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NOMENCLATURE
Area, cross-sectional area of pipe, or that area through
which the flow occurs.
Inside diameter of pipe containing packing.
Characteristic diameter of packing materials.
Friction factor.

Conversion factor, 32.17 poundals per pound in English units.

Mass velocity [(1b mass)/(sec)(sq ft) or (1b mass)/(min)(sq ft)].

Length of linear dimension.

Molecular weight.

Exponent dependent on packing material.
Exponent dependent on packing material.
Pressure [(1b force)/(sq ft) or (1b force)/(sq in)], absolute.

Pressure, gauge.

Pressure drop per unit length due to friction (psi/ft or
1b/sq ft/ft).

Fraction of void volume occupied by a phase, saturation.
Modified Reynolds number, (G Dp)/(u)(l-e).

Surface area of packing per unit volume (sq ft/cu ft).
Exponent dependent on mode of flow.

Temperature (°R or °F).

Superficial velocity in open column (ft/sec).

Greek Letters

Total energy to overcome friction, (-dP/dL) for horizontal
flow, or (-dP/dL) + p for vertical flow.

Fraction voids in packing (void volume/unit volume of column).

vii



Greek Letters (Continued)

U Coefficient of viscosity (cp or consistent units).
o Density (mass per unit volume).
Ay 629/81&"
P ‘JQ@/S .
X Jsz/ﬁg,
Subscripts
corr Designating that a pressure drop has been corrected for

density of the flowing mixture of fluids,

(-dP/dL) + py = & = (—dP/dL)corr.

9 Designating the gas phase. This subscript on ® indicates
the value of ® calculated from single-phase correlation
for the gas flowing alone in the bed at the same temp-
erature and pressure as the two-phase case.

)/ Designating the liquid phase. This subscript on ® indicates
the value of O calculated from a single-phase correlation
for the liquld flowing alone in the bed at the same temp-
erature and pressure as the two-phase case,

Ay Designating liquid and gas phases flowing simultaneously
and cocurrently.

m Designating the flowing mixture of gas and liquid.
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I. INTRODUCTION

A. Purpose of Investigation

Reaction vessels involving two-phase flow of liquid and gas
through catalyst beds are assuming increased importance in the chemical
and petroleum industries. The design of such reactors requires a
knowledge of cocurrent two-phase flow in order to predict the pressures,
pressure drops, and liquid-to-gas ratios in the catalyst bed.

The treatment of lube oil with hydrogen over a catalyst bed
has become an important process in the petroleum industry and is an
outstanding example of a trickle bed reaction. Hydrogen gas and lube
oil are passed downward over a long catalyst bed at extreme conditions
approximating TOO°F and 700 pounds pressure. The reaction vessels which
are perhaps a foot in thickness, are probably the largest pieces of high
pressure equipment used in the petroleum industry. Many other reactions
involving the cocurrent flow of liquid and gas over a catalyst are in
current use.

The simultaneous flow of liquids and gases has been studied
for two important cases, but no investigation has been made to develop
a correlation for cocurrent flow in packed beds. The case of two-phase
cocurrent flow in porous media has been studied to solve problems in
0il reservoir production and in filter cake calculation. In addition,
the case of two-phase countercurrent flow of liquid and gas over a
packed bed has been investigated to determine the capacity and pressure
drop for absorbers and other packed equipment.

The purpose of this investigation is to obtain data for the

two-phase cocurrent flow of liquid and gas in packed beds and to

1=
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establish a suitable correlation for the prediction of the pressure drop
and the fraction of the void volume occupied by the liquid, termed the
liquid saturation. The term "two-phase flow" in this dissertation will

refer to the flow of liquid and gas unless otherwise stated.

B. Statement of the Problem

Sufficient data are to be taken to determine the important
variables in two-phase flow in packed beds and to develop design methods
suitable for the solution of the design problem which may be stated in
the following manner.

The porosity of a packed bed, the downward flow rates of liquid
and gas, and the viscosities and densities of the liquid and gas are
given. The calculation of the rate of change of pressure with distance
and the fraction of the vold volume occupied by liquid, i.e., the liquid
saturation, is required. If the density of the gas is given as a func-
tion of the pressure and the entrance or exit conditions are known, the
computation of the pressure drop over the packed section and the average

liquid saturation is required.

C. Summary
The following paragraphs will outline the material in the vari-
ous sections of the dissertation. For the reader with limited time or
a primary interest in the use of the results, the following sections
and subsections are recommended: Introduction, Subsections B through J
under Correlation of Experimental Data, Sample Problem, and Conclusions.
Section II is a review of the literature relating to pressure

drop measurements and correlations for single-phase flow in packed beds



and for two-phase flow in open pipes, in porous media, and countercur-
rently in packed beds. Measurements of liquid saturation are reported
for the two-phase mechanisms. The single-phase correlations are a basis
for the two-phase calculations, and the correlations for two-phase flow
in open channels serve to suggest the important parameters in packed
beds.

Section III is a description of the flow of fluids through
the experimental equipment, the sizes and capacities of the components
of the equipment, and the instruments used in making the experimental
measurements. The operating procedures used in making the experimental
runs, and the actual measurements recorded, are detailed in this section.

Section IV is concerned with the systems which were investi-
gated, the properties of the fluids and packings used, the flow patterns
observed, and the explanation of the tabulated processed data. The first
processing of the raw data is explained, and the role of the run code as
an index to the data and as a description of the individual run is de-
tailed.

Section V is the most important portion of the dissertation
and presents the final correlation of the experimental data. The corre-
lation relationships are derived from the established relationships for
single-phase flow. The correlation parameters rest upon a knowledge
of the pressure drop for the single-phase systems, and correlations are
accordingly obtained for the single-phase data taken on the systems in-
vestigated. The calculation of the correlation parameters is explained,
and plots are presented showing the calculated points against the parame-
ters suggested by the derivation. The scope and accuracy of the corre-

lation is discussed, and equations are presented which represent the
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data. The saturation data are shown to support the assumptions upon
which the derivation is based. The effect of foaming on pressure drop,
and the similarity between correlations obtained for packed beds and
open channels are discussed. The application of the correlations to
problems involving the flow of two immiscible liquid phases, or two im-
miscible liquid phases and a gas phase, is discussed at the close of
this section.

Section VI concerns itself with a number of data obtained from
another experimenter which support the proposed correlation when foam-
ing is not encountered. Additional data on foaming systems are pre-
sented, and a form of instability peculiar to foaming systems is
described.

Section VII concludes the dissertation with observations drawn
from the experiences of the author and the symmetrical form of the final
correlation. The extension of the correlation to two immiscible liquids
is not advised, but its use with two immiscible liquid phases and a gas
phase is discussed. The extension or revision of the correlation to
predict the behavior of upflow and horizontal flow systems is discussed
in connection with suggestions for further investigation in the area of

two-phase flow in packed beds.



IT. REVIEW OF LITERATURE RELATED TO TWO-PHASE FLOW

In the absence of data for two-phase cocurrent flow in packed
beds, this section is devoted to a review of pressure drop data and
correlations falling into two areas of interest. The first area of
interest includes correlations for single-phase flow in packed beds and
for two-phase cocurrent flow in open channels which have importance in
the development of the correlation for two-phase cocurrent flow in
packed beds. The second area of interest includes information on two-
phase cocurrent flow in porous media and two-phase countercurrent flow
in packed beds since these are the problems in two-phase flow which have

been previously investigated.

A, Single-Phase Flow in Packed Beds

Experiments on flow in packed beds followed extensive work on
the determination and correlation of pressure drop in open pipes. These
data in pipes have been widely correlated on the basis of a dimension-
less friction factor, a roughness of the pipe, and the Reynolds number.
If the open pipe is considered to be a packed bed with 100 per cent
voids, it is reasonable to look for a correlation of data in porous
media which reduces to the friction factor plot for 100 per cent voids.

Brownell and Katz(5> have presented a correlation incorporating
the data of earlier investigations and based upon a modified Reynolds
number and a modified friction factor defined by

D_up

Re = pm (1)
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and
n
EchpAPe
f = (2)
ALu=p
in which
Dp = Diameter of the particles,
u = Superficial velocity,
€ = Porosity of the beds, fraction voids,
AP = Pressure drop due to friction, and
AL = Length over which AP is measured.

A family of friction factor versus Reynolds number plots is presented
with roughness as a parameter. The values of the exponents, m and n,
are to be obtained from a plot as a function of (¥/€), where V¥ is the
sphericity and is defined as the ratio of the surface area of a sphere,
having the same volume as the particle, to the surface area of the
particle. Tabulated values for roughness are given for representative
packing materials. An excellent review of the earlier literature re-
lated to pressure drop in porous media is to be found in the introduc-
tion of Reference 5.

A second paper by Brownell, Dombrowski, and Dickey<8) re-
defined the Reynolds number by

DpupFRe

R = T (3)

and the friction factor by

EgCDpAP

r= ALuzpr (M')

where Fp, is given graphically as a function of the porosity and spheric-

ity of the particles, and Fp is given graphically as a function of the



same variables. The roughness of the particles is concluded to be

neglibible and is eliminated as a variable. The data then fall on a
single friction factor versus Reynolds number plot which is identical
with that for flow in smooth pipes. A subsequent work by Brownell,
Gami, Miller, and Nekarvis(9) suggests a general correlation for flow
through porous media covering porosities from O to 100 per cent as well
as the systems of free settling, fluidized solids, packed beds, and open
channels, on a single plot of the modified friction factor as defined
by Equation (4) versus the modified Reynolds number as defined by Equa-
tion (3).

Another approach to the problem of single-phase flow in packed
beds does not draw upon the relationships developed for flow in open

28)

channels. Morcom( plotted data by an equation of the form

= a + pbu (5)

SN
BlR

where the constants, a and b, hold for a single packing and flowing fluid
and u is the superficial linear velocity. For low flow rates the second
term is negligible, and Equation (5) becomes the classical Darcy equation
for laminar flow in porous media. Ergun and Orning(l3) have also demon-
strated the validity of Equation (5), which states that for a given
packing material and flowing fluid the pressure drop is proportional to
the first power of velocity for low flow rates, and to the second power
of velocity at high flow rates.

Equation (5) establishes the effect of flow rate on pressure
drop, and the condition for viscous flow as stated by the Poiseuille

equation and by Darcy's law requires that the factor a be proportional
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to viscosity, as is seen by allowing u to approach zero. The expres-

sion for pressure drop now becomes

AP o '
N cuu + bpu (6)

The first term of Equation (6) represents the viscous energy losses
and the second term represents the kinetic energy losses.

Important variables in the determination of pressure drop are
the porosity, €, and the particle diameter, Dp' Leva and Grummer<21)
found that the pressure drop is proportional to (1-6)2/63 at low flow
rates, and to (1-€)/e3 at high flow rates. The general expression

obtained by Ergun and Orning(13) was

gc(%%) = eausiu (l;§)2 + % GuS, ﬁii%l (7)
where & and B are constants, and Sv is the surface of solids per unit
volume of the solids. It is customary to use a characteristic dimension
of the particle in such a manner as to define 5. The dimension gener-
ally used is the diameter of the sphere having the specific surface Sv’
and the expressions for the volume and surface of a sphere lead to the

equation

(8)

where S is the surface per unit packed volume and is related to S by
5 = (1-€)s,. (9)

Substituting Equation (8) into Equation (7) gives the expression




which has been presented by Ergun.(lu) Ergun has evaluated the constants
in Equation (lO) for granular beds and other small diameter packing materi-

als, and has arrived at the final equation

AP (1-6)2 uu (1-€) Gu
“gal7=) = 150 —~—— Z— + 1,75 ——=t — , 11

Equation (11) can be arranged in a more convenient form by

the definition of the modified Reynolds number

GDp Dpup

fe = WT-e) = Wli-9) (12)

and by its substitution into Equation (11). With some rearrangement

the following expression is obtained:

AP _ Re(150 + 1.75 Re)
= =

3 . (13)
gcPDp € .3
—2 (1=%)

The two types of correlations which have been discussed in
detail are reported to have an accuracy of approximately plus or minus
50 per cent., The deviations are to be expected in the light of an in-
vestigation by Martin(25) which reports a 50 per cent difference in
pressure drop for two methods of stacking the same spheres to obtain
identical porosities. These observations indicate that the method of
packing the bed is an important factor even though the porosities are

identical.

B. Two-Phase Flow in Open Channels

There has been a substantial interest in pressure drop data

for two-phase flow in open pipes for as long as engineers have been
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designing equipment to vaporize liquids or to condense vapors inside
of tubes. An extensive bibliography of the early investigations may
be found in Reference 26.

The first important correlation for two-phase flow in open
channels was proposed by Martinelli, Boelter, Taylor, Thomsen, and
Morrin(26), and was based upon previously reported data as well as data
obtained in horizontal pipes of one inch diameter and smaller. Martinelli,
Putnam, and Lockhart(27) extended the base of the proposed correlation
with additional data in the viscous region. The final paper in the
series by Lockhart and Martinelli(eu) presents the completed correla-
tion in terms of a single curve for each of the four flow mechanisms
observed. These mechanisms are as follows:

1. Turbulent flow in the gas phase - turbulent
flow in the liquid phase.

2. Turbulent flow in the gas phase - viscous
flow in the liquid phase.

3. Viscous flow in the gas phase - turbulent
flow in the liquid phase.

L., Viscous flow in the gas phase - viscous
flow in the liquid phase.

Martinelli and Lockhart(eu) ﬁave defined

? _J (%) 4 + (%); (1)

0y -V @, * @, (15)
AP AP,

x =), + @), (16)
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where (§%>ﬂ5 is the pressure drop observed for the simultaneous flow of
liquid and gas in a pipe, (%%)ﬁ is the pressure drop observed for the
flow of the liquid phase alone in the same pipe at the same conditions,
and (%%)3 is the pressure drop observed for the flow of the gas phase
alone in the same pipe at the same conditions. The two parameters,
P, and @,, were found to be functions of the independent variable X for
each flow mechanism, and may either be calculated from a single-phase
correlation or obtained from experimental observations. The liquid
saturation in the pipe was found to be a function of X alone, and the
same function of X for all flow mechanisms,

Bergelin(5) has made three important observations about the
flow of gas-liquid mixtures:

1. For a given gas flow rate, the addition of small

amounts of liquid may increase the pressure

drop from 2 to 50 times.

