefficients, and lengths of transfer units were calculated.
Numerical values can be found in Appendix A.
A, Murphree Liquid Efficiencies

The variation of Murphree liquid efficiency with thg gas
flow rate, the liquid flow rate, and the hole diameter can be
found in Figures 7 to 17. The Murphree liquid efficlencies
decreased with increasing ligquid flow rate ffom 0.2 to 4.0, but
only slightly. The behavior at the very low liquid rate of 0.1
gpn. was found to be different from that of the otﬁer flow
rates in that the efficiencies did not increase rapidly with
increasing gas flow rates to a constant value. The effect of
the iiquid flow rate on the Murphree liquid efficiency was
more pronounced with the glycol solution than with the water.

The combined effect of increased liquid viscosity and

- decreased gas diffusivity was very noticeéble. The efficiency

for the glycol-carbon dioxide system was much less than the
efficiency for the water-carbon dioxide system under similar

operating conditions, about 60% compared with about 80%.
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B. Dry and Wet Plate Hydraulics
Dry plate pressure drops shown in Figure 18 were
calculated from equations 19 and 20. Values of the dry plate

pressure drop coefficient, K, calculated using experimental

~ data and equation 20, and also those from the literature (5) are

shovn in Figure 19. Considering the wide.range of the hole
dianeters used, the aéreement was good.

The wet plate pressure drop increased with an increase in
the liquid flow rate and gas flow rate. Equation 21 was
applicable to all the flow ranges investigated. The residual
pressure drop was taken as 0.5 inches of water. Liquid depths
on the tray, hc’ were occasionally quite large, especially at
high liquid rates, denoting the start of flooding in the
column,

A visual determination of the weep point was difficult.

Weeping was considered to start when a few holes leaked water

- continuously. Weeping occurred at random locations through

the test tray, not through any specific perforations. The visual
weep points were correlated (9,45) and are shown in Figures 25
and 26. The weeping region can be considered to represent the
lower operating limit of the column, It was apparent thaﬁ large
holes weeped at a higher gas flow rate than did the smaller
holes. An example of weeping from the plafe with 1-inch

diameter holes can ve seen in Figures 38 and f4O.
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C. Concentration Profiles

The largest concentration gradient occurred in the region
of the.froth which lay below the weir height, The.froth at an
elevation above the weir had an almost constant composition.
Figures 27 t; 31 are the vertical concentration vrofiles at
various positions above the tray. In the figures, h is the
vertical distance from the tray floor and z is the horizontal
distance from the inlet downcomer. The concentrations shown
wvere subject to a considerable error, chiefly because 6f the
difficulty in obtaining liquid nhase samples from the two~phase
liquid and gas mixture. For the water—carbon dioxide system
there was a layer of liquid near the tray floor which had a
very low concentration of carbon dioxide. This layer also
seemed to extend around the periphery of the plate. The
concentration profiles were aprarently almost independent of
the gas and liquid flow rates. The layer of liquid of low
carbon dioxide concentration was not as prevalent in the
glycél-carbon dioxide system. Figure 32 indicates typical
concentraticn profiles calculated from equation 36 in
comparison with expverimental ones., It is noted that the

calculated profiles only roughly approximate‘the experimental

data.
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D. Mass Transfer

The experimentally measured concentration profiles were
graphically integrated to give the number of tranéfer units
which are shown in Figure 33. Excluding the glycol-carbon dioxide
system,'the values obtained for the number of transfer units
favoured the plug flow model. As a result, the number of
transfer units were calculated using equation 9. For the glycol,

the number of transfer units were calculated from

By,

Nyp, = 1.9 In [1.0 + 1.9(1.0-E;;) (37)

This is an emperical equation which was used to relate the
Murphree liquid efficiency to the number of transfer units

when the liquid was partially mixed (13). The nunerical constant,
1.9, was calculated from exverimental data. Some typical

values of a length of a transfer unit, calculated from

equation 12, are shown in Figzure 34.
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E. Vispal Results

The photographs show the difference in performance
between 1argé and small holes. The top and bottomAplates had
holes of 1-inch and 1/4-inch diameter, respectively. Two types
of froth were observed, one which formed at only low gas flow
rates and consisted of large coarse varying-sized bubbles as
shown in Figures 37 and 38, and the other which occurrcd at
intermediate and high gas flow rates and consisted of small
bubbles nearly uniform in size as shown in Figures 39 and 4O.
The division line between the two types of froth was
indistinct although the first type usually began to appear as
the gas flow rate was reduced below the weeping point.

At extremely low gas flow rates wvhen considerable weeping
started, the liquid layer had the avpearance of a pool of
liquid through which bubbles were rising. Usually the trays
were covered with a froth. Above the froth droplets of liquid
were sprayed up by the gas into a clear zone as shown in Figures
38 and 39. The demarcation line between the-froth and the clear
zone above it was quite distinct.

With large hole sizes and low liquid flow rates, the
liquid was sprayed from the tray floor. The liquid oscillated
from one side of the tray to the other, and the froth lacked
the fine bubble structure obtained with smaller holes. However,
the efficiency was still quite high. The physical appearance of
glycol above the tray was different from that of water. The
glycol froth lacked the fine bubble structure. The effect of

increasing liquid flow rate at a constant gas rate can be seen

S
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in Figures 37, 38, and 39. At a constant liquid flow rate, the
effect of increasing gas flow rate can be seen by the series of

Figures 40, 41, 42, and 39,
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Figure 35

Bubbling action on plate with 1-inch diameter holes.,
Gas flow rate: 0.2 cu. ft./sec.

Liquid flow rate: 1.0 gom.
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Figure 36

Bubbling action on plate with 1/4=inch diameter holes.
Gas flow rate: 0.2 cu. ft./sece.

Liguid flow rate: 1.0 gome.
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Figure 37

Comparison of iroth formed using large and small diamcter holes.
Gas flow rate: 0.62 cu. fi./sec.