2, At high gas velocities, the orientation of the
tube is not important.

3. At high velocities, the liguid phase imparts a
roughness effect to the wall.

The prediction of two-phase pressure drop from the correlation of
Lockhart and Martinelli(gu) results in errors of less than plus or
minus 40 per cent provided the correct flow mechanism is assumed.
Rough criteria for the transition from one mechanism to another have
been given, but the need for clarification of these criteria is appar-
ent. The use of both P and Ul in correlating the data is not neces-
sary since Equation (16) may be combined with Equation (15) to obtain
Py = Py K- (17)
Since X 1is the only independent variable, either ¢y or ¢, defines the

correlation completely.
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An improved correlation for two-phase flow in pipes proposed
by Chenoweth and Martin(lo) suggests the calculation of the single-
phase pressure drop based on the total mass rate which is assumed to
have the viscosity of the liquid phase. Though some improvement in
accuracy was obtained, no correlation of liquid saturation was presented
and theoretical justification of the correlation parameters is consider-
ably weaker than for the correlation of Lockhart and Martinelli.(Qu)

The main contribution of the improved correlation is the presentation
of a method for handling fittings of various types and of considerable

data for fittings.

C. Two-~Phase Flow in Porous Media

While the term porous media may be used to refer to config-
urations of all particle sizes and porosities, the general practice
is to use the term in reference to small particle sizes and low porosi=-
ties. The particles are small enough that capillary forces are quite
significant and the flow of the liquid phase is usually laminar. The
term "packed beds" generally refers to larger particle sizes in which
the capillary effects on flow are small. The production of oil from
beds of rock or sand, and filtration of various materials, are the two
ma jor problems of importance in the area of two-phase flow in porous
media.

Wyckoff<3h) studied the flow of gas-liquid mixtures through
sands and found that the relative permeability is a function of the
liquid saturation, the fraction of the void volume occupied by liquid.
Relative permeability is defined as the actual quantity of flow of a

given phase divided by the quantity of flow of that phase under the



same driving force when that phase fills the voids, i.e., single-phase
flow. Leverett(25) confirmed that relative permeability was a function
of liquid saturation for a given system, and also showed that the rela-
tive permeability is independent of viscosity. It is interesting to
note the similarity between the relative permeability and the parameter,
g s 8S defined by Equation (14) for two-phase flow in pipes and to note
that Pq is a function of liquid saturation, since ¥q and the liquid
saturation are both functions of X alone. Hassler(l7) has established
the same relationship for gas-liquid mixtures flowing through sandstone

(18)

and has further established with Brunner and Deahl the importance of
capillary forces for flow in porous media.

Brownell and Katz(6) have presented a correlation for two=-
phase flow in porous media. Each fluid is treated as a single-phase
which is modified by the effect of the other fluid. Consideration of the
capillary forces and the structure of the porous media are used to esti-
mate the portion of the vold volume which is active in flow. Another
relation is developed to express the wetted sphericity of the small

(5)

particles. The correlations suggested for single-phase flow are then
applied to the gas phase using the wetted sphericity and wetted porosity
to determine the Reynolds number and friction factor corrections. New
correction factors for Reynolds number and friction factor are applied
to the wetting fluid which depend upon the effective saturation, the
fraction of the active void volume occupied by liquid, and the size of
the particles. With the pressure drop correlations thus modified, the

pressure drop can be calculated when the gas and liquid rates are known

by assuming the effective saturation and calculating the pressure drop
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for each phase. If the pressure drops are equal, the correct assumption
was made. If the pressure drops are not equal, other assumptions must
be made. Brownell and Katz(7) have discussed the application of the
two-phase correlation to the filtration problem which requires integra-

tion through the filter cake and with respect to time.

D. Two=Phase Flow in Packed Beds

Previous investigations into two-phase flow in packed beds
are restricted to the countercurrent case normally encountered in an
absorber with liquid flowing downward and the gas phase upward. Various

investigators(llflayl5)

have reported that the liquid saturation is
independent of the gas rate for low gas rates. Hence, the correlation
developed for flow in porous media by Brownell and Katz(6) may be ex-
pected to hold for both cocurrent and countercurrent flow in packed
beds so long as the gas rate has negligible effect on the fraction of
the void volume which is active in flow. Furnas and Bellinger(lS)
report that the amount of liguid in the packed bed can be expressed by
H=C18 (18)

where H is the amount of liquid in the column per cubic foot of pack-
ing, and the constants, C and s, are dependent upon the packing and
the properties of the liquid. This expression is clearly independent of
the gas rate. Elgin and Jesser(12> verified Eguation (18) vy experi-
ments considering liquids running in empty columns.

The main consideration in studies of countercurrent towers
has been that of capacity, or the determination of the gas rate which

will result in flooding of the tower. If the pressure drop is plotted

versus gas rate for a constant liquid rate, two changes in slope will
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be observed. The first change in slope is termed the loading point, and
the second change in slope 1s called the flooding or spilling point

since the liquid saturation builds up rapidly at this point. Bain and
Hougen(l) have used pressure drop plots to obtain data on the loading

and flooding points of packed columns. Other investigators(5l'35) have
obtained data on various systems of liquids and gases, and a theoretical
treatment of the flooding velocities in packed columns has been presented

<22) has reviewed

by Bertetti<u). A recent series of articles by Leva
the literature in this area, and has presented revised correlations to
predict two=phase countercurrent flow in packed beds.

The distribution of liquid in a packed column has been in-
vestigated by Baker, Chilton, and Vernon(e) who found that uniform
distribution in a large tower persists when obtained. There still exists
wide disagreement on the degree of uniformity in towers of various sizes.

Piret, Mann, and Wall(5l) was the only reference found for
cocurrent flow in packed beds. The data for four runs indicated that
pressure drops for a given liquid rate and with a gas velocity of 0.46
feet per second were different by a factor of two for the countercurrent

and cocurrent systems. The cocurrent pressure drop was observed to be

the lower drop.



ITTI. EXPERIMENTAL EQUIPMENT AND MEASUREMENTS

A. Description of Flow and Equipment

Figure 1 is a photograph of the experimental equipment used
to obtain the pressure drop and liquid saturation data reported in this
dissertation. At the right of the photograph is the control panel, and
at the left are the test section and liquid reservoir. The control
panel is divided into two sections. The right section of the panel is
composed of the controls and flow meters for the liquid and gas streams.
The left section of the panel is composed of the pressure instruments
and the manifolding system used to connect them to various pressure taps.

Figure 2 is a photograph of the test section showing the four
pressure taps, the quick-closing vglves used to obtain the liquid satura-
tion data, and the system of weights and pulleys used to close the
valves. Figure 3 is a schematic diagram of the equipment, and a compari-
son with Figure 1 will help to identify the various pieces of equip-
ment in the photograph.

In order to facilitate the description of the equipment, the
system will be considered in operation. The cycle for the liquid phase
begins in a 200=-gallon reservoir which is located beneath the test
section, and which serves as a platform in making observations of the
test section. The liquid is picked up by a five horsepower, two-stage,
turbine pump manufactured by the Aurora Pump Company. The pump is
capable of delivering a maximum of 37.5 gpm of water at 1750 rpm. A
rate of 20 gpm is obtained against a head of 470 feet of water. A
portion of the liquid leaving the pump is returned to the liquid reser-

voir and the remaining portion passes into the liquid rotameter system.

~16-
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Figure 1. Photograph Showing Experimental Equipment
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Figure 2. Photograph Showing Test Section
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A large rotameter, having a maximum capacity of 29.0 gpm, is connected
in series with a smaller rotameter, having a maximum capacity of 10.4
gpm. By-pass lines are provided so that the entire liquid stream can
be taken through both meters in series, the larger meter alone, or
neither of the meters. The pressure of liquid in the larger rotameter
is monitored with a pressure gauge.

After leaving the rotameter system, the liquid passes into
a 2-inch cross above the test section. In normal operation the ligquid
passes into a short section of L-inch piping, through a UY-inch quick-
closing valve, and into the test section. When the quick-closing valves
are actuated, the liquid passes through a check valve into a small surge
drum to avolid a water hammer. When the drum pressure builds up to 110
psig, the safety valve opens and the liquid is by-passed into the reser-
voir. The surge drum is pressurized with an air cushion before each run
which holds the check valve shut until the quick-closing valves are
actuated. After passing through the packed test section, the liquid
flows through a second quick-closing valve and into the liquid reservoir
which ends the liquid cycle.

Air is obtained from a building supply at 90 psig and a maxi-
mum rate of 140 SCFM. The air comes from a large receiver and any pulsa-
tion from the reciprocating machines is well damped. The air rate is

measured in a rotameter having a capacity of 134 SCFM at 90 psig and TO°F.

A thermocouple and a pressure gauge on the air rotameter make it possible
to calculate the flow rate for any experimental condition. Upon leaving
the rotameter, the air passes through a check valve and into the 2-inch

cross above the test section where the liquid and gas phases are mixed.
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The check valve in the air line prevents the flow of liquid into the air
system when no air is flowing. After mixing with the liquid stream, the
mixed phases pass through the quick=closing valves and test section
before entering the liquid reservoir. A vent is provided to carry the
alr to the sewer after separation from the liquid., When the quick-
closing valves are shut, the alternate paths for the air are the same

as for the liquid.

The measurement of liquid saturation depends upon the trapping
of the fluids within the packed test section between the two quick-clos-
ing valves. The accuracy of the measurements depends upon the amount
of unpacked column between the quick-closing valves and upon the rapidity
and uniformity with which the valves are closed. In order to reduce the
unpacked volume, cups and screens were introduced into each of the L-inch
guick=closing valves on the column side. This arrangement allows for
uniform packing to within one=half inch of the valve gates. The system
of weights and cables was so arranged that a single weight closed both
valves, assuring that they closed simultaneously. The weight was lifted
and allowed to accelerate for about three feet before acting upon the
valve handles, and the time required to close the valves is calculated
to be less than l/lO of a second from the time the valve gates begin to
move. A rubber cushion absorbed the major portion of the shock at the
end of the weight's travel.

The test column was made of a transparent section of 4-inch
diameter Busada 210 Butyrate plastic pipe, manufactured by the Busada
Supply Company, Inc., of New York. The maximum recommended working

pressure for the material is 107 psig at TO°F. TFour pressure taps were
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placed along the test section with the normal drilling and tapping
operations. The remaining piping of the equipment was done in standard
materials. Most liquid lines were nominally 1-1/2 inches, and most air

lines were one inch. Instrument lines were of E/léninch copper tubing.

B. Description of Instrumentation

The rates of liquid and gas were measured by rotameters. The
large liquid meter was a Fischer & Porter model 10A1l735 rotameter, and
used a size 8 tube and an NSVP-87 float to measure a maximum of 29.0 gpm
of water at full scale. At high viscosities an NSVP float is unstable,
and the head of the float was reversed to obtain a SVP-87 float, which
is stable at high viscosities, that yielded a maximum capacity of 21.2
gpm of water or 19.92 gpm of ethylene glycol. The smaller liquid meter
was a Fischer & Porter model 10A1735 rotameter, and used a size 6 tube
and an SVP-67 float to yield a maximum capacity of 7.60 gpm of water
or 7.15 gpm of ethylene glycol. The air meter was a Fischer & Porter
model 10A1735 rotameter using a size B6 tube and two floats, BNSVT-63
and BSVT-64, The capacity of the air meter at full scale may be expres-
sed as

Full Scale Rate (SCFM) = CP/T (19)

where P and T are the absolute temperature and pressure of the air

and the constant, C, has a value of 161.0 for the BSVT-64 float, and
302.0 for the BNSVT-63 float. The manufacturer of the rotameters
guarantees an error of less than 2 per cent at full scale, increasing
to as much as 20 per cent at 10 per cent of full scale. The three new

rotameters were checked against one another by connecting them in series
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and passing water through the system. Data from the overlapping por-
tions of the three scales were consistent, and calibration revealed maxi-
mum deviations of 10 per cent for low scale readings.

Temperatures were measured by copper-constantan thermocouples
of the immersion type. The thermocouples were mounted in 1.5-inch
lengths of l/hwinch stainless steel tubing and mounted through the pipe
walls at the desired points. A commercial temperature indicator was
used to obtain the temperature readings. Temperatures were measured
in the air rotameter outlet and at the bottom of the packed test section.

Pressure and pressure drop measurements were made with instru-
ments indicated in Figure 4. Two other pressure gauges were used to
measure the discharge pressure of the liquid pump and the metering
pressure of the air in the rotameter. The manifolding system shown in
Figure 4 was designed to apply the set of pressure and pressure differ-
ence instruments across any desired pair of taps on the packed test sec-
tion. The set of pressure instruments consists of two pressure gauges
and two manometers. For accurate determination of the pressure at a
point in the system, an Ashcroft laboratory test gauge was provided
with a range of O to 100 psig and an error of less than 0.25 per cent
of full scale. An Ashcroft duplex pressure gauge with a range of O to
100 psig could be applied across both of the pressure taps being moni-
tored, to determine which of the manometers should be opened to the
system. A duvual, well-type manometer manufactured by the Meriam Instru-
ment Company with a 40-inch range and a maximum operating pressure of
350 psig, completed the set of instruments. One manometer tube was

filled with mercury having a specific gravity of 13.57 at 50°F compared
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to water at 4°C, and the other tube was filled with Meriam fluid D-8325
with a specific gravity of 1.75 at 55°F compared to water at 4°C.
Instrument lines were always filled with liquid, and flushing
liquid was available to each of the manifolds from the pump discharge
to assure that the lines were full of liquid before each measurement.
Instrument lines of 3/16-inch copper tubing were used to reduce aspira-
tion of the liquid from the lines at the column taps. With water on
top of the manometer fluids, the high range manometer scale factor was
0.4535 psi/inch, and the low range manometer factor was 0.0272 psi/inch.
With ethylene glycol in the instrument lines, the high range manometer
factor was 0.4500 psi/inch. Reading the manometers to .2 of the smallest
scale division indicates an error of less than 0.0091 psi for the high
range manometer and less than 0.00054 psi for the low range manometer.
The dimensions of the empty test section which are required to correct
the manometer reading for unequal leg lengths are shown in Figure 5.
The numbered circles on Figure 4 correspond to the numbered
pressure taps on Figure 3. The high pressure manifold was always open
to the pressure tap having the higher pressure, and the low pressure
manifold to the other. Tap 4 was always at the highest pressure, and
could only be open to the high pressure manifold. Similarly, Tap 1
could only be connected to the low pressure manifold. Taps 2 and 3 may
have either the higher or lower pressure of a pair of taps. When oper-
ated, one pressure tap was connected to each manifold, and the dual
gauge was open to both manifolds., The test gauge can be connected to
either manifold and thus, to any pressure tap. Either the high or low
range manometer could be opened to the manifolds to measure the dif-

ference in pressure between any pair of column taps.
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~
Inside diameter of column = 4,03 in. '
Cross sectional area = 0.08854 £42. ’
a
Volume of empty test section = 0.643 f£13. | 3
Distance between valve disks = Length b
of packed section, e = 87.21 in.
e
®
Distance between top taps, a = 23.88 in.
Distance between center taps, b =23.94 in. N
Distance between bottom taps, c = 24,25 in. ; (i)
d
v
Distance from bottom tap to bottom
valve disc, d = 7.63 in. [:;;J

Figure 5. Specifications for Empty Test Section
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C. Description of Operating Procedures

Before starting the flow of liquid or gas, the pump by-pass
line to the liquid reservoir was opened, the drain valve on the surge
drum was closed, and the quick-closing valves were shut. After clos-
ing the by-pass and the inlet valves for the large liquid rotameter,
the surge drum was pressurized with air to a pressure about 20 psig
higher than the top column pressure expected during the run. Opening
the quick-closing valves released the pressure on the system and left
the surge drum pressurized. The inlet valve to the liquid rotameter
was opened and the pump by-pass was gradually closed until the desired
liquid rate and metering pressure were obtained by sultable adjustments
to the valves in the rotameter system. The air rate was selected by
opening the inlet and outlet valves to the air meter until the desired
float level and metering pressure were obtained.

The system was allowed to come to equilibrium, after final
adjustments to the rates of liquid and gas, before the measurements were
obtained for each run. When the measurements had been obtained from the
pressure instruments, rotameters, and thermocouples, the liquid satura-
tion was determined. A trigger was pulled to release the weight which
actuated the quick=-closing valves, and an instant later the drain valve
on the surge drum was opened to prevent the release of the safety valve.
The pump by-pass was opened and the air valves were closed to shut down
the equipment. The test section was allowed to drain, and the height
of liquid in the section was measured to complete the run.

For safety, it was imperative that the surge drum be pres-

surized with air before each run, and that the valve-closing system
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be checked to see that the valves were closing simultaneously. Should
the top valve fail to close with or before the bottom valve, the test
section would fail before the surge drum drain could be opened if high

rates were being investigated.

D. Description of Measurements Obtained

When the equipment had come to steady state at the desired
liquid and gas rates, measurements were made of rates, pressures, pres-
sure drops, liquid saturation, and temperatures. The measurements ob-
tained are indicated in Figure 6 by a sample data sheet.

The measurement of liquid rate consisted of noting the per
cent of maximum flow indicated on the rotameter being used and noting
the capacity of the meter at full scale for the liquid being metered.
The rate in gallons per minute was obtained by multiplication of these
two quantities. The measurement of the air rate requires the recording
of the per cent of maximum flow, the float being used, the temperature
of the air being metered, and the pressure of the air. The rate in
standard cubic feet per minute was obtained by the application of
Equation (19).

The measurements of pressure were begun with all manifold valves
closed. Tap 4 was opened to the high pressure manifold, and Tap 3 to
the low pressure manifold. The test gauge was opened to the high pres-
sure manifold to measure the top column pressure, and then to the low
pressure manifold to obtain the pressure at Tap 3. The duplex gauge
was opened to both manifolds to determine which of the manometers should
be opened. A manometer was then opened to both manifolds, and the dif-

ference in pressure between Taps 4 and 3 was recorded. The valve to
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Run Number

Liquid Rate
% of max. flow

Max. flow, gpm

Rate, gpm

Air Rate
% of max. flow

Float (L,H)

Temp. , °F
Pres., psig
Rate, SCFM

Pressure Drop
4(top)Pres.,psig

3 Pres., psig

2 Pres., psig

1(btm)Pres.,psig

L-3 Pres.Dif.,psi

L2 Pres.Dif.,psi

L1 Pres.Dif.,psi

Column Temp., °F

Holdup Measurement
Description

Liq. Height, in.

Col. Pres., psig

Holdup, cu.ft.

Column Packing % Voids

Liquid Viscosity

Figure 6. Sample Data Sheet
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Tap 3 was closed, and Tap 2 was opened to the low pressure manifold in
order to record the pressure at Tap 2, and the difference in pressure
between Taps 4 and 2. Finally, the valve to Tap 2 was closed and Tap 1
was opened to obtain the bottom column pressure, and the difference in
pressure between Taps 4 and 1. The temperature at the bottom of the
column was then recorded as the temperature of the fluids in the test
section. In some cases, the pressure difference was greater than the
range of either manometer, and the indicated differences were obtained
from the test gauge readings.

The measurement of liquid saturation was started with a brief
comment on the type of flow pattern observed before the gquick-closing
valves were shut. After the test section was allowed to drain, the
liquid height above the bottom flange was recorded along with the pres-
sure in the section. The pressure was compared with the average of the
top and bottom column pressures recorded previously to determine whether
or not the quick-closing valves operated properly. The holdup was
calculated by multiplying the fraction of the packed length occupied
by liquid times the void volume of the test section.

The size of the column, the liquid phase, the packing material,
the viscosity of the liquid phase at some temperature, and the fraction
voids were recorded at the bottom of each data sheet. The fraction
voids for each packing used was obtained by introducing measured volumes
of water into the test section and measuring the rise in liquid level.
Values were obtained and averaged for large and small rises in liquid

level.



IV. EXPERIMENTAL SYSTEMS AND DATA

A. TFlowing Fluids and Their Properties

The systems of fluids and packings selected for this investi-
gation of two-phase pressure drop and liquid saturation in packed beds
were chosen to provide a wide range of the variables used in the corre-
lation of the data. The systems investigated were as follows:

1. Air and water on 3/8-inch Raschig Rings.

2. Air and a mildly foaming methylcellulose solution
(2.5 wt.%) on 3/8-inch Raschig Rings.

3. Air and ethylene glycol on 5/8-inch Raschig Rings.
4. Air and ethylene glycol on 5/8-inch spheres.

5. Air and water on 3/8-inch spheres.

6. Air and water on 1/8-inch cylinders.

7. Air and foaming methylcellulose solution
(0.5 wt.%) on l/8—inch cylinders.

8. Air and foaming soap solution (0.0326 Wt.%)
on 1/8-inch cylinders.

Single-phase pressure drop measurements were also made for each combi-
nation of a single fluid and packing.

The properties of fluids used in the experiments are summar-
ized in Table I. A portion of the properties listed in the table were
obtained from the literature, and the remaining portion were measured
in the Sohma Precision Laboratory of the University of Michigan.

Water solutions of methycellulose and soap were prepared in
the liquid reservoir, since the volume of water in the reservoir was
easily calculated as a result of the rectangular base and vertical
sides of the tank. The solids to be dissolved were weighed out on a

small laboratory scale. Methylcellulose was obtained under the trade

-31-



-32-

TABLE T

PROPERTIES OF FLOWING FLUIDS

Concen- . Viscosity in Centipoise
tration Density Temp.
Fluid Wt.% #/ 143 °F cp. Source
Water - 62.4 50 1.307 (29)
@ 0°C 60 1.126
70 0.975
80 0.860
90 0.765
Ethylene Glycol - 69.5 73 17.6 (20)
@ 0°C 7 16.3
82 14.8
86 13.8
90 12.8
95 11.9
Adr -- 0.0808 50 0.0185 (30)
@ 0°C 60 0.0187
1 atm 70 0.0190
80 0.0192
90 0.0196
Methocel Solution 2.5 62.4 70 14.6 Lab.
@ 0°C T4 13.3 Data
78 12.2
82 11.5
8l 11.1
89 10.0
Methocel Solution 0.5 62.4 5k 2.97 Lab.
@ 0°C 63 2.45 Data
T4 2.02
Soap Solution 0.033 62.4 T1 0.965 Lab.
Same Data
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name Methocel from the Dow Chemical Company, and was of the 25 centi-
poise type indicating a viscosity of 25 centipoise for a 2 wt.%b

solution in water at 68°F. In order to reduce the foaming of the methyl-
cellulose solution, 1000 ppm of lauryl alcohol was added to the 2.5 wt.%
solution used on 3/8-inch Raschig Rings. No defoamer was added to the
0.50 wt.% solution since it was desired to study the effect of foaming

on pressure drop. The foaming soap solution was prepared from a com-
mercial granulated laundry soap.

The densities of water and ethylene glycol were obtained from
the literature, and the densities of the water solutions were measured
by determining the weight of a known volume of sample. The densities
of the water solutions were found to be those of water at the same
temperatures, to the accuracy shown in Table I.

The viscosities of air were obtained from Perry(29>, and
those of water were obtained from Perry(5o). Data on ethylene glycol
were obtained from Hodgman.(eo) The viscosities of methylcellulose
and soap solutions were determined in Ostwald viscosimeters calibrated
by the National Bureau of Standards and maintained in the Sohma Pre-
cision Laboratory. The viscosity of the weak soap solution was found

to be the same as that of water for the temperatures measured.

B. Packing Materials and Their Properties

The properties of the packing materials used are summarized
in Table II. Figure 7 is a photograph showing the shape and relative
sizes of the materials.

The properties of the 5/8-inch ceramic Raschig Rings were

supplied by the manufacturer, and the porosity of the material was
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TABLE IT

PROPERTIES OF PACKING MATERTIALS

Nominal Effective Specific
Packing Size Diameter Surface Fraction
Material (in.) (£t.) £43 /42 Voids
Raschig Rings 3/8 0.01945 148 0.520
Spheres 3/8 0.03125 122 0.362
Cylinders 1/8 0.010k 371 0.357

Figure 7. Photograph Showing Packing Materials
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carefully checked after placing it in the test section. All of the
materials were packed by settling the particles through water while
tapping the test section with a rubber hammer. This method of packing
the column successfully prevented further settling of the materials
during the course of the experiments. The porosities of the materials
were measured by introducing a measured quantity of water into the
vertical, packed column and measuring the rise in the liquid level.
After introducing the water, the test section was pressurized with air
to see that the water level was not depressed due to air bubbles trapped
within the packing. The measurement of porosity obtained in this man-
ner checked the value given by the manufacturer for 3/8-inch Raschig
Rings. The reported value of specific surface was assumed to be correct
since no accurate method of measuring the exterior surface area of the
material was available. A calculation based upon the careful measure-
ment of several particles agreed with the reported value.

The 3/8-inch spheres were made of a chemical stoneware material
and, as may be observed in Figure 7, were not quite spherical. The
porosity of the material was measured with the method described above,
and the diameter reported for the spheres was observed to be the average
of the longest and shortest dimensions of the particles. In the absence
of measurements of the specific surface, the particles were assumed to
be spherical, and the specific surface was calculated from Equation (8),
which gives the aerodynamic surface area per unit volume.

The catalyst cylinders investigated were l/8-inch in diameter
and l/8-inch in length. The porosity of the material was measured,

and the specific surface was calculated from Equation (8) using 1/8-inch



-36-

as the effective diameter, which is correct for spheres and cylinders
whose length and diameter are equal. The cylinders were quite uniform

in size and shape.

C. Description and Coding of Observed Flow Patterns

Two basic types of flow patterns were observed during the
course of the experiments, and they have been termed the "homogeneous
mode" and the "slugging mode." The term homogeneous flow will refer
to a mode which is uniform throughout the length of the test section,
and which i1s unchanging at a given point with respect to time. The
term slug flow will refer to a mode which is composed of alternate
portions of more dense and less dense mixtures traveling down the column,
resulting in cyclic variations in the observation which is made at a
given point in the column. A modification of the two basic flow patterns
will be referred to as the "transition mode" to indicate that a section
of the test column is operating in the homogeneous mode, and another
section in the slugging mode.

In order to describe the variations observed in the flow
pattern, a low liquid rate and a high liquid rate will be discussed as
the air rate is varied from zero to the maximum value possible. With
liquid filling the column, a low and constant liquid rate is established
in the packed bed. There is sufficient resistance at the bottom of the
test section to keep the column full of liquid. As air is introduced
to the column at a very low rate, the liquid saturation is seen to
decrease sharply. The formerly clear liquid phase becomes milky or
opaque, and small bubbles of air can be seen in the liquid on close

observation. As the air rate is increased, while holding the liquid
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rate constant, the pressure drop continues to increase and the liquid
saturation to decrease. The air bubbles increase in size and soon occupy
the major portion of the void volume while the liquid phase takes a path
over the particles of the packing material. At first the liquid layer
on the packing particles is relatively thick, but it decreases as the
alr rate is increased. The flow patterns encountered up to this point
are all of the homogeneous mode. At some point, however, the flow pat-
tern becomes non-uniform with homogeneous flow at the top of the column
and slugging flow at the bottom of the column. As the air rate is
further increased, the fully developed slugging flow appears. The
slugs appear to be flat plugs of high density material flowing down the
column. When they first appear, they might be about four inches thick
and two feet apart. As the air rate is further increased, the slugs
become closer and closer together and thinner at the same time. The
limit is reached with the slugs blurring together with one another, and
the pattern reduces to a "poorly defined quiver." Even though the slugs
appear well defined when viewed from a distance, close examination re-
veals only a small increase in the density of the flowing mixture.
There is no jump or abrupt change of slope in the plot of préssure drop
_versus air rate for any of the transitions mentioned. If the amount of
liquid flowing next to the surface of the packing material is observed
during the increase of air rate, it is seen to decrease steadily until
at the limiting air rate, there is a very thin film of liquid on the
packing and the voids are filled with a heavy mist.