Ligquid flow fate: Qal Zpme
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| Figure 38

Compraxrison of froth formed using large and
Gas flow rate: 0.6% cu. Tt./secs

Liquid flou rate: 0«5 gpme.

i
)
P
]
£
»
i@h—_

S

all diamcter holes,

U ..



e e

63

all diame

Snl

and

arge

sing 1

on of froih formed u

a1
e

Conmpari

ft./sec,

Clle

bl

. 6_‘)

0

flow rato:

Gas

100 ZPine

d flow rata:

i

Liou



P e

R T

e e s e

.'
&

isure 40

&

1olese.

mall diancter

nd s

rege o

1a

sing

ed u

froth Torm

0
£y

Comparison o

2 cu. ft.’/scc.

0

iquid flow rate: 1.9 gum,.




3
-

i
v
':e;

i1
=
it
A
1
X
3
4
1
B
I3
1

s

!
|

70

L= /.0 Uscemy
G=0.32 ¢

Figure 41
Comparison of froth formed using large and small diameter holes,
Gas flow rate: 0«32 cu. ft./secc.

Liguid flow rate: 1.0 gpme
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Mgure 42

Comparison of froth formed using large and small diameter holes.
Gas flow rate: 0.45 cue ft./sec.

Liguid flow rate: 1.0 gpm.
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Mpeure 43

Comnarison of froth formed using larce and small
Gas flow rate: 0.13% cu. ft./sec.

Liguid flow rate: 140 DR,

dianmeter holea.
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DISCUSSION

A. Murphree Liquid Efficiency

Generally the efficiency was found to be almost independent’
of the gas flow rate except in the weeping region. For the
higher liquid flow rates (0.5 to 2.0 gpm.) the efficiency seemed
to reach a maximum value and then decline with increasing gas
flow rate. This effect was the fesult of flooding and some
entrainment Ifrom the tray beloﬁ. Minor weeping had almost no
adverse effect on the efficiency. Even although weeping occurred
the mixing was still considerable because of dovncomer design and
the large liquid holdup. Vheon weeping was severe the efficiency
dropped drastically. For F-factors less than 0.3, heavy weeping
resulted ir liquid by-passing the tray and the efficiency was
reduced. The effect of the lowest liquid rate (0.1 gpm.) on
efficiency was a result of an inability to obtain an accurate
sample of the inlet liquid. Similar behavior has been observed
elsewhere (51).

It was apparent that the hole diameter 'had almost no
effect on the Murphree liquid efficiency. The data for the liquid
flow rates greater than 0.1 gom. with all hole sizes were
plotted in Figure L4L. It is apparent that fbr an eight fold
range of hole diameters, a twenty fold range of liquid flow rates,
and a ten fold range of gas flow rates, the efficiency was
consistently high. A least squares linear regression of the
data for the water-~carbon dioxide system produced the following
equation

Eyr, = 0.772 = 0.012F - 0,020L + 0.010D, (38)
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Both correlations readily show the small dependence of the
efficiency upon the gas flow rate, the liquid flow tate, and the
hole diameter. Both Figure 4&i and equation 38 are correlated to
within 110%. It seemed that the 1-inch diameter holes produced a
smaller operating range than the smaller hole sizes. This was
correct for low liguid flow rates but for liguid flow rates of
0.5 gpm. and hisher the operating regions for all hole diameters
were similar. The limiting operational factor appeared to be the
liquid handling capacity of the downcowmer. Literature correlations
(52,53) were used to estimate the efficiency of the water-carbon
dioxide system at approximately 70%.

It has been found experimentally that the interfacial area
increased with increasing gas flow rate until it reached a
maximum value. With further increases in gas flow rate the
interfacial area was reduced because of non-uniformity of bubble
sizes and jetting which caused the formation of larger elongated
bubbles (54). The interfacial area has been found to vary
inversely with hole diameter for small holes up to 1/4-inch in
diameter. There is some evidence that large diameter bubbles are
unstable in low viscosity fluids (49,55) and break up into small
bubbles. It was observed that bubble sizeé'were alnost
independent of hole sizes as shown in Figures 38, 39, k1, 42, and
43, The l1-inch diameter holes still formed small bubbles about
the size of those formed by the 1/L-inch diameter holes. Hence
interfacial area is independent of large hole diameter. It was
concluded that kLa is independent of hole diameter, that is that

for smaller holes kL is probably less than the value for larger

e it
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hoies, at comparable gas and liquid flow rates.

The efficiency for the glycol-carbon dioxide system was
less than the efficiency of the water-carbon dioxide system with
similar operating conditions. The diffusivity of carbon dioxide
in the glycol solution was O.39x10"5 sq. cm./sec., while the
diffusivity of carbon dioxide in water was 1.94:{10-5 sq. cm./sec.
(50). The viscosity of the glycol solution was 15.8 centivoises
vhile the viscosity of the water was 1.0 centipoises (50). Both
effects might be expected to cause a reduction in tray
efficiency. The efficiency of the glycol-carbon dioxide system
depended heavily on the gas and liguid flow rates as shown in
Figuré 17. A linear regression of the data produced

Byp, = 1.05 - 0.18F - 0.20L (39)

As the liquid flow rate was incfeased, the contacting time
betwéen the liquid and the gas was reduced so that less gas was
absorbved and the efficiency was decreased.

Although entrainment was not studied, general correlations
(4,46) were used to determine that entrainment was negligible
and no correction was necéssary to account for the effect of it
on the efficiency. |
B. Dry and Wet Plate Hydraulics

Because of friction losses in the perforations, large
diameter holes can have higher pressure drops than small diameter
holes. This phenomenon has been observed by others (5,12). The
correlation presented in Figure 18 was useful in predicting dry
plate preésure drops.

Wet plate pressure drop data were difficult to interovret.
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_Equation 21 was valid in correlating the wet plate pressure
drop, hw’ but correlations for the eagiivalent clear liquild
depth were not sufficiently accurate. The data Wére correlated
(to #25%) with linear regression equations similar to equation

23, For the water-carbon dioxide system:

b, = =0.56 + 3.72F + 1.56L - 0.36D, (140)
h, = ~0.06 + 1.43F + i.51L - 0.54LDy u1)
hf = =1.00 + 8.19F + 3.55L - 2.07D, (42)

For the glycol-carbon dioxide system:

b, = 1.81 + 1.50F + 0.93L (43)
h, = 2.65 ~ 1.00F + 1.16L (44)
hy = 7.25 + 1.11F + 1.37L (45)

The effect of hole size was small for hw,‘hc, and hf. The
residual pressure drop (equations 21 and 22) was very small
and could be assumed to be 0.5 inches of water with no loss in
accuracy. The observed results that hR could be positive or
negative were a result of measurement error.