At very low liquid rates, the slugging mode is not observed

and the limiting air rates produce a homogeneous mode of flow in which
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the liquid is carried through as a mist, with very little liquid cling-
ing to the surface of the packing material.

As the liquid rate is increased to higher constant rates, the
same modes of flow are observed with the shift from all liquid, to
transition mode, to the slugging mode, and finally into the limiting
blur as the slugs become closer together. There is, however, a shift
in the rate of flow of air at which each mode is observed. As the
liquid rate becomes higher, the blurred pattern is observed at lower
air rates and the liquid saturation is higher during the homogeneous
mode of flow. At a very high liquid rate, the slugging mode is dif-
ferent in nature. As the air is introduced at the very high liquid
rate, the liquid becomes milky, but the liquid saturation does not drop
sharply. The liquid saturation remains quite high as the air is in-
creased even when a tunneling of the air is observed. Pockets of air
about a foot long seem to pass through the interior of the packing
without an observable drop in the liquid saturation outside the pockets.
At the limiting air rate a uniform, dense mixture of liquid dispersed
in air is observed.

A close examination of the test section reveals instability
on at least two scales. In addition to the instability evidenced by the
slugging mode of flow, a small scale instability of the magnitude of the
particles was observed. An attempt was made to measure the frequency
of the two instabilities. The small scale effect was investigated with
the aid of a stroboscope which was used as a standard of comparison.

The measurements were very rough, but values between 17 and 33 cycles

per second were observed. The frequency of this small scale disturbance
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seemed to lie within the above range for all of the runs showing the
slugging mode of flow. The small scale disturbance was not observed in
the homogeneous mode. The frequency of the large scale instability can
be estimated from the spacing of the slugs and the pore velocity of the
air. The frequencies of the large scale disturbance vary from zero for
the homogeneous mode, to very high values as the slugs become close
together.

In reporting the data on the mode of flow, a code was used
to designate four types of patterns as follows: homogeneous, transition,
slugs, and close slugs or blur. In addition, the estimated spacing of

the slugs has been recorded.

D. Description of Tabulated Processed Data

For a fixed geometry and fluid system, the independent vari-
ables which affect pressure drop and liquid saturation are the flow
rates of each fluid and the temperature and pressure levels. The temp-
erature level was the ambient value and was not controlled. Of the three
independent variables, flow rates were varied widely, and pressure lev-
els were varied over a more limited range.

The flow rates were varied at different levels in a two-by-two
matrix of liquid and gas rates, as typified by the pattern shown in
Figure 8.

The original data recorded in the form shown in Figure 6 was
transcribed on IBM cards and processed with an IBM 650 computer as
described in Appendix II. The large number of digits reported in the
processed data and in the tabulated results, are the result of computer

processing and do not indicate the accuracy of the data. The accuracy
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of the observations ranges from plus or minus 10 per cent for the rota-
meters ﬁo 0.5 per cent for some manometer readings. The accuracy of the
calculated numbers may be considered to be between 3 and 10 per cent.

A sample of the processed data is shown in Table III. The runs shown
are for water and air on 3/8-inch Raschig Rings.

The first column of Table IIT is a run code which contains
information about the type of flow as well as a run number, The second
column is the liquid rate in gallons per minute and is obtained directly
from the original data cards., The third column of Table TII is the
liquid mass rate, and was obtained by multiplying the 1lidquid rate times
the density inbpounds per gallon, and dividing by the open cross sec-
tional area of the test column.

The fourth column of Table III, the air rate in standard cubic
feet per minute, was obtained through the use of Equation (19) which
ylelds the capacity of the air meter at the temperature and pressure
recorded in the original data and using the recorded float. The ca-
pacity of the meter was then multiplied by the scale reading recorded
in the original data to obtain the ailr rate in standard cubic feet per
minute. Column five was obtained by multiplying the volume rate times
the density of air at standard conditions and dividing by the area of
the open test column, yielding the mass rate of air in pounds per
minute per square foot.

The sixth and seventh columns of Table III record the average
pressure and the pressure drop between the top two pressure taps in
the test section. The average pressure was obtained from the pressures

indicated on the data sheets for the ends of the top section. The
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pressure drop was obtained by dividing the difference in pressure be-
tween Taps 4 and 3 by the distance between Taps 4 and 3, in feet, as
shown in Figure 5. Columns eight and nine were obtained in a similar
manner for the middle section, as were columns ten and eleven for the
bottom section of the packed column.

The column temperature was obtained from the data sheets
without calculation, and the liquid viscosity was obtained from charts
and punched in the original data cards using the bottom column temp-
erature.

The last column of Table III is the liquid saturation in per
cent. The saturation is obtained by dividing the liquid holdup in
cubic feet reported on the original data sheets by the total void volume
of the column. The total void volume 1s obtained by multiplying the
fraction voids times the open column volume calculated from the dimen-
slons given in Figure 5.

The tabulation of processed data is too lengthy to place in
the main body of this paper, and the complete tabulation has been placed
in Appendix III. Table IV will serve as an index to the tabulation of
processed data, and will indicate the run numbers which are associated
with the various systems investigated. Single-phase pressure drop
measurements will be recognized by the zero rate of one fluid. Table V
1s a description of the run code itself and explains how the mode of flow,
the spacing of the slugs, and the type of packing have been coded for
each run. Thus, it will be seen that the only information not glven

about a run 1s the liquid phase, which must be determined from Table IV.



Sl

TABLE IV

RUN CODES CORRESPONDING TO EXPERIMENTAL SYSTEMS

Run Codes
From To Systen
1111000 161111000 Air - Water
on 3/8" Raschig Rings
162111000 188111000 Air - Methocel Solution (2.5%)
on 3/8" Raschig Rings
190111000 216111000 Air - Ethylene Glycol
on 3/8" Raschig Rings
217121000 251121000 Air - Ethylene Glycol
on 3/8" Spheres
252121000 272123000 Air - Water
on 3/8" Spheres
273131000 293133000 Air - Water
on 1/8" Cylinders
294132000 297133000 Air - Methocel Solution (0.5%)
on 1/8" Cylinders
301131000 307132000 Air - Soap Solution (0.033%)

on

1/8" Cylinders
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TABLE V

RUN CODE DESCRIPTION

Run Code - uuuuvwxyyz

Characters Information Code
uuuu A four digit number designating uuuu
an individual experimental run
v Column number - 4" Plastic 1
W Column packing - 3/8" Raschig Rings 1

3/8" Spheres 2
1/8" Cylinders 3
X Mode of flow - Homogeneous mode 1
Transition zone 2
Slugging mode 3
Close slugs L
(spacing 2" or less)
vy Approximate
spacing of
slugs in
inches - Slugging mode yy
Homogeneous mode 00
Transition zone 00
Close slugs 00

Maximum swing in top
pressure gauge - psi




V. CORRELATION OF EXPERIMENTAIL DATA

A. Derivation of Correlation Relationships

The general energy balance in a flow system can be written as

NP
[V'aP + 55—+ AZ + Wp + W = 0 (20)
c

where V' is the volume of the flowing mixture per pound, the second
term is the increase in energy due to an increase in velocity, Z is

the position coordinate measured vertically, Wf is the energy converted
into heat by friction in foot-pounds per pound, and Ws is shaft work
done on the surroundings. Since the shaft work is zero for downward
two-phase flow, and since the change in velocity over a small distance

is negligible, Equation (20) can be rewritten

J(1/p)aP + A Z = WA 2 (e1)

where W‘f is the friction energy per unit length. Over a small down-
ward interval in length, the density may be considered constant, and the
upward distance, A Z, may be replaced by the downward distance, -AL,

Upon integration and rearrangement, Equation (21) becomes
AP
- E + p = W'fp. (22)
The right side of the above equation represents the total energy re-
quired to overcome friction per unit length downward through the pack-

ing. It is convenient to express the total friction energy by a single

symbol, 8, which is defined by the following equation, and may have the

-h6-



“b7-

units of pounds per square foot per foot, or pounds per square inch

per foot:
AP
-E-{-p:a. (25)

For horizontal flow, the density is dropped from the above expression
since A Z would be zero in Equation (20). Equation (23) can be written

with greater accuracy as
-—-+p:6. (24)

Data is taken in the form AP/AL in order to determine a correlation
for dP/dL which can be applied to the general case.

The two assumptions which will be made in the derivation of
the correlation relationships are as follows:

1. The pressure drop for the gas phase is equal to

that of the liquid phase, and both drops must be

AP
equal to the two-phase pressure drop, (ZE)

43

2. If € is the fraction voids for the bed, and if Rz

and R, are the fractions of void volume occupied

3
by the 1liquid and the gas respectively, then

(R +R

I is equal to unity,and €R, and €R_ are

the effective porosities for the liquid and gas

respectively.

The form of the Reynolds number defined by Equation (1) may be used
to define Reynolds numbers for the liquid and gas phases as

_ Ppefy

Re =
£ Hz(eRﬂ)n



-4 8-

and

D u,p
__p3ts
Reg = (e )

where the subscript / designates values for the liquid phase, the sub-
script g designates values for the gas phase, and the exponents n
and n' are constant for a given packing material and flow regime.

The Fanning form of the friction factor, which differs only by a con-
stant from the form in Equation (2), may be used to express the total

frictional energy, 8, , as defined by Equation (24). The two-phase

4g

pressure drop per unit length may be expressed oﬁ the basis of either

the liquid or gas phase as

2
) i o B (e7)
and
2f, 0 u2
AP 39>y
- (7)) s e (28)

where the subscript fg refers to the simultaneous flow of two phases
and the subscript m refers to the property of the gas-liquid mixture.
The assumption that the pressure drop for the gas is equal to that of
the liquid is equivalent to the statement that 8£ can be expressed
in terms of the friction factor for either the liquid or the gas, as
seen by the rearrangement of Equations (27) and (28) as follows:
28 10,1 2ty 0 u?
7 (er )™ g, ) (eRg)m'D

pee
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The friction factors for the liquid and the gas may be ex-
pressed in the general Blasius form as suggested for two-phase flow
in pipes by Lockhart and Martinelli.<2h) Expressing the friction

factors in the Blasius form yields

Y Y
£ = - (30)
S 8
£ (Rez) Dsz
Hﬂ(ERz)
and
fq = . - (31)
g - (Re )S‘ - st
Hg(ERg)n'

where the constants Cz and Cg, as well as the exponents s and sb, are
dependent on the packing and the mode of flow. Substituting Equa-
tions (30) and (31) into Equation (29) and separating into two ex-

pressions, results in the following equations:

S 2
Hﬂ(eRg)n 2p£uﬂ

5, =¢C (32)
2| DG m
ﬂg P4 (GRﬂ) ngC
nt 5! 2
o} =C 33
ﬂg J DPGg (eRg)m'ngc

The collection of Rz terms in Equation (52) results in the expression

S
2
¢ pge” 20guy R (ns-m) (34
e - Yy | DG . ) 3h)
g )b € Dpge

o)
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Comparison of the product of Cz and the first bracket of
Equation (34) with Equation (30) will show that the product is the
friction factor for the liquid phase flowing alone in the bed, since
the total porosity has replaced eRﬂ. A comparison of the second bracket
in Equation (34) with Equation (29) will show that the first three terms
in Equation (34) represent the total friction energy loss for the liquid
flowing in the total void volume. The term.eRl has been replaced by €
in every case. The first three terms on the right side of Equation (34)
can be replaced by a term which represents the single-phase friction
loss for the liquid flowing alone in the bed at the conditions of the
two-phase flow as follows:

_ (ns=m)
5£3 = 3R, (35)

where Bg is the value observed for single-phase flow or obtained from
a single-phase correlation. ©Similar steps lead to an analogous re=-

sult for the gas phase as follows:

Szg = 69R3(n's'"m') (36)

where 65 is the value of friction loss observed for single=-phase flow
of the gas alone in the bed or calculated from a single-phase correla=-
tion.

The division of Equation (35) by 8, and Equation (36) by

59 leads to the definition of Ly and 9q a8 follows:

oy < 5Ty 3, e 2 o

% = 623/83 = Rﬂ(s‘ni-m1>/2' (28)
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Equations (37) and (38) state the important result that Py and ¢3

are only functions of the liquid saturation, as was expected from simi-
lar results for two-phase flow in open pipes and porous media. The
results of single-phase investigations have shown that the exponents in
Equations (25), (26), (30), and (31) are the same for liquids and gases;
and therefore, s =s', n =n', and m = m*,

The variables Rz and RS are not suitable for independent
variables since they are unknown in the design calculation. A suitable
independent variable can be obtained by dividing Equations (37) and (38)
and defining X as

5£ Rg(s’n'-m‘)/Q

X = 5; = Rﬁ(sn-m)72 . (39)

Using the equality of primed and unprimed exponents along with the

assumption that (Rz +.R3 ) equals unity yields the final result that
X _.J%Q1_ (m-sn)/2
V5, T (Rz/l-Rﬂ) . (40)

The value of X can be calculated from single-phase correlations and
is quite suitable for the independent variable in a design calculation.
Further it is observed that ¢, Pg > and X are all functions of the
liquid saturation. Therefore, 9, and 9q may be considered functions
of X alone. The liquid saturation has been eliminated as the independ-
ent variable, and becomes a function of X.

The result of the derivation can be expressed in the following

compact form:

¢y = FJ_(X) (l"l)
9y = F, (X) (k2)
R, = F5(><) (43)
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where Fy, Fo, and F5 are functions to be determined, Examination of
the definitions of Pps Pg s and X will reveal the following rela-
tionships:

9, = 0,X (k)

Py = P4 /% (45)

which means that Equations (41) and (42) are not independent and that
only one of the functions, F, and Fp, need be determined.

Further examination of the definition of Pgq will show that
the value becomes infinite as the gas rate goes to zero and becomes
unity as the liquid rate goes to zero. 1In order to obtain a symmetric
form for the correlation, the definitions of‘¢9 and X may be combined

to obtain
8! @2
Ly g
I = = F), (X) (46)
Syt 0 1ix2 F

where F) is a function which can be obtained from F; or F2' The form
expressed by Equation (46) has a distinct advantage since it is finite
across the entire range from all liquid to all gas.