The lower overating limit of the column was determined by
weeping; Correlations for the start of weeping were given in
Figures 25 and 26. Large holes began to weep at a higher gas
flow rate than small holes because the liquid surface tension
was not sufficient to kéep liquid from falling through the
holes at low gas flow rate. The glycol began to weep at a
higher gas flow rate than ﬁhe water. However, this was expected
because the surface tension of glycol is 56.3 dynes/cm. while

the surface tension of water is 72.4 dynes/cm. (24). Because
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of the importance of determining the minimum gas flow rate to
prevent weeping, Figure 26 was a more useful correlation than
Figure 25, . |

The upper operating limit 6f the column was deétermined by
flooding. Correlations (39) were used to predict that the flooding
of the downcomer was the limiting condition rather than the
flooding of the column. However, large ligquid depths (up to 10
inches of water) on the trays seemed to offer no bperating
problenms,
C. Concentrafion Profiles

The liquid layer of low carbon dioxide concentration has
been observed by others (13,18,37). Eden (37) noted that for high
liquid flow rates the gas tended to channel through the liquid
at some distance before agitating it while near the walls and
tray floor the liquid remained essentially unmized. For the
glycol solution, the coancentration of carbon dioxide was a
function of both h and z everywhere on the tray. The layer.of
liquid §f low carbon dioxide concentration was not as prevalent
in the glycol as it was in the water. |

-It was a basic assumption in the derivation of the profile
equation (equation 36) thai the liquid flow rate was constant
everywhere in the froth above the tray. It appears possible
that the liquid velocity profile in the vertical direction is not
uniform. In fact the apvearance of the concentration profiles
suggests that a region of higher velocity exists near the surface
of the tray, so that the bulk of the liquid flows adjacent to

the tray floor and then up to the overflow weir. Such a flow

ey s e
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pattern would explain the observed concentration profiles. No
verification was possible because local velocities were not
measured.
D, Mass Transfer

The concept of plug flow was used often for large trays,
but even thése small trays seemed to approximate the plug flow -
model. For the glycol-carbon dioxide system; the number of nmass
transfer units was higher than the number vredicted using the
simple plug flow model. It was concluded that the mixing of
the glycol solution was better than the mixing of the water.
The length of a transfer-unit was correlated and was in
agreement with the literature results except for the low liquid
flow rates. The results were almost independent of the gas
flow rates. According to Sherwood and Pigford (1), the length
of a transfer unit increased with viscosity, and hence the
number of transfer units decreased. The number of transfer units
for the high viscosity glycol was about half the number of
transfer units for water under similar liquid and gas flow
conditions. Moreover, the length of a transfer unit for the
higher viscosity glycol was greater than the length of a
transfer for water as shown in Figure 34.
E. Visual Results |

Even though the mixing action with large holes appeared

different than the mixing action with small holes, the

. efficiencies did not show any effect. The fine bubble structure

and large interfacial area may not be essential for mass

transfer in a liquid phase controlled system. The trilayer
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effect has been observed elsewhere (18,48). Although the
bottom liquid layer was not seen all the time because of the
froth, the concentration profiles tended to strengthen the
theory that a layer of liquid near the tray floor was dprobably

always present to some extent.
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CONCLUSIONS

1. Performance of sieve trays with large diameter holes could

2.

L.

be expected to be comparable to those hole sizes more
frequently used in liquid phase controlled absorption
processes. When fouling is expected to be significant, sieve
holes of large diameter could be used with almost no decrease
in efficiency.

The combined effect of a large increase in solvent viscosity
and a decrease in solute diffusivity in the solvent did not
alter the efficiency of the gas-liquid contacting to any
large extent,

Unless there is experimental data to prove otherwise, it is
probably advantageous to assume the vdlug flow mixing model
and to use the length of a transfer unit concept for liguid
phase controlled gas-liquid contacting systems. |

For the theoretical concentration profile, it was concluded
that the velocity profile of the liquid was essential to the
model used. With local liquid velocity distributions and the
dopcentration profiles known, an accurate descrivtion of the

mass transfer mechanism on sileve trays could be determined.
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APPENDIX A

1. Experimental Efficiency and Eydraulic Data.
2. Dry Plate Pressure Drop Data.
3. Concentration Pprofile Data.

L, Calculated Results for NtL’ kLa, and hL.
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1e Experimental Efficiency and Hydraulic Data

Tables 2 to 6 contain the experimental efficiency and
hydraulic data which were obtained during the tesf runs. Because
of the way the data is presented it is necessary to note that
where the Murphree liquid efficiency is listed as zero, it is to
be interpreted as no data taken. Also the column titles conformv

to the following nomenclature.

POINT data run
Q gas flow rate cu. ft./sec,
ca
F F-facto¥ ft./sec.(1b./cu. ft.)*
EFF1 Murphree liquid efficiency (sample 1)
EFF2 Murphree liquid efficiency (sample 2)
EFF3 Murphree liguid efficiency (sample 3)
AEFF average Murphree liquid efficiency
PPD wet plate pressure drop, hw inches of water
yAe clear liquid depth, hc inches of water
ZF froth height, hf inches of water
DENCO2 carbon dioxide density, Qg 1b./cu. ft.

The values for the clear liquid depth and the froth height for
the glycol solution have been converted to their equivalents

in inches of water.
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2. Dry Plate Pressure Drop Data.

The dry plate pressure drop data given in Tables 7 to 10
were obtained using sealed downcomers (20,45). Thé dry plate
pressure drop coefficient, K, was calculated from experimental
data using equation 19 and compared with the value obtained

with equation 20. An empirical correlation based on the F-factor

(equation 15) is also given.

R |




DRY PLATE PRESSURE DROP DATA FOR 0.125-INCH DIAMETER HOLES

Q

1.140
1.130
1.080
1.070
0.990
0.960
0.910
0.870
0.830
0.790
0.730
0.700
0.630
0.555
0.460
0.430
0.356
02283
0.265
0.183

0.150

0.110

Ce

0.1250
0.1254
0.1252
0.1254
0.1250
0.1253
0.1252
0.1247
0.1251
0.1254
0.1250
0.1251
0.1247
0.1251
0.1247
0.1250
0.1242
0.,1252
0.1249
0.12580
0.1251
0.1250
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TABLE 7

F-factor

2.053
2.038
1.946
1.930
1.783
1.731
1.640
1.565
1.495
1.425
1.314
1.261
1.133
1.000
0.827
0.744
0.639
0.512
0477
0.330
04270
0.193
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DRY PLATE PRESSURE DRCP DATA FOR 0,250-INCH DIAMETER HOLES

Q

1170
1170
1100
1020
0.970
6.920
0.850
0.820
0.730
0.700
0.6L0
0.545
0.L60
0.420
0.325
0.255
00184

Ca

0.1231
0.1243
0.1220
0412041
0.1227
0.1239
0.1230
0.1237
0.1222
0.1237
0:1236
0.1234
0.1234
0.1234
0.1234
0.123L
0.1232
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TABLE 8

F-factor

2.091
2.101
1965
14830
1.730
1.649
1.518
1.469
1300
1.254
1.146
0.975
0.823
00751
00581
0.1}56
0.329

5.80
5.00
4.50
3.40
3.10
3,00
2.30
2.10
1.50
1.50
1.20
0.90
0070
0.50
035
0.20
0.10
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TABLE 9

DRY PLATE PRESSURE DROP DATA FOR 0.500--LNCH DIAMETER HOLES

Q ()G F-factor

hp
' 1.090 0.1257 1.968 7.70
g 1.080 0.1267 1.958 7.70
{ 1.050 0.1266 1.902 7.35
: : 1.020 0.1255 1.842 6.45
! 0-960 0.1265 10739 5080
¥ ' 0.920 0.1254 1.659 5.20
: " 0.910 0.1265 1.648 5.00
; 0.850 0.1262 1.537 4430
0.790 0.1263 1430 3.50
0.700 0.1262 1.266 2.85
0.670 0.1259 1.211 2.75
0.550 0.1256 0.993 1.80
0.500 0.1260 0.904 1.50 °
0.367 0.1260 0.663 0.80
0.355 0.1260 0.642 0.70
0.273 0,1260 0.494 0.L0
0.223 0.1261 0.403 0.20
0.173 0.1262 0.322 0.15
| 0.150 0.1260 0.271 0.10
0.110 0.1261 0.199 0.05 -

- rmxv:xnmlﬁi




DRY PLATE PRESSURE DROP DATA FOR 1.000-INCH DIAMETER HOLES

1.100
1.100
1.080
1,020
1.010
0.960
0.920
0.850
0.819
0.750
0.710
0.630
0.570
0.450
0.394
0.325
0.263
0.233
0.210
0.184
0.110

Ce

0.1272
0.1269
0.1285
0.1265
0.1267
0.1264
0.1267
0.1265
0.1263
0.1260
0.1263%
0.1252
0.1261

0.1256
0.1261

0.1261

0.1261

0.1261

0.1262
0.1260
0.1261
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TABLE 10

F-factor

1.998
1 L} 996
1.972
1.848
1.829
1.738
1.668
1.540
1.482
1.356
1.285
1.135
1.031
0.812
0.713
0.588
0.476
0.421
0,380
0.333
0.199

6.65
7.00
601}0
5.90
5.90
5.30
5.00
4,50
L.15
3.30
2.90
2.20
1.85
1.10
0.80
0.50
Ol30
0.20
0.15
0.10
0.05

e D
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Dy
inches .
0.125
0.250

0.500

1.000
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TABLE 11

T/D, K

- eq'n. 20
2.512 0.866
1.380 0.997
0.512 1.290

0.306 1.459

1]

DRY PLATE PRESSURE DROP CORRELATIONS

F-factor

1.430
0.997 F
1.745 F

1.563 F

2.088

2.106
2.184

2.251
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3. Concentration Profile Data.

The following tables, 12 to 17, give the data obtained
from the concentration profilé studies. The tables give a point
data number, its vposition in the test section above the tray,
the point concentration, and the point efficiency. The position
1s given by three coordinates. The vertical coordinate, h, is
measured in inches from the tray floor. The horizontal
coordinates, x and y, are measufed in inches and conform to the

coordinate system in the following diagram.

-(,.-Kwu;mj%
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TABLE 12 . g
CONCENTRATION PROFILE FOR WATER-CARBON DIOXIDE 2
. i
Liquid flow rate: 1.0 gpm.
Gas flow rate: 0.295 cu. ft./sec.
Overall efficiency: 87.1 %
: Point x y h Conc. Eff. (%)
} 1 1.0 -3.0 0.125 0.00706 16.7
! 2 1.0 -2.5 0.125 0.01165 2L.3
3 1.0 -2.0 0.125 0.01426 37.8 :
4 1.0 -1.0 0.125 0.02172 59.6 g
/ 5 1.0 -2.0 0.125 0.02095 57,4 ‘
! 6 1.0 -1.0 0.125 0.02070 56.6
7 1.0 0.0 0.125 0.,02354 64.9
8 1.0 1.0 0.125 0.02227 61.7
9 1.0 2.0 0.125 0.02197 60.4
10 1.0 2.5 0.125 0.02146 58.9
11 -3.0 0.0 0.125 0.01292 32.8
12 ~-2.0 0.0 0.125 0.01779 47.3
13 ~1.0 0.0 0.125 0.01564 41.0
14 0.0 0.0 0.125 0.01360 34.9
15 1.0 0.0 0.125 0.01706 5.2
16 2.0 0.0 0.125 0.01727 45.8
17 3.0 0.0 0.125 0.01570 41.1
18 ~3.0 0.0 0.375 0.01482 39.4
19 -1.5 0.0 0.375 0.02116 58.0
20 0.0 0.0 0.375 0.02511 69.5 .
i 21 1.5 0.0 0.375 0.02151 59.0 ;
: |
22 -1.5 0.0 1.0 0.02878 ~ 80.0 i
23 0.0. 0.0 1.0 0.03067 85.6 z
2l 1.5 0.0 1.0 0.02789 774 |
25 1.5 -2.5 1.0 0.027538 76.4 :
26 1.5 2.5 1.0 0.02685 7he3 |
27 0.0 -1.7 1.0 0,02297 62.7 %
; 28 0.0 1.7 1.0 0.,02679 741
; 30 -1.5 -2.5 1.0 0.02753 76.3
K 31 0.0 0.0 1.0 0.02658 73.4
B - i
‘ 32 ~1.5 0.0 4.0 0.03030 84.5 *
33 1.5 0,0 L.0O 0.03098 86.5
3L 1.5 -2.5 4.0 0.03114 87.0
35 1.5 2.5 L.0 0.03124 84.3
36 ~1e5 -2.5 4.0 0.03114 - 87.0
37 -1.5 2.5 4.0 0.02973 83.0
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TABLE 13