The correlation of data for two-phase cocurrent flow in

packed beds requires the evaluation and confirmation of Equations (42),

(45), and (u6).

B. Correlation of Single-Phase Data

Confirmation of the relationships suggested by the derivation
requires the evaluation of 62 and 63 for the single-phase flow of each
fluid. The observation of single-phase pressure drops at the conditions

of each two-phase run would be very difficult experimentally. It was
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much more satisfactory to take single-phase data and establish a corre-

lation which could be used to calculate the desired values of &, and d

Y4 9-

Computer processing of the two=-phase data made the algebraic
equation suggested by Ergun(lA) much more convenient than the graphical
relationships presented by Brownell and Katz(S). Equation (13) did not
fit the experimental results within the plus or minus 50 per cent devi-
ation claimed for the correlation, and greater accuracy was necessary
to prevent errors in the single-phase prediction from being transmit-
ted to the two-phase correlation. The form of Equation (15) wWas cone-
firmed, but the two constants were found to vary with the packing
material. Equation (13) can be rewritten in terms of two arbitrary

constants, A and B,

(- %%) (chDPB) (1 = 6)5 = Re(A + BRe) , (47)

W

In order to determine the constants in Equation (47), the left member
of the equation was plotted against the Reynolds number as shown in
Figure 9.

Curves were fitted to the data shown in Figure 9 for 3/8-inch
Raschig Rings, 5/8-inch spheres, and l/8-inch cylinders. The data for
the cylinders were found to agree with the values reported by Ergun(lu)
for A and B, 150 and 1.75 respectively. The values of A and B for the
various packing materials are indicated in Figure 9 in terms of the
right member of Equation (47) as follows:

1. Re(266 + 2.33Re) for 3/8-inch Raschig Rings,

2. Re(118.2 + 1.0Re) for 5/8-inch spheres, and

3. Re(150 + 1.75Re) for 1/8-inch cylinders.
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The expressions given above correlate the single-phase data within plus
or minus 20 per cent. A possible entrance effect in the top section
of the packed bed and a possible exit effect in the bottom section
prompted the selection of the middle section of the column as a basis
for the correlation of single-phase pressure drop. When all three
sections are considered, the scatter of data is approximately 30 per
cent.

Calculation of the single-phase data was done simultaneously
with the two-phase data, and the calculated results are presented to-
gether in Appendix IV, The parameter gzééigg is presented in the cal=-
culated results, and it reduces to a comparison of the observed and
calculated values for the single-phase cases. The single=-phase runs
are ldentified by a zero flow rate for one phase. A few of the single-
phase runs for air at low rates are high as a result of flushing the
instrument lines and wetting the bed. A few of the single=-phase runs
for liquid are high as a result of air bubbles which leaked into the
system from the surge drum at low liquid rates. The points in which
these effects were noticeable are excluded from the statements of devi-
ation given above.

Examination of Figure 9 shows that Equation (11), presented

by Ergun(lu>

, predicts pressure drops which are low for Raschig Rings
and high for spheres. The deviation of Equation (11) from the fitted
curves ranges from 30 to 80 per cent for Raschig Rings, and from 20 to
L0 percent for spheres, depending upon the Reynolds number. Figure 9

also presents a comparison of the correlation proposed by Brownell and

Katz(S) with the observed data for Raschig Rings. The deviations for
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this correlation are well within the experimental error; and the correla-
tion appears to be more accurate than that of Ergun, although the form

of the latter is excellent. The consideration of the sphericity of the
particles allows the curves in Figure 9 to shift with the packing material
in the correlation of Brownell and Katz(5>, but such a shift is not
possible with the Ergun<lu) correlation as long as the constants of

Equation (11) are considered independent of the packing.

C. Explanation of Tabulated Results

Table VI is a sample page of the tabulation of calculated
results which forms the body of Appendix IV. The sample page of results
is for the system of water and air on 3/8-inch Raschig Rings as is indi-
cated by the index to run codes given in Table IV. Three lines of cal-
culated results are obtained from each experimental run, representing
the top, middle, and bottom sections of the packed column. The tabula-
tion of results was prepared entirely by IBM machines as described in
Appendix II.

The first column of Table VI is the run code, and each code
appears on three lines. The second column indicates the section of the
test column for which the calculations have been made. The combination
of run code and column section gives an exact reference to the correspond-
ing data in Table IIT or Appendix II.

The third and fourth columns of Table VI are the mass rates
of the liquid and gas, and come directly from the tabulation of processed
data without calculation. The mass rates are the same for all three

column sections.
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The fifth and sixth columns of Table VI are the Reynolds num-
bers for the liquid and gas and are calculated from Equation (12), using
the mass rates and viscosities of the fluids. The ratio of Dp to (1 - €)
is constant for a given packing, the values of the mass rates and the
viscosity of the liquid are obtained from the tabulated data, and the
viscosity of the air is obtained from the following equation given by

Perry:(29>

b = 0.01709(T/k60) - 768 (18)

in which T is the absolute temperature in degrees Rankine, and the
viscosity is in centipoise.
The seventh column of Table VI is the corrected pressure drop

per unit length as defined by Equation (23), or

6[/3 = - (%Lri)zg + o (49)
where Pm is the density of the flowing mixture at the average pressure
in the column section. The value of &L is corrected for the unequal
manometer legs before Equation (49) is applied. Since the unequal leg
acts over the length AL, Py in psi per foot must be subtracted from the
observed pressure drop. The density of the flowing mixture is calcu-

lated from

Pp = PRy + PgRg = PRy + 0, (1 = Ry). (50)

The density of the liquid is assumed to be constant and equal to the
value given in Table I, the value of Rﬁ is obtained from the tabulation
of processed data, and the density of air is obtained from the ideal

gas law, which is valid within the range of these experiments. The
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expression used for air density is

PM P
Py = 7T = 2.708 (F5150) (51)

where P is the absolute pressure, T is in Fahrenheit, R is the gas law

constant, and the units of density are pounds per cubic foot. In order
for the units of 523 to be in psi per foot, pm which is in pounds per

cubic foot must be divided by 144 before it is used in Equation (49).

The eighth column of Table VI is the friction loss for the
liquid flowing alone, 8£, and is obtained from Equation (47) since this
equation is for horizontal flow and ~(dP/dL) is equal to 8£. The con-
stants in Equation (47) are selected for the particular packing from
those shown in Figure 9. The density of the liquid is again taken from
Table I.

The ninth column of Table VI is the friction loss for the gas
flowing alone, 84 , and is also calculated from Equation (47) using the
density function of Equation (51). The pressure at which the density is
evaluated is the average pressure in the column section. The average
pressure in each section of the column is tabulated in the processed data.
The use of the average pressure in this calculation needs some justifi-
cation. For a given mass rate, packing material, and viscosity, the

Reynolds number is constant, and Equation (47) can be simplified to
dp C
aT =P (52)

where C is a constant. Separation of variables and integration leads to

-deP=Cfsz-(%-)(P§=Pi)=C(L-L> (53)
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which can be rewritten

-(Py + Pp)

_""‘—"2“——'— (P2 - Pl) = C(Lg = Ll)' (51*)
Finally

) - 2l ;¢ (55)

AL L2 - Ll P2 * Pl Paverage

verifies that the use of the average pressure at the ends of an interval
correctly approximates the average rate of pressure drop across the
interval.

The tenth column of Table VI is the liquid saturation in per
cent, and is obtained directly from the data tabulation.

Columns eleven, twelve, thirteen, and fourteen of Table VI
are the correlation parameters which are calculated directly from 5£3 ,
SE’ and b4 according to Equations (39), (37), (38), and (46), respec-
tively. ©Since the computer will not divide by zero, infinite values are
designated in the tabulated results by the value 999.9999. The accuracy

of the calculated results lies between % and 20 per cent.as a result

of errors in instruments and meters.

D. Presentation of Correlated Data

Figure 10 is a plot of the calculated results obtained from
data on 5/8~inch Raschig Rings. The calculated wvalues of Qg and Rg
are shown plotted against X . The liquids used were water, Methocel
solution, and ethylene glycol. The run codes included in Figure 10 are
between 1111000 and 216111000, or runs between 1 and 216. The points in
Figure 10 have been coded to identify the mode of flow for each of the

runs plotted. The straight line represents the locus of points for which
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q>9 and X are equal. TIn order for the data to be consistent with the
single-phase relationships, ¢3 must approach unity as X approaches zero,
and mg must approach X, as X approaches infinity. The data on Raschig
Rings show that the correlation is valid for this packing, and is not
affected by viscosity variations. The points corresponding to the homo-
geneous mode lie toward the ends of the curve, with points for the slug-
ging mode lying toward the center. The points 6f transition are well
defined, and are a function of the physical properties of liquid phase.

Figure 11 is a plot of the calculated results obtained from
data on 5/8-inch spheres. The plot is very similar in form to Figure 10
for Raschig Rings. The liquids used in the runs on spheres were water
and ethylene glycol; the runs included lie between 217 and 273. The
lines which are drawn in Figure 11 are identical with those of Figure 10,
which indicates that there is no change in the correlation obtained on
the Raschig Rings as a result of the change in packing or porosity.

Figure 12 is a plot of the calculated results obtained from
data on l/8-inch cylinders. The liquids used were water, foaming Methocel
solution, and foaming soap solution. The run numbers lie between 274
and 307. The lines shown in Figure 12 are identical with those in Fig-
ures 10 and 11, and the points for water further establish the validity
of the correlation over changes in porosity and particle size. The
purpose of the points for foaming systems is to establish the effect
of foaming on two-phase pressure drop which will be discussed in a later
section.

Figure 13 presents the final symmetric correlation of the

data on all packing materials, and for all flowing fluids with the
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exception of the foaming solutions of soap and Methocel. All liquid

saturation data is replotted in Figure 13. The data indicate a single
relationship for g;éfﬁé; on all packings and for all liquid properties
within the range investigated. The correlation reduces to the single=~
phase case as X approaches zero or infinity. As a reéult of the sym-

£
metry in Figure 13, the relation between 52‘:3€; and X can be fitted

by the following equation:

o}
) 0.416
"3) = (56)

1 v = .
%10 (% ¥ 0% (Logyo X)? + 0.666

An expression can be obtained for ¢3 from Equation (56) by substitution

into and rearrangement of Equation (46) as follows:

0,208
(loglo x)2 + 0.666

loglo¢3 = 0.5 loglo(l + )(2) + (57)

The reference to Equation (57) in Figures 10, 11, and 12, serves to
indicate that all of the curves are the same and are drawn from the
above equation. Equation (56) was used to draw the curve shown in Fig-
ure 15. The liquid saturation data has also been fitted by an algebraic
expression as follows:

= log ;(1 - Ry ) | (58)

The above equation is used as a.reference in Figures 10 through 13, to
indicate that all of the liquid saturation curves are idéntical and
were obtained from Equation (58). No ¢, plots have been presented,
since they would be completely dependent upon those which héve been

presented.
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E. Scope and Accuracy of Correlation

1. Comparison of the Three Column Sections

Bach experimental run has resulted in three data points, one
for the top section of the test column, one for the middle section, and
one for the bottom section. Thus, there are some 300 runs and some 900
data points. Not all of the data points have been plotted in the figures
described in the previous section because of the confusion of points that
would result. Only points obtained from the middle section of the test
column have been used in the construction of the figures. All of the
variables are constant for a given run,with the exception of the pres=
sure drop and the average pressure, which is used in the calculation of
air density. Hence, the three points from a given run should be very
close together, but should not be identical. The liquid saturation
measurement is an average value for the entire column, and is used in
the calculation of all three points from any given run. In certain ex-
perimental ranges the liquid saturation may be a large factor in the
total energy expression, and the data points from the middle of the
column may be expected to have a slightly higher reliability since the
average liquid saturation is most valid near the center of the column.
Any entrance or exit effects are also eliminated by considering data
from the middle section. In every case, the three sections of the
column were compared as a check on the validity of the middle section.
A typical pattern for three points 1s shown on an enlarged scale in

Figure 14 for run number 46,
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Figure 14. Data from Run 46 Showing Agreement
Between the Three Column Sections
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2. Range of Experimental Variables

The form of the correlation is such that the range of the
pressure drops, Reynolds numbers, etc,, cannot be determined by look=-
ing at the correlating plots. The curve shown in Figure 13 may be
traversed from right to left while holding the rate of either phase
constant at any desired value. The parameter X expresses the ratio of
energy losses for the liquid and gas phases, but says nothing about

o)
their absolute values. The same remark applies to the parameter g;—f4%-.

3
It 1s necessary, therefore, to determine the level of the Reynolds num-
ber, pressure drops, etc., for a given point from the tabulated results.

Table VII summarizes the maximum and minimum values of the various

parameters which appear in the tabulated data and results,

3. Scatter of the Experimental Data

The number of points plotted in Figure 13 is so large and the
curve was traversed from right to left with experimental points so often
that a significant portion of the points fall upon one another within
one or two per cent of the line defined by Equation (56). The scatter
of data in Figure 13 is such that 87 per cent of the data are within
plus or minus 20 per cent of the predicted value. The remaining 13 per
cent fall well within plus or minus 40 per cent of the values predicted
by Equation (56). The standard deviation is 13.2, and 1s the expected

o)
or mean value of the absolute deviation. The errors in g;‘f%gg— are

£
those which would result in the design calculation or in the back cal-
culation of the observed pressure drops. When the data is plotted on

the basis of ¢g » the scatter 1s reduced as a result of the square root

used in its definition. Since the deviatlions are small, approximately
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TABLE VII

RANGE OF EXPERIMENTAL VARTABLES

Variable Minimum Maximum

Column Size, inches 4 L
Packing Diameter, inches 1/8 3/8
Packing Porosity 0.357 0.520
Packing Sphericity 0.53 1.00
Volume Rate of Air, SCFM 1.0 138
Volume Rate of Liquid, gpm 0.715 33.75
Viscosity of Air 0.018 0.019
Viscosity of Liquid, cp 0.75 19.0
Reynolds No. for Air 0.00 6200
Reynolds No. for Liquid 0.00 3405
Pressure Drop, psi/ft 0.00k 13.8
Top Column Pressure, psig 2.8 84.0

Fraction Liquid 0.0 1.0
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the same 87 per cent of the data falls within plus or minus 10 per cent
of the values predicted by Equation (57). The standard deviation is
reduced by the same ratio to approximately 6.6 per cent.