CONCENTRATION PROFILE FOR WATER-CARBON DIOXIDE

Liguid flow rate: 1.0 gpnm.
Gas flow rate: 0.51 cu. ft./sec.
Overall efficiency: 86.4 %
; Point X N h Conc., Eff. (%)
1
g 38 1.0 -2.75 0.125 0.0052L 11.3
! 39 1.0 -2.25 0.125 0.01426 37.8
i Lo 1.0 -1.75 0.125 0.01482 39.4
! L1 1.0 -0.75 0.125 0.01862 50.5
} L2 1.0 0.25 0.125 0.02460 68.
L3 1.0 1.25 0.125 0.02339 6L4e5
. Ly 1.0 2.25 0.125 0.02237 61.5
L5 1.0 2.75 0.125 0.02318 63.9
L6 -3.0 0.0 0.125 0.01601 42.8
L7 -2.0 0.0 0.125 0.01543 1.1
48 -1.0 0.0 0.125 0.01617 3.2
L9 0.0 0.0 0.125 0.01606 42.9
50 1.0 0.0 0.125 0.01339 35.1
51 2.0 0.0 0.125 0.01921 52.2
52 3.0 0;0 0.125 0.01664 L. 6
53 -3.0 0.0 0.375 0.02141 58.7
54 -2.0 0.0 0.375 0.02116 58.6
55 -1.0 0.0 0.375 = 0.02371 65.7
56 0.0 0.0 04375 0.02395 661
57 1.0 0.0 0.375 0.02217 60.9
58 2.0 0.0 0.375 0.02075 56.8
59 0.0 0.0 1.5 0.02978 . 83.2
€0 1.0 0.0 1.5 '0.03077 86.1
61 2.0 0.0 1.5 0.03114 87.2
62 3.0 0.0 1.5 0.02412 66.0
63 0.0 -1 07 105 0003555 9403
6L 0.0 1.7 1.5 0.03308 92.9
65 1.0 -2.0 1.5 0.02847 - 79.h
66 1.0 2.0 1.5 0.03145 88.1
: 67 2.0 -2.0 1.5 0.02972 83.0
l
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| TABLE 13 (cont.)
CONCENTRATION PROFILE FOR WATER-CAREON DIOXIDE
Liquid flow rate: 1.0 gpm.
Gas flow rate: 0.51 cu. ft./sec.

Overall efficiency: 86.4 %

; Point x N h Conc. CEBff. (%)
i 68 -2.0 0.0 3.0 0.02978 83.2
{ 69 0.0 0.0 3.0 0.03103 86.7
i 70 2.0 0.0 3.0 0.,02976 83.1
; 71 ~-1.0 -2.5 3.0 0.03014 84.3
| 72 -1.0 250 3.0 0.03072 86.0
: 73 2.0 -2.0 3.0 0.02931 81.8
! 7L 2.0 2.0 3.0 0.02920 81.5
75 0.0 -1.7 3.0 0.02925 81.7
76 0.0 1.7 3.0 0.03376 94.9
77 -2.0 0.0 6.0 0.02836 79.0
78 0.0 0.0 6.0 0.03082 86.3
79 1.5 0.0 6.0 0.03151 88.2
80 1.5 -2.5 6.0 0.03014 84.3
81 1.5 2.5 6.0 0.,02336 79.0
82 0.0 -1.7 6.0 0.02805 78.1
83 0.0 3.0 6.0 0.02920 81.5
84 -1.0 -2.7 6.0 0.02821 78.6
85 -1.0 0.0 6.0 0.02815 738.4
86 1.0 -2.7 6.0 = 0.02800 78.0
87 1.5 0.0 6.0 0.02910 81.2
88 -3.0 0.0 9.0 0.02831 78.9
89 0.0 0.0 9.0 0.02716 75.5
90 1.5 2.5 9.0 0.02779 -~ 77.4
o1 1.5 -2.5 9.0 0.02857 7947
92 -0.5 -3.0 9.0 0.023894 80.7

et e
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Point

- 9k
95
96
97
98
99

100

101

102

103

104

105

106

107

108
109
110
111

112
113
114
115
116
117

118

119
120

121
122
123

111

TABLE 14

CONCENTRATION PROFILE rOR WATER-CARBON DIOXIDE

Liquid flow rate: 2.0 gpm.
Gas flow rate: 0.315 cu. ft./sec.
Overall efficiency: 83.1 %

x ¥y h Conc. Eff, (%)
1.0 -2.75 0.125 0.00473 5.3
1.0 =-2.25 0.125 0.01112 25.2
1.0 -1.75 0.125 0.01264 29.9
1.0 -0.75 0.125 0.01710 43.7
1.0 0.25 0.125 0.01629 41,2
1.0 1.25 0.125 0.02283 61.5
1.0 1.75 0.125 0.02511 68.8

-3,0 0.0 0.125 0.01507 39.4
~2.0 0.0 0.125 0.01810 un.3
-1.0 0.0 0.125 0.01659 39.6
0.0 0.0 0.125 0.01501 3ha7
1.0 0.0 0.125 0.02098 53.1
2.0 0.0 0.125 0.01711 41.2
2.0 0.0 0.125 0.01716 Ll.h
-3.0 0.0 0.375 0.01965 51.6
"1-5 0.0 00375 - 0002055 51}04
0.0 0.0 0.375 0.02253 60.6
1.5 0.0 0.375 0.02283 61.5
-2.0 0.0 1.0 0,02831 75.7
1.0 0.0 1.0 0.023842 76.0
1.0 ~2.5 1.0 0.02726 72.5
1.0 2.0 1.0 0.02805 : 4.9
0.0 -107 100 0002569 6706
0.0 1.7 1.0 0.02795 74.6
-3.0 0.0 3.0 0.02899 77.8
1.0 ~2.5 3.0 0.02873 771
1.0 2.0 3.0 0.02899 77.8
0.0 0.0 9.0 0.02772 737
-1.5 0.0 9.0 0.02716 70.2
-105 -2'5 9.0 0002872 75.4
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155
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149
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TABLE 15

Liquid flow rate:

Gas flow rate:

Overall efficiency:

1.0

N
.

L ]
owuno O o\ (e Ne;

O W OO= =
[ ]

- =N O O ol oNeNoNoNoNo

® » . L[] L] L

(oNoNe)

L

» & 6 ® o o

4

OO0 ~aUVMUNMO0O0 0000000

— nd b omd od w=d
o

D00 00O0OLOO

h

0.125
0.125
0.125
0.125
0.125
0.125
0.125

P

FOR WATER-CARBON DIOXIDE

4.0 gonm.
00196 Cle fto/seCo

239.2 %

Conc. Eff.
0.00664 6.0
0.01344 27.6
0.01606 36.0
0.01365 28.2
0.01292 25.9
0.00978 15.7
0.00805 10.1
0.02240 56.5
0.02282 57.9
0.02125 52.8
0.02334 59.6
0.01989 L8.4
0.02224 56.0
0.02219 55.9
0.02224 56.0
0.02287 58.0

S .




I A TS R

Point
124
125
126
127
128

129
130

133
139
140
141

113
TABLE 16
CONCENTRATION PRCFILE FOR VWATER-CARBON DIOXIDE
Liquid flow rate: L.O gpm.

Gas flow rate: 0246 cu. ft./sece.

Overall efficiency: 58.0 %

x ¥ h Conc. Eff. (%)
1.0 -2.75 0.125 0.0052L 6.8
1.0 -2.25 0.125 0.01107 25.0
1.0 -1.75 0.125 0.01320 31.6
1.0 ~0.75 0.125 0.01776 45.8
1.0 0.25 0.125 0.01923 50.3
1.0 1.25 0.125 0.01872 48.8
1.0 2.75 0.125 0.02283 6145

-3,0 0.0 0.375 0.01675 L2.6
0.0 0.0 0.375 0.02055 Skl
1.5 0.0 0.375 0.01964 51.6
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PABLE 17

Liquid flow rate:
Gas flow rate:

Overall efficiency:

X N h
1.0 =275 0.125
100 -'1 -25 00125
1.0 0.25 0.125
1.0 2.25 0.125
3'.0 0.0 1-5
0.0 0.0 1.5
0.0 "'1.7 105
140 0.0 4.0
1.5 0.0 4.0
Ooo "1-7 L]-.O

1.0 gpne

O.4ly cu.

57.1 %

Conc.

0.01700
0.02191
0.02410
0.02910

0.03070
0.02960
0.02800

0.02300
0.02911
0.02679

ft./sec.

Eff.

25.0
L2.5
50.3
68414

7349
711
64.2

6le2
68k
60.0

(%)

S |
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L. Calculated Results for NtL’ kLa, and hL'

Tables 18 to 22 contain the calculated values of N
kLa, and hL for the four hole sizes and glycol. For the water-
carbon dioxide system, the number of transfer units, NtL’ were
calculated by means of equation 9. For the glycol-carbon dioxide
system, the number of transfer units were calculated by means of
equation 37. The mass transfer coefficients, kLa, were

calculated using equation 8. The lengths of transfer units

were calculated by means of egquation 12.

<t e oS L 2N
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APPENDIX B

1. Calculation of Equilibrium Concentrations,

2. Chemical Analysis.

3. Sample Calculation of Efficiency.
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1+ Calculation of Equilibrium Concentrations.
A. Water

Let P be the total gas pressure in mm. of mercury. If ﬁw
is the vapour presszure of water, then the partial pressure of
carbon dioxide is P--Pw assuming the carbon dioxide is saturated
with water. For slightly soluble gases the equilibrium
relationshivy can be expressed by Henry's law conStant,'H, over
the temperature and pressure range used. Hence the mole fraction
of carbon dioxide ;n the water is given by

x* = ‘,'7-1';';'.'—3- : (46)

moles of CO.
moles of CO2 + molés of water

where x* has the units of

If the moles of carbon dioxide is much less than thaﬁ of water
one can assune that x* = (moles of COZ)/(moles of water) and

hence the equilibrium concentration is given by

c* = %ﬁf&?w) ) (47)

where the units of c¢* are moles of carbon dioxide ver litre of
solution. If one assumes different temveratures and total
pressures and using values of P (41) and H (32), values of c*
can be calculated. These values of ¢*, temperature, and pfessure
are plotted in Figure 45 for easy interpolafion.
B, Glycol

The seturated values of carbon dioxide in aqueous glycol

were obtzined at 77°F. and 760 mm. of mercury (50) and corrected

by assuming the ideal gas law.

c3 = ¢t (537 Pa)/(460 + T,)(760) (48)

O i

1
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2e Chemiczl Analysis.
A. Vater
A known volume of sample was inmediately puﬁ into a
measured—amount of a barium hydroxide solution. The cérbon
dioxide reacted with the barium hydroxide according to the
reaction

co, + Ba(OH)2 = Baco3 + H,0 (L9)