The accuracy of the liquid saturation data is not as good as
that of the pressure drop data. The curve which has been fitted to the
data has been placed so that the scatter is between plus 55 per cent
and minus 30 per cent of Equation (58). This arrangement results in
maximum errors of 43 per cent from the observed data points. The method
used in drawing the curve reflects about an equal confidence in the data
points and in the form of the correlation. Examination of the data re-
veal some upward shift of the liquid saturation points with viscosity,
and with a decrease in the packing size. These errors may result from
variables of viscosity and packing dimension which have not been in-
cluded in the correlation, or from the experimental measurements due to
the greater difficulty with which air bubbles rise through the packing

material in the case of higher viscosities or smaller packings.

F. Analytic Summary of the Final Correlation

Computer applications in chemical engineering design are be-
coming more common each day. The main obstacle to the use of much of the
information in the engineering literature lies in the necessity for fit-
ting equations to the many graphical relationships that are in current
use., The symmetric shape of Figure 13 lends itself to the simple alge-
braic form of Equation (56). The form of the equation is entirely sym-
metric and reversing the roles of liquid and gases in the definition
of X has no effect. This means that the definition of one phase as the

gas phase, and another as the liquid phase, is arbitrary.
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The liquid saturation data was expressed by a power series in
(loglo;() as presented in Equation (58). The expression for liquid
saturation is not symmetric; the roles of liquid and gas cannot be
interchanged.

A summary of the relationships for two-phase flow in packed
beds 1s given in Table VIII, and a summary of the algebraic equations
is given in Table IX. Tabulated values of the algebralc equations are
given in Table X at selected values of X. The computation of a pres-
sure drop for a design problem requires the calculation of the total
friction energy followed by the use of Equation (49) with the liquid
saturation correlation. An assumption of the average pressure will be
necessary as in the single-phase calculation for a flowing gas as a

result of the dependence of density upon pressure.

G. Saturation Data as a Check on Derivation

Equation (37) of the derivation states that ¢, should be a
definite function of the liquid saturation. The only use made of the
liquid saturation in the development of the pressure drop correlation
was in the calculation of pm for use in Equation (49). In a major por-
tion of the experimental runs, the quantity 0, Was small compared to the
pressure drop observed, and may be considered a correction term. The
correlation developed for pressure drop, or for total friction energy,
is essentlally independent of the measurements of the liquid saturation.

Figure 15 is a plot of ®, versus R, showlng points for water on 3/8-inch

L

Raschig Rings as well as a curve defined by the correlating Equations

(57) and (58) which are parametric in X.
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TABLE VIII

SUMMARY OF TWO-PHASE RELATIONSHIPS

TABLE IX

SUMMARY OF EQUATIONS REPRESENTING CORRELATION

| Sy 0.416
1087 () {—ss = :
£10 \Bg + 53) (1ogy g X)2 + 0,666

0.416
(1og; X)2 + 0,666

1

o3 g

logyo®, = loglo(l + X°) +

Log. 9, = & 1og (]_ + )(_2) 4 0.416
10%4 ~ 2 TR0V 2 (logy g X)? + 0,666

t
‘

log; R, -0.THt + 0.525 logyg = 0.109(loglo'){)2
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TABIE X

CORRELATION PARAMETERS AT SELECTED VALUES OF X

8 4a

X g Y s Ry Rg
0.01 1.11 111 1.23
0.02 1.1+ 57.2 1.31
0.0k 1.20  30.0 1Lk
0.07 1.27  18.2 1.62
0.10 1.3%  13.h 1.78 0.048 0.952
0.20 1.54 7.70 . 2.29 0.069 0.931
0.40 1.92 L.81 3.20 0.107 0.893
0.70 2.4k 3.48 k.01 0.149 0.851
1.00 2.90 2.90 4,22 0.180 0.820
2.00 h.21 2.10 3.55 0.26k4 0.736
4,00 6.67 1.6k 2.54 0.339 0.661
7.00 10.0 1.43 2.00 0.1420 0.580
10.0 13.4 1.34 1.78 0.470 0.530
20.0 2h.6 1.23 1.50 0.568 0.432
40.0 46.5 1.16 1.35
70.0 78.5 1.12 1.27
100.0 111 1.11 1.23
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Figure 15 indicates a definite corrélation between ?, and
Rz as expected from the derivation. The scatter of data is greatest in
the region of low liquid saturation where the measurements of saturation
are subject to the greatest percentage deviation. A plot of ¢3 versus
R5 would necessarily show a similar result and confirm Equation (38),

since R4 1is a function of Ry and ¢8 is a function of Q-

H. Effect of Foaming on Pressure Drop

The systems studied in this investigation were non-foaming
with the exception of the points indicated in Figure 12. A foam breaker
was used to eliminate the foaming of the Methocel solution used with
5/8-inch Raschig Rings. Runs 29% through 307 were taken under condi-
tions of severe foaming in l/8—inch cylinders. The values observed for
the two=-phase pressure drop ranged from 1.55 to 5.35 times the values
predicted by the non-foaming correlation. The packing served as an
excellent agitator which effectively emulsified the air and liquids
observed. The resulting emulsion was stable over a period of several
minutes, and contained as much as 60 per cent air by volume. The
following general statements may be made concerning the data observed:

1. Foaming produces much greater effects in small

particle diameter beds. The mild foaming of
Methocel solution in 3/8-inch Raschig Rings had
a negligible effect.

2. The emulsification of air in the liquid phase is

more severe in smaller packings.

3, The effect of foaming on pressure drop becomes

smaller as the rate is increased and the pressure
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100
- © WATER oug RASCHIG RINGS
— DEFINED BY EQUATIONS (57) AND (58 )
0 b
P2 I

Figure 15. Relation Between ¢, and R

as Shown by Data for Raschig

Y/
Rings and by a Curve for the Correlating Equations
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drop rises to higher levels. The foaming forces
eventually become smaller than the friction forces.
The level of pressure drop at which foaming may be
neglected varies with the liquid phase and packing
diameter.

L. In order to correlate the behavior of foaming
mixtures, some correlation must be developed for
the amount of foaming as a function of the shearing
and mixing of the liquid and gas phases.

5. The addition of a foam breaker reduces the effect
of foaming on pressure drop even though some

emulsification may still occur.

A correction of the parameters by consideration of the amount
of emulsification was attempted with little success. The emulsifica-
tion of air in the liquid clearly expands the liquid phase and decreases
its density. The value of 62 is inversely proportional to the effec-
tive liquid density. For the data observed, the decrease in 63 caused
by the loss of air to the liquid phase is negligible. Further, the
increase in mass rate for the liquid phase is negligible., Hence, ¢g
is unchanged, and the change in X is inversely proportional to the
square root of the change in density or in the volume fraction liquid
in the emulsion. Table XI lists the volume fractions of liquid at
atmospheric pressure, the corrected values for the column conditions,
and the corrected values of X . The change in the values of X is
small, and reference to Figure 12, where the original points are plot=

ted, will make it evident that the correction is negligible.



-78-

G2 €T°. 6T'2 €T°L oL 0 G GH 08+ °0 Lo¢
TE'T GO0'y GT'T G0'% 08L°0 0°2¢ 005°0 90¢€
6L°T #9°'% 69°T +9't 0638°0 T +9 196°0 Go¢
9t 267 L 6T°¢ 26°L 89.L°0 0°9¢ Lo9t"0 HO¢
829°0 TL'2 9n5'0 TlL'2 €6l-o G TS Lo 0 cog
9L°'T +#2°9 HWe'T H2'9 89.L°0 7 Le 1960 20¢
g2'T 62'9 698°0 62°9 gTS 0 7°92 Glg* o oS
X Fd X o sanssoIg UUMTON 1% e1sd ersd )T 3@ uny
SI93JWRIB] SI99 SWRIBJ uoTsTnuy UT pInbTT aanssaig uoTsTnuy UT pINbTT
PojoaaIo) pa3eInoTE) UOT30BI] SUMTOA TumTon UOT10®BIf SUMTOA

ALTISNHAI NOISTNWH ¥04 LO%¢ = TO¢ SNNY 40 NOILOHMHOD

IX HIdVL



-79-

I. Comparison with Correlation for Open Channels

Comparison of the correlation for packed beds with the correla=

(2k)

tion presented by Lockhart and Martinelli reveals a remarkable agree-
ment with the curve obtained for the viscous-viscous mode in open pipes.
The agreement between the liquid saturation curves for packed beds and
open pipes is also remarkable. These comparisons are made in Figure 16,
which shows the four mechanisms in open pipes along with that of packed
beds.

The fact that the data of packed beds falls on only one line
is probably due to the excellent mixing and distribution obtained in the
vertical packed column. This mixing may also account for the signifi-
cantly smaller scatter in the data for packed beds. The agreement
between the liquid saturation for pipes and packed beds may actually be

ol)

closer than drawn, since Lockhart and Martinelli( report that their
saturation measurements are probably high.

The close agreement between the correlations for packed beds
and open pipes suggest several important conclusions. The data on open
pipes were taken for horizontal flow, and the expected applicability of
the packed correlation to the horizontal flow problem is somewhat
strengthened. TFurther, a uniform transition appears possible for in-
creasing porosities reaching to 100 per cent, since the packed bed curve
falls within the curves for the four mechanisms in open pipes. The
assumptions made in the derivations of the correlation parameters were
the same for open pipes and packed beds, which further confirms the
theoretical derivation. The completely reduced form of the correlations

entirely accounts for the properties of the bed or open pipe by the use

of the single-phase pressure drops.
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Figure 16. Comparison of Two-Phase Flow Correlations for Pipes and for Packed Beds
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J. Application to Other Multiphase Problems

The extension of the pressure drop correlation td the cocur-
rent flow of liquid and gas in the vertical or horizontal direction is
justified in the light of statements by Martinelli, Putnam, and
Lockhart(27) and Bergelin(5) who report that the orientation of the tube
has a negligible effect on pressure drop at high rates. This result was
to be expected since the density correction required to obtain total
frictional energy loss becomes small as the pressure drop increases for
all orientations. The use of the proper density correction as determined
from the energy balance equation would make the correlation valid at low
rates for any orientation. The saturation correlation might be expected
to be a function of orientation for low rates; but since the correlation
is independent of rate for downflow and correct for high rates, only
small changes can occur for other orientations with true cocurrent flow.

The correlation is not expected to hold for the flow of two
immiscible liquid phases. The compressibility of the gas phase is thought
to be the main cause of the larger gas-liquid pressure drops, and the
interaction between two immiscible liquids is expected to have a much
smaller effect on pressure drop. The flow of two immiscible liquid
phases might be approximated by a trial and error calculation based on
parallel flow in a partitioned bed. The cross sectional area of the
bed may be divided between the liquids with an imaginary partition run-
ning the length of the bed. The single~phase pressure drop can be cal=
culated for each liquid after the division of cross sectional area has
been been assumed. When the division of area is properly chosen, the

pressure drops will be equal to each other, and will be an approximation

to the two-phase drop for the immiscible liquids.
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The flow of two immiscible liguid phases and a gas phase might
be approximated by the use of the correlations for two-phase gas-liquid
flow. The speculative method described above may be used to compute the
pressure drop for the two liquid phases alone in the bed. Using the
combined liquid drop to represent a combined liquid phase, the value
of X can be calculated as the ratio of combined liguid to gas, and the
three-phase pressure drop can be estimated from the correlation. The
assumption upon which the approximation is based is that the effect of
the gas is the same on each of the liquid phases, which is indicated by
the dimensionless and symmetrical form of the final correlation, and that

the interaction of the liquid phases is negligible.



VI. SUPPORTING DATA ON HYDROCARBON SYSTEMS

A. Agreement of Non-Foaming Systems

Through the courtesy of the Humble 0il and Refining Company,
considerable data obtained in their laboratories on two-phase flow in
packed beds for hydrocarbon systems have been made available for the
further support of this dissertation. Figure 17 presents the data for
the non-foaming systems of lube oil with natural gas and lube oil with
carbon dioxide on 3 mm glass beads.

The points shown in the figure have been corrected for the
density of the flowing mixture on the basis of the liquid saturation
Equation (58) since no saturation data were obtained for these runs.
The properties of the fluids and packings used are reported in Appen-
dix V along with the tabulated data and the calculated results for the
hydrocarbon experiments. The values of the single-phase pressure drops
are not reported in the calculated results. The correction of the ob-
served pressure drops, according to Equation (49), requires the calcula=-
tion of Py from the liquid saturation correlation using X which is un-
affected by the correction. The squaring of the reported value of‘@a
permits the computation of 63 . Having obtained the unknown 69 s P
can be added to the reported two-phase pressure drop, and the corrected
value of ¢, can be computed. Table XII presents both the original
and the corrected values for the non-foaming systems with lube oil.

The data points plotted in Figure 17 fall approximately 17
per cent higher than the curve representing Equation (57). The config-
uration of the data points confirms the shape of the curve, but the

points do not seem to converge to the line bg = X at high values of X.