The barium carbonate immediately precipitates and the solution
is covered and left to stand for 15 to .20 minutes. The excess

barium hydroxide was back~titrated with hydrochloric acid to a
phenolphthalein end point according to the reaction

Ba(OH)2 + 2HC1 = BaCl., + 2H20 (50)

2
Barium chloride was added to prevent the undesirable side
reaction

Baco3 + 2HCl = co2 + H0 + BaCl, (51)

If one considers VS the volume of sample of normality Ns’.vb the
volume of barium hydroxide of normality Nb’ and Va the ‘volunme

of hydrochloric acid of normality Na’ then ffom the stoichiometry
of equations 49, 50, and 51 one obtains

NV, = (Hbe—NaVa)/Z _ . (52)

Since the volume of the sample was always 25 ml., then one has

-N_V

= 0,02(N,V,-¥ V) (53)

c
CO2

where Cco is the carbon dioxide concentration in gram moles
2

per litre.

£
e
i
¢
i
¥
1
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; B. Glycol %
; Because of the low solubility product of barium hydroxide %
? and barium carbonate in aqueous glycol, the barium carbonate %
é does not precipitate in the viscous solution, and as a result g
é sodium hydroxide was usgd. The analysis using sodium hydroxide %
é was equal in accuracy to the analysis procedure using barium %
g hydroxide. The reaction between carbon dioxide and sodium T
E hydroxide is
; 002 + 2NaOH = Naaco3 + ZH 0 (54)
; The excess hydroxide was back-titrated with hydrochloric acid
: according to the reactions
; NaOH + HCl = NaCl H,0 (55)
| Na,CO, + HOL = NaHCO, + NaCl - (56) |
From stoichiometry ‘ %
: NV, = NV,-NV, (57) r
; For a 25 ml. sample E
Cop. = 0-OK(N V, =NV ) _ (58)
%a 2 |
; |
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3. Sample Calculation of Efficiency.

The following data is for the water-carbon dioxide system.

Temperature: 77.O°FA
Total pressure: 835.1 mm. of mercury
" Inlet sample: Vé = 25.0

Vb'= 2.0 Nb = 0.11884
v, = 2.21 N = 0.08196

Outlet sample: Vs = 25.0
V, = 15.0 N, = 0.11884
Va = 3,50 Na = 0.08196

The calculations to find the Murphree liquid efficiency are as
follows;
From Figure 45, the equilibrium concentration is obtained
c* = 0.03615 gram moles per litre

From equation 53, c.

in = 0.00113 gram moles per litre

From equation 53, ¢ = 0.02991 gram moles per litre

out

With these values the efficiency is obtained from equation 10;

 0.02991-0.00113
By, = 5.03615-0.00113%

_ 0.02378
= 5.03502 x100

100

By,
By = 82.3 %
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APPENDIX C

1. Liguid rotameter calibrations.

2+ Orifice plate calibration.
3. Gas flow rate calculations.

L. Equipment list.
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1. Liquid rotameter calibrations.

Both high and low flow rates rotameters were calibrated by
using the working fluids and measuring the mass flow rate at a
known rotameter setting. One liquid was city water and the other
a 92 weight percent aqueous solution of ethylene glycol. The
purity of the glycol solution was determined using viscosity
measurements (50). The calibration data were plotted in
Figures 46 and 47 for interpolatione. The data is also listed in

Tables 23, 24, 25, and 26,
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i TABLE 23
LOW FLOY RATE ROTANMETER CALIBRATION - WATER
i Rotameter AV AT Flow Rate Flow Rate
:
i’ Setting 1bs. secCe 1bs./nin. g
;v 0.0 _" - - had :
ﬁ 0.189 9.2 360 1.53 0.18% 5
ﬁ 0.345 5.6 120 2.80 0.335
0.480 8.0 120 1,00 0.480
0.660 6.7 100 5,10 0.612
0.700 1.4 120 5.70 0.683 §
0.850 2.0 60 7.00 0.838 §
0.975 L2 30 8.40 1.004 |
1.025 8.9 60 8.90 1.065 }
i
i
|
l
it !
§ |




]

Rotameter

ﬁ Setting
! 0.0

0.95

AW
lbs.

7.45
12.70
17.40
20.80
20.70
16.00

19.70

138

TABLE 24

AT
sec.

€0
60
60
60
50
30
30

Flow Rate
1bs./min.
745
12,70
17.40
20,80
24.80
32.00

39.40

HIGH FLOW RATE ROTAMETER CALIBRATION - WATER

Flow Rate
gpne.
0.894
1.523
2.090
2.490
2.970
3840
L.720

U

R e



By

L1139

TABLE 25

LOW FLOW RATE ROTAMETER CALIBRATICN - GLYCOL

Rotameter AV AT Flow Rate TFlow Rate

Setting 1lbs. sec. 1lbs./min. £DM.

0.0

0.260
0.502
0.750
1.000

L.2
4.2
6.3
8.3

120
€0
60
60

2.1
4.2
6.3
8.3

0.188
0.375

1 0.563

0.742




L I

FERETASRTS

A T R S e

e e e et

140

TABLE 26

HIGH FLOW RATE ROTAMETER CALIBRATION - GLYCOL

Rotameter
Setting

0.0

av
1lbs.
8.2
7.1
9.5
11.6
15.8

AT

SecCe

60
30
30
30
30

Flow Rate

1bs./min.

8.2
14.2

19.0

23.2°

31.6

Flow Rate

gpm.
0.733
1.270
1.700
2.075
2.825

T 1 IR LR
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2. Orifice plate calibration.

The orifice plate was czlibrated by measuring the mass
flow rate in the pipe and the pressure drop across the plate.
The mass flow rate was obtained using water as a fluid. From the
liquid flow rate and the water temperature, the Reynolds number
was calculated based on the orifice diameter.