-83-
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CORRECTION OF HYDROCARBON DATA FOR THE DENSITY OF THE
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TABLE XITI

FLOWING MIXTURE AS ESTIMATED BY SATURATION CORRELATION

Two-Phase

Pressure Estimated
D o Reported Corrected
rop m X

psi/ft. psi/ft. Pq P

Run No. 15
0.311 0,260 h1.23 53.12 72.00
0.383 0.194 1h,hh 20.64 25.30
0.431 0,171 9.88 14,98 17.70
0.467 0.157 7.40 11.68 13.50
0.491 0.145 6.07 9.82 11.20
0.539 0.134 4,72 8.00 8.93
0.599 0.123 3.63 6.49 7.12
0.670 0.115 3.00 5.68 6.15
0.790 0.107 2.29 4,69 5.00
1.155 0.080 1.39 3.45 3.57

Run No. 16
1.532 0.298 99.76 127.37 139.00
2.119 0.2k2 34,88 52.37 55.41
2,119 0.227 23.72 35.63 37.59
2.179 0.216 19.58 26.77 28.13
2.131 0.197 14,56 21.92 23.03
2,226 0.197 14.60 22,46 23.41
2.167 0.179 10.79 16.39 17.05
2.310 0.178 10.82 16.96 17.65
2.274 0.164 8.65 13.46 13.93
2,412 0.164% 8.68 13.90 14,40
2.346 0.156 7.1k 11.28 11.65
2,454 0.156 7.15 11.55 11.90
2,490 0,145 5.82 9,47 9.73
2.597 0.145 5.83 9.70 9.95
2.777 0.126 3,91 6.73 6.90
2,861 0.126 3.92 6.84 6.98

Run No. 17
0.302 0.261 ho.k1 51.26 70.02
0.383 0.205 15.65 22.39 27.79
0.431 0.178 10.69 16.24 19.32
0.455 0.160 7.71 12.02 13.95
0.491 0.149 6.43 10.42 11.94
0.551 0.134 L.68 8.03 8.95
0.613 0.122 3.69 6.69 7.32
0.682 0.11k4 3.02 5.77 6.23
0.766 0.104 2.43 h.o1 5.22
0.982 0.090 1.70 3.89 L.,06
1.209 0.820 1.29 3.27 3.38
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The region of high X 1is the region of approach to 100 per cent liquid,
and the failure of ¢3 to approach X in magnitude casts some doubt
upon the calculation of the single-phase pressure drops for the liquid
phase, and perhaps for the gas phase. An error of 37 per cent in the
single-phase correlation would account for the separation between the
data points and the correlation. The single-phase pressure drops were
calculated from Equation (ll) with no adjustments to the constants.
Some check runs were obtained for the 1/8-inch catalyst cylinders at low
gas rates, but the single-phase correlation was not checked for the liq-
uld phase alone as a result of the design of the equipment. The devia-
tion at high X values implies a necessary correction to the constants
of Equation (11) for 3 mm glass spheres of approximately 35 per cent.
Since some adjustment is necessary to make the hydrocarbon
data self-consistent for high X, and since the spread between the data
points and the correlation is essentially constant, the data on hydro-
carbon systems is considered to support the correlation. The range of

viscosities investigated now reaches to a maximum of 41 centipoise.

B. Agreement of Plant Data

A few data points from operating plant equipment are included
in Figure 17. Table XIII presents the original and corrected values of
the correlation parameters for the plant data. Corrections to the re-
ported values were made by the method of the previous section.

The plant data agree with the other points reported for non-
foaming hydrocarbon systems, and are subject to the same errors through
the calculation of the single-phase pressure drops. An error of 35 per

cent in the single-phase prediction is within the error for the
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TABLE XIIT

CORRECTION OF PLANT DATA FOR THE DENSITY OF THE
FLOWING MIXTURE AS ESTIMATED BY SATURATION CORRELATTION

Two=Phase

Pr;iz;re EStézéted y Reported  Corrected

psi/ft. psi/ft. ®g Py
0.215 0.091 2.66 5.01 6.00
0.240 0.086 2.36 L. 66 5.43
0.218 0.085 2.33 k.28 5.05
0.32k4 0.088 2.52 5.46 6.15
0,507 0.091 2.69 5.87 6.37
0.575 0.101 3.34 6.82 7.40
0,216 0.08k 2.32 L.L6 5.26
0.335 0,090 2,62 5.69 6.0
0.515 0.102 3.47 7.11 7.79
0.238 0.085 2.29 k.63 5.40
0.300 0.099 3.28 6.46 7.48
0.462 0.098 3.21 6.58 7.25
0.238 0.090 2.61 5.43 6.40
0.275 0.088 2.45 5.2k 6.02

0.216 0.085 2.25 L.45 5.25
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uncorrected correlation, and the plant data are considered to check

the two-phase correlation.

C. Observations of Foaming and Surging

In addition to the data presented in Figure 17 for non-foaming
hydrocarbon systems, a large number of points have been reported for the
foaming system of kerosene and natural gas. This data forms the major
portion of the tabulation in Appendix V, and is plotted in Figure 18.

The points shown in Figure 18 have not been corrected for the
density of the flowing mixture, and hence, U is based on the observed
pressure drop per unit length. The correction of the points would cause
all of the points to lie above the viscous-viscous line shown in Figure
18 from the open pipe correlation. These data further illustrate the
deviations and scatter which occur in the foaming systems. The non-
foaming data is also included in Figure 18 in the uncorrected form, and
shows excellent agreement with the viscous-viscous curve for pipes.

A new form of instability was observed in the test section
when foaming occurred at low values of the two-phase pressure drop.
Pressure surges as high as plus and minus 40 per cent of the average
value of the pressure drop are reported in the case of kerosene and
natural gas. These surges were found to have a reproducible magnitude
and frequency. The time between peaks was of the order of magnitude of
five or ten seconds, and varied with the flow rates. The observation
of pressure surges were accompanied by a filling and emptying of the
column with foam. The column appeared to fill with foam as the pressure
drop was observed to increase. The foam then seemed to collapse and be

swept from the column in a wave-like motion with a corresponding decrease



_89-

1

01

0¢

o¢

oy

0s
09

08

swe3sAg UOQIBDOIPAH SUTWEOL UO BYBJ QT °2dn3T4
00168 L9 9§ ¥ o168 L9 S ¥ € Z 0T6 8L9 & ¥ € ¢ 2 1068 L 9 ¢
T T T
UOI3BRISII0D) ﬂ i AA |t
1IeY(O0T - I[[PUNIE — |
'3 4 ° —
* .' — ILL
\
L~
¢ % G
N
VvV
]
I L J \\

”mu‘ 7

Ve eyeq jueld ¢
0O

] ¢ 20D - 1TIO °2qnT O
seD TeanieN - 110 29qnT  Q
20D - euexdH-u \V/
1" m i ‘a8ang ® jo ‘xXeIN .
¥ “ w  ‘P8ang e yo ‘uiIN ()
D i ] H hM.cm,_:.a.ﬂmorm .
\\\ i 1 n 8urrqqng v
\\\ I (sen -"jeN-suasoasal]) ‘Suriqqnd oN )
\\ N I I I | ] | [T

00T



-90-

in pressure drop. The surging phenomena were observed in fairly narrow
ranges of the experimental variables and disappeared at low liquid rates
as well as at high liquid rates.

The points in Figure 18 have been coded for the surging runs
to indicate the maximum and minimum values observed. Figure 19 shows
one of the surging regions observed with kerosene and natural gas, and
1t illustrates the range of rates and the magnitude of the pressure
drop over which the surging region is defined.

The form of instability observed in the foaming kerosene
systems was also observed in Run 294 of Appendix III and Appendix IV.
The instability appeared in tests with 0.50 per cent solution of foaming
Methocel on 1/8-inch cylinders. The Phenomena was found to occur near
the lower limit of rates which could be measured in the experimental
equipment. The surges were apparent with fresh Methocel solutions, but
disappeared as the solutions aged. The surges which have been described
are felt to be a definite function of the foaming system employed, and
probably represents a balance between the rate of emulsification and the
pressure difference acting upon the foam. As the foam begins to build
up, the rates are at their highest values and effect the maximum shear.
The foam filling the pores causes the pressure drop to increase across
the bed when constant feed rates to the column are maintained. At some
point, the restriction of flow and the forces on the foam combine to
reduce the foaming tendency and force the foém to break. The cycle is
then able to repeat itself as the pressure drop decreases and the flow

is unrestricted.
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Figure 19. A Foaming Hydrocarbon System
in the Unstable Region



VII. SOLUTION OF SAMPLE PROBLEM

The application of the correlations which have been presented
for two-phase downward flow in packed beds is illustrated in this sec-
tion by the solution of an example problem.

Predict the pressure drop and liquid saturation for the flow
of air and water through a vertical packed section filled with 1/8-inch
cylinders under the following conditions:

Water rate....... 4300 1b/(hr)(sq ft)
Air rate....evv.. 328.0 1b/(hr)(sq ft)
Temperature...... 60.0 °F

Inlet pressure... 20.0 psig

Length of bed....  10.0 ft.

The properties of the packing and fluids are as follows:
Viscosity of water at 60°F........ 2.72 1b mass/(ft) (hr)
Viscosity of air at 60°F....es.0ss. 0.0455 1b mass/(ft) (hr)
Density of water at 60°F...........62.k4 1b/cu ft
Density of air at 60°F, 30 psig.... 0.233 1b/cu ft
Porosity of packed bed.......e0.... 0.357

Length and diameter of particles... 0.0104 ft.

The single-phase pressure drop for horizontal flow over

1/8 x 1/8-inch cylinders is correlated by

AP ; Re(150 + 1.75Re)
gchg

€ 3
2. ( )

1l -¢€

where

C—Dp

Re = ETE_T"EY .

-92-
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The Reynolds number for air alone in the bed is

Gy Dy (328.0) (0.0L04)

Reg = g (1 -€) = (0.0855)(1 - 0.357) ~ 116.5 .

The Reynolds number for liquid alone in the bed is

G,D
Re £°p  _ (4300)(0.0104)

_ ( ]
¢ T -9 TR om0

The calculation of the single-phase friction loss for the gas
requires a knowledge of the average pressure in the packed section.

Therefore, the pressure drop across the bed is assumed as follows:

Assumed pressure drop = 3.0 psi

Inlet pressure = 30.0 psig
Outlet pressure = 27.0 psig
Average pressure = 28.5 psig.

The density of air at the average pressure in the bed is

_0.233(28.5 + 1k.7)
P9 = 7130.0 + 1L.7)

= 0.225 1b/cu ft.

The frictional loss for the air flowing alone is

Re9(150 + 1.75Re3)

8cp53§ € .3
2 1l - e>
Mg

116.5(150 + 1.75 x 116.5)

(32.17) (3600)2(0.2065) (0.0104 )2 (0.35T )5
(0.0455)2 1 -0.37

4,05 1b/sq ft/ft = 0.0281 psi/ft.
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The frictional loss for the liquid flowing alone is

Re (150 + 1.75Re )

8 =
4 gcpﬂD% €

2 \1 - ¢
Hy

)3

_ 25.55(150 + 1.75 x 25.55)
(32.17) (3600)2(62.14) (0.0104)3 (02357 )3
(2.72)2 T - 0.357

il

7.3% 1b/sq ft/ft = 0.0509 psi/ft.

Calculate the correlation parameter defined by Equation (39).

% -2 _ [J0-0509
A = T, 0.0281 ~ 1.5
°
The correlation parameter 515 is obtained from Equation (56).
Y/ J
o)
1og g ) _ 0.416 i 0.416
101% + B5)  (LogyoX)2 + 0.666  (log, (1.35)2 + 0.666
= 0.610
and
6;@5 _ 6485 =1
By + B, ~ 0.0509 + 0.028L = +-07

The two-phase frictional loss is calculated as
5£5= (0.0509 + 0.0281) (4.07) = 0.322 psi/ft.
The liquid saturation is calculated from Equation (58).

log) R, = -0.7kk + 0.525(10g, ) X) - 0.109(Log, 4 X)Z.

=0.74k + 0.525(1og) (1.35) - 0.109(Log, ;1.35)°.

=0.678.

]

jzs)
]

0.210 (fraction of voids occupied by liquid).
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The density of the flowing mixture is
Pp = Rgoy + Ryp, = (0.210)(62.%) + (1 - 0.210)(0.225)

13.3 1b/cu ft

1l

0.092 1b/sq in/ft or psi/ft.

The pressure drop per unit length is obtained from Equation

’(Zi)ﬂ =8, = By = 0.322 - 0.092 = 0.230 psi/t.
g

The pressure drop over the length of the bed is

AP = (10.0)(-0.230) = - 2.30 psi.

The assumed pressure drop used in the calculation of the aver-

age pressure and 5, was 3.0 psi. A new assumption might be made of

2.30 psi, and the calculation could be carried out again to obtain a more

accurate computation.

tion is less than 2 per cent, and is well within the accuracy of the

correlation.

The result of the computation is as follows:

Pressure drop = 2,30 psi
Inlet pressure = 30,0 psig
Outlet pressure = 27.7 psig
Average saturation = 0.210.

However, the change in 65 from the last calcula-



VIIT. CONCLUSIONS

This dissertation presents a correlation of two-phase pressure

drop data for downward flow in vertical packed beds, and a correlation

of the liquid saturation data accompanying the two-phase flow. The con-

clusions which may be drawn from the investigation are listed below in

the order of their development. The most important conclusions are

marked with an asterisk.

*1.

%3

The correlation of pressure drop and liquid saturation
for non-foaming mixtures has been established over a
wide range of porosities, effective packing diameters,
liquid viscosities, and flow rates.

The correlations for two-phase pressure drop and liquid
saturation are based on the single independent variable,
X, which is the square root of the ratio of the fric-
tion loss of the liquid to the friction loss of the gas,
assuming each phase flowing separately. This ratio can
be obtained from single-phase data or correlations.

The correction of the single-phase pressure drop equa-
tions on the basis of observed data eliminates error in
the two-phase correlation from the single-phase predic-
tions. Therefore, any single=-phase data or correlation
may be used with the two-phase correlation.

Both curves and algebraic equations have been presented
for the correlation of pressure drop and liquid satura-
tion in order to facilitate their use with digital

computers.
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The incorporation of all fluid and packing properties

in the single-phase pressure drops and their elimination
from the final form of the correlations facilitates ex-
trapolation of the relationships.

The agreement between correlations for open pipes and
packed beds supports the wide extrapolation of porosities.
The correlation is expected to hold at higher rates in
both horizontal and upward flow, as well as for downward
flow. No significant change in the liquid saturation
correlation is expected for horizontal and upward flow
when true cocurrent flow is maintained. The use of the
proper energy balance with the proposed liquid saturation
correlation is expected to give good results for any
orientation.