V.:D .
Re = SLLO | (59)
J*LL
The pressure drop was measured with water and mercury manometers

and the orifice coefficient, C, calculated from the equation

v = C (25 An)? (60)

A dimensionless plot of Reynolds number and orifice coefficient
was then constructed which holds for all fluids, both liquids
and gases., Calibration data is listed in Table 27, and is

plotted in Figure 48.

proom
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TABLE 27

CRIFICE PLATE CALIRBRATION DATA

Ah
in. water

0.10
0.10
0.20
0.25
0.28
0.30
0.33
C.40
0.70
0.30

0.60
0.78
0.87
1.00
1.20
1.10
1.10
1.50
1.80
1.80

1.70
2.20
2.10
2.23
2.50
2.28
L.05
345
4.75
5.42

6.55
13.20
13.55
22.65
40.70
58.25
73.80
79.50
96.30

AV
lbs.

17.7
1743
24.8
26.
14.2
14.95
15.5
33.9
22.1
47.5

20.6
22.9
21}-07
26.2
28.8
27.5
27.7
21 03
68.4
32.8

22.6
38.8
37.2
25.5
LO.L
28.1
Skt
31.4
36.4
58.4

42.8
30.2
60.8
7849
52.8
2.

70.7
735
81.2

AT

water sec.

60
60
60
60
30
30
30
60
30
60

30
30
30
30
30
30
30
20

30

20
30
30
20
30
20
20
20
20

30

20
10
20
20
10
10
10
10
10

0.718
0.735
0.718
0.713
0.710
0,708
Oc706
0.700
0.688
0.692

0.691
0.689
0.688
0.685
0.685
0.685
0.688
0.682
0.663
0.678

006714'
0.682
0.670
0.668
0.666
0.663
0.660
0.661
0.655
0.656

0.665
0.651
0.647
0.648
OJ6L}~7
0.647
0.646
0.6L6
0.6L8

Re

3380
3500
4,980
5130
5700
5920
6260
6880
8970
9050

9130

9260
10030
10920
11000
11140
11140
12980
13060
13230

13720
14820
15000
15620
16200
17230
18520
19240
22300
22310

23200
34500
34850
45200
60400
71946
81200
81200
92800

) Basteoscd
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Figure 48. Orifice Plate Calibration Curve

74

PRV boonitiinge 41

ot e ST in,




146

3. Gas flow rate calculation.

Gas flow rate was measured by means of an orifice plate.
The orifice plate, made of stainless steel, had an orifice
diameter of 1.272 inches and the internal pipe diameter was
2.436 inches. Pressure taps were located one inch both upstream
and downstream from the plate. The standard fifty upstream pipe
diameters required for a uniform gas velocity profile was

provided. The velocity of the gas is given by
- %
V = ¢(2g &h, Pw/PG) - (61)
The volumetric gas flow rate is given by
Q = 0.00545 V D3 (62)

This is a trial and error problem. At ?7°F, and 850 mm. of
mercury pressure, for water saturated carbon dioxide one obtains
a viscosity of 0.036018 1bs./(ft. hr.) and a density of 0.1229
l1bs./(cu. ft.). From equation 59. the gas Reynolds number is

_ P VD

G

where V is the gas velocity in feet per second. From equation 61

Re = 1302 V (63)

one has

V = 57.15 C An? '_" (64)
Assuming an orifice pressure drop of 1-inch of water, one
obtains from equation 64

V=>57.15¢C (65)
Assume V = 40 ft./sec. and hence Re = 52200 from equation 63.
From the orifice calibration curve ovne finds C = 0.648. This is

suostituted into equation 65 to obtain V = 37.1 ft./sec.. A nevw
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Reynolds number is found to be 43400 from equation 63. A new
orifice coefficient is found to be 0.648. Hence V = 37.1 ft./sec..
From equation 62, Q is 0.327 cu. ft./sec..

. If the pressure drop across the orifice is assumed to be
9 inches of water, then Q would have been 0.973 cu. ft./sec.. The
two values of @ and Ah are plotted on log-log paper and joined
by a straight line. Now the pressure is assumed to be 800 mm. of
mercury and the process is repeated. The resulis are given in
Table 28 and Figure 49. Pressures between 800 and 850 mm. of
mercury are linearly interpolated. Small temperature changes
do not effect the gas flow rate to any significant amount. Even
if the carbon dioxide is assumed dry, the gas flow rate would
change by only 2%. Hence, the graph was applicable to dry plate
gas flow conditions. This method of finding gas flow rates is a

common standard procedure (56).
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TABLE 28
CALCULATION OF VOLUMETRIC GAS FLOYW RATES

Ahnh ‘Total Pressure, mm of mercury

P A TN S TN P it o 148l o oo S

inches of water 800 850

! 1.0 0.289 0.327
: .0 0.592 0.651
9.0 0.866 0.978

M s reas s v s 122 ey




doaq: ammsgaxg ©3eTd 99TJTI(Q SNSIOA"9BYNOTY Se) °4 IITL

~ Jejpm JO SOYDU ‘Y YONA FAUASSIYd 3D14INO |
O-O— | | . . | o-— .. . . | . uoo ' . A

[v v ¢ v v 7 1] 4 | L AL T ¥ I _.09
| | >
: w
BN m
] . e
i . 0 . .
_ >
llu
- 7 .
- o.to
1.
. i
T A Q)
401 &
. o
o
.n..... 1 2 1 _.-.- (] [} [}




o oo-
2l rsenens

L. Equipnent list.

1. Pump

2. Pump

3. Blower

L. Rotameter

5« Rotameter
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Type: vacuum

Manuf: Westinghouse

Serial no: 14N5525

Pressure: 30 inches of water vacuum

Type: centrifugal

Manuf: -

Serial no: -

Pressure: 50 psig maximum

Tyve: centrifugel

Manuf: Robbins and Myers

Serial no: 7D9837

Pressure: 14 inches of water maximum
3400 rpm., 1 hp.

Manuf: Brooks Instruments
Tube size: R-8M 25-2 BR-1-27G10
Flow range: O to 1.0 gom. S.G.=1.0

Manuf: Brooks Instruments
Tube size: R-9M~-25-3

Flow range: O to 5.0 gpm., S.G.=1.0
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