The effect of foaming on pressure drop is large for small
packing diameters and low rates. The effect is decreased
as the packing diameter or flow rates are increased.
Further work is required to characterize the foaming
tendencies of mixtures in order to correlate foaming
pressure drop.

The symmetry of the pressure drop correlation shows that
the effect of the liquid on the gas is identical to that
of the gas on the liquid, and the roles of liquid and gas
can be interchanged in the definition of X . The correla-
tion is not thought to hold for immiscible liquid phases

since the compressibility of the gas is thought to be the



10.
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main cause of the larger gas-liquid pressure effects.
Further work is required to determine the behavior of
immiscible liquid phases in flow.

The prediction of three-phase pressure drops for the

flow of two immiscible liquid phases and a gas phase might
be subject to the correlation, if pressure drop data on
the simultaneous flow of the two immiscible phases is
obtained and used with the single-phase drop for the

gas to calculate X.. Considering the liquids as a single-
phase assumes negligible interaction between the immiscible

liquid phases.



IX. APPENDIX I ~ SAMPLE CALCULATIONS

A. Calculation of Correlation Parameters

1. Data on Run 46

Data for the middle section of the test column are obtained

from Table III for water and air on Raschig Rings as follows:

Liquid Rate - 23,2 gpm
Air Rate - 52.8 SCFM
Average Pressure in Section - 32.9 psig

Pressure Drop in Section 7.01 psi/ft

Column Temperature - 64.0°F

1.06% cp

25, 8%

Liquid Viscosity

Liquid Saturation

Table II gives the porosity of the Raschig Rings as 52.0 per

cent, and the inside diameter of L-inch pipe is 4.03 inches.

2, Mass Rates

_ (emm) (o) _ (23.2)(8.337) _ .
G, = n = 0322 = 2184.5 1b/(sq ft) (min)

(sCFM) (pg)  (52.8)(0.0765
Gy = I - ﬁ(u?05/24)2) = 4544 1p/(sq £t)(min)

3, Calculation of §ﬁﬁ

4

The correction of the observed pressure drop for the unequal
liquid legs of the manometer requires the subtraction of the liquid
density in psi/ft.

-(%%)z = 7.01 - 0.4356 = 6.574k psi/ft.
9
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-100-

Equation (49) 1is applied with the assumption that P is equal to the
fraction liquid times the liquid density in psi/ft since the density of
alr is small and pm is a correction.

6£j = 6574k + (0.258)(0.4356) = 6.6898 psi/ft.

L. Reynolds Numbers

The effective diameter of the packing particles is calculated

from Equation (8) using the specific surface given in Table II.

_6(1 -¢)  6(1-0.520) _
D_ = = s = 0.0195 ft.

b S

The Reynolds number is calculated from the definition given
in Equation (12).

DGy (0.0195) (218%.5) (60)

4T -0 = TL.08 (1 - 0.52)(2.ha) - 20618

Re

Ppls  (0.0195)(45.hh)(60) 5.6
9 pd=-¢)7 ug(l - 0.52)(2.4h2) = My

Re

H

The viscosity of air is obtained from Equation (51)
b, = 0.01709(52k.0/460) T8 = 0,0189 cp
Rey= 45.6/0.0189 = 2L16

5. Single-Phase Pressure Drops

Figure 9 is consulted for the proper constants for Equa-

tion (47).

ap Re (266 + 2.33Re)
'(Ef =

gC QDPB € 5

—)
u2 1 €
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The density of air is calculated from Equation (51).

2. L.
Py = 2.708 (%Ejg%f—%BGZ) = 0.245 1b/cu ft.

The density of the liquid phase is obtained from Table I.

(2416) (266 + 2.33 x 2416)

32.17)(.245) (Lo19k5)5 |, 52 3
5~ (=)
(.0189 x .000672) .

1

31.0 1b/sq ft/ft =
0.215 psi/ft.

ap
'(5599 "

) %% _ (2061.8) (266 + 2.355x 2061.8) _ 28h 1b/sq TH/et =
¢ (32.17)(62.4)(.01945) ( .52 ) .
(1.064 x .000672 8 'l - .52 1.975 psi/ft.

6. Correlation Parameters

Since the pressure drop correlations are for horizontal flow,

no correction for density is required.

—
s o2 LI o

5, 0.215
Y ="/§%; ='j§?g§?§’: 1.8k
5 = ‘/ZZ; = @2%8 = 5.58
° 6.6898
5, +8,” 1.975 + 0.215 ~ 3.05

T. Comparison with Correlations

5
y) 0.416
Log ) = = .46k
10 (63 * 53) (log105.05)2 + 0.666

9)
b
. N
6£ + 69 = 2.1
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A calculated value of 2.91 is obtained which deviates

4.6 per cent from the observed value of 3.05.

log,, R, = -0.7kk + 0.525(1og; ;3.03)
~ 0.109(10g;(3.03)> = - 0.5163
R, = 0.304 which deviates 15 per cent from

the observed value of 0.258.

B. Correction of Results for Emulsion Density

1. Assumgtions

a. The expanded liquid phase flows with the viscosity of
the liquid.

b. The mass flow rate for the expanded phase is the same
as that of the liquid.

c. The amount of air lost in the emulsion does not
affect the air drop.

2. Data

Consider the data for Run 301 which are as follows:
P, = 6.29
X 0.869

Average pressure in middle section - 26.4 psia

Fraction Liquid in emulsion at 14.7 psia - 0.375

If the drop for the gas phase is not affected by the loss of
volume to the liquid phase, @5 is not altered. The liquid pressure
drop is inversely proportional to the density of the liquid phase, and
if the mass of the air is neglected, the pressure drop for the expanded

phase is inversely proportional to the fraction liquid in the emulsion.
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3. Correction of Fraction Liquid to Column Conditions

Take a basis of one cubic foot of emulsion.
Air volume at 14,7 psia - 0.625 cu ft
Liquid volume at 14,7 psia - 0.375 cu ft
Air volume at 26,4 psia =
0.625(14.7/26.4) = 0.348 cu ft

Fraction Liquid in emulsion at 26.4 psia

0375 _
5575 & 0,358 - 0:918

k. Correction of X

Since 8£ 1s inversely proportional to the fraction liquid
in the emulsion, K is inversely proportional to the square root of

the fraction liquid.

1.0 1.0
Xg = Xl\/m = 0.869 \/m = 1,22

C. Outline of the Design Calculation

Given the porosity of a packed bed, the flow rates of the
liquid and gas streams, the viscosity of the liquid and gas, and the
density of the liquid and gas; compute the rate of change of pressure
with distance, assuming that the single-phase correlation is given.

The pressuré must be known at some point in the packed beé to carry out
the following steps:

1. Calculate 5£ and 89 from the single-phase relationships
at the known pressure.

2. Calculate 8, from Equation (56), and R, from Equation
(58), using %he definition of X given fn Equation (39),

3. Use the liquid saturation to calculate P by Equation (50).
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L. Obtain the rate of change of observed pressure with dis-
tance down the column from Equation (2L4).

If the pressure drop over a shoft section is desired, and the
pressure at the beginning of the section is given, estimate the average
pressure in the section and use it to carry out the four steps above.
Change the differentials to deltas and multiply by the length. Check
the assumed value of the average pressure, and repeat the calculation
if necessary.

If the pressure drop over a long section is desired and the
pressure at the beginning of the section is given, a step-wise compu-
tation may be made. Assume an increment in pressure, and compute the
average pressure in the increment. Calculate the average rate of pres-
sure drop as above, and use it to compute the length required for the

assumed drop in pressure.



X. APPENDIX II - COMPUTER PROCESSING OF DATA

A. Description of Data Processing Equipment

The use of a high-speed electronic computer made it possible
to consider a large number of experimental runs, to test proposed cor=-
relations with ease, and to eliminate the human error from the calculé-
tions. The original data for each run was transferred to a single IBM
punched card. The processing was subject to no further manual treat-
ment.

The processing of the data was executed within an IBM-650
computer which accepts a deck of cards containing a series of instruc-
tions to be executed, accepts data for the calculations on punched cards,
and performs the given instructions in order to obtain the desired re-
sults. The computer is capable of performing 78,000 additions or sub-
tractions per minute; 5,000 ten by ten multiplications per minute;
3,700 divisions per minute; or 138,000 logical decisions per minute.
The IBM-650 operates with ten digit numbers, and any number with less
than ten digits must be filled in with leading or trailing zeros before
arithmetic operations can be performed. The output of the IBM-650 is
on punched cards, and may be printed on the IBM-407 tabulator. The
printer reads 150 cards per minute, and prints the same number of lines.
The final form of the output of the IBM-650 was put through an IBM-513
reproducing punch in order to convert the form of the numbers to fixed
point and to insert the decimal points, which are not carried inside
the 650.

The most convenient form of numbers within the computer is

known as the floating point form. The advantage of this form is that

-105-
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the proper location of the decimal point can always be determined by
looking at the number. A typical number in floating point has the
following form:

8945012353+
and may be separated into two portions, 89450123+ and 53. The eight
digits toward the left are called the mantissa, and the decimal point
is considered to follow the first digit, i.e., +8.9450123. Each loca-
tion in the machine carries a sign which is associated with the man-
tissa. The two digits at the right of the number are a code for the
exponent to which 10 must be raised in order to properly shift the
decimal point of the number. The exponent is obtained by subtracting 50
from the last two digits of a floating point number. The number
8954012353+ in floating point is to be interpreted as the number

+8.9450123 x 103 = 8945.0123.
The code is expressed as 50 plus the exponent since only one sign is
available for each location, and both plus and minus exponents are re-
quired. This coding allows the exponent to range from -49 to +49 with-
out changing the sign of the number.

Both numbers and instructions are composed of ten digits in
the IBM-650, and 2,000 locations are available for the storage of in-
structions or numbers. The locations are numbered from 0000 to 1999.

A typical instruction in the machine has the following form:
+3209000100 ,

which may be separated into three important parts, +32, 0900, and 0100.

The above instruction tells the machine to perform an addition of two

floating point numbers by designating the operation code 32. One of
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the numbers to be added is in the lower accumulator of the machine,
and the other number to be added is in location 0900. When the addition
has been performed, the machine is to look at location 0100 for its next
instruction. By performing a series of such instructions, complex cal-
culations can be carried out.,

The calculations required to output all of the processed data
and calculated results for this dissertation takes a 1little less than
45 minutes of IBM-650 time. The instructions for the calculations are
contained on approximately 250 IBM cards. Some 150 of these cards are
not specific to the particular program and are termed subroutines.
Subroutines are short programs which are used many times in a calcula-
tion, and are included as a package to reduce the number of instructions
which must be written for a specific program. Typical subroutines are
available for the calculation of sine, cosine, logarithms, anti-loga-
rithms, and other specific functions. The number of instruction cards
required for this problem is approximately 100, and the number of in-
structions on the cards is approximately 500. The method followed in

the calculation is that presented in Appendix I.

B. 5Steps in the Development of Processed Data

Table XIV shows the series of cards used in the development
of the processed data. The first card shown in the table is an original
data card for Run 46. The card is divided into eight ten-digit words,
and each word contains two five-digit pieces of data packed together.
Comparison of the headings with the sample data sheet in Figure 6 will

indicate the pieces of data recorded.
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The original data cards were read into the IBM=-650 with in-
structions required to execute the desired computation. The first step
in the computer program was to split the packed five-digit words apart
and place them in two separate locations in the form of floating point
numbers. The output of the program consisted of two cards of answers
for every card of original data. The output was in the form of ten-
digit floating point numbers. The output of the IBM-650 was converted
with the IBM-513 into fixed point numbers as presented in the final
tabulation of the processed data. In the final process, the numbers
were shifted as indicated by the exponent of the number, the decimal
point was inserted, and the exponent code was stripped from the numbers.
Some rearrangement of order was also performed. The number of digits
reported could have been reduced by manual handling of the cards, but
possibility of human errors in the process outweighs any confusion the
extra digits may cause. The reporting of calculated numbers to a greater
accuracy than justified by the data, does not introduce any additional

error in the numbers.

C. ©Steps in the Development of Calculated Results

Table XV shows the series of cards used in the development
of the calculated results. The calculation of the results was performed
in two steps. The first step consisted of the calculation of the
Reynolds numbers, single-phase pressure drops, and corrected two-phase
pressure drop. Three cards were produced from each data card, since a
calculation is desired for each section of the column. The second cal=-
culation step produced the correlation parameters and the saturations

for the liquid and gas. Three cards were again produced for each data

card.
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The two cards corresponding to each column section were com-
bined to form the final contents of the tabulated results. Some values
were deleted in the conversion to fixed point numbers, and some values
were copled from the processed data. The cards were rearranged and
converted into the fixed point form by the IBM-513 reproducing punch,
and the final printing was made on an IBM-407 printer.

Both the tabulation of the processed data and calculated re-
sults were printed in two parts by the IBM-407, and pasted together for
photographing. The numbers in the final tabulations were actually cal-

culated, modified, and printed by IBM equipment.
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TABLE XV

STEPS IN THE DEVELOPMENT OF THE CALCULATED RESULTS

CALCULATED RESULTS (Six Cards per Run) - Floating Point Numbers

(/,Run Code Section Liquid Reynolds One -Phase Reynolds One-Phase Two-Phase
Number Saturation | No. for Pres. Drop | No. for Pres. Drop | Pres. Drop
Air for Air Liquid for Liquid | Corrected
psi/ft psi/ft psi/ft
0046113040 3333333333 2574850351 2415835253 1671553349 2061843753 1974728550 6366347450
0046113040 2222220002 2574850351 2415835253 2150946149 2061843753 1974728550 6689794950
0046113040 1111111111 2574850351 2415835253 3184270049 2061843753 1974728550 8039585050
//,Run Code Section 7 ) X o) 0 Liquid Gas
Number —4s £ 9 Saturation | Saturation
5 + 9
£ % %
0046113040 3333333333 2972312250 3437110550 1795525150 6171418450 2574850351 7425149751
0046113040 2222222222 3054047650 3029974650 1840570650 5576882550 2574850351  T425149751
0046113040 1111111111 3505904950 2490284650 2017729750 5024721550 2574850351 7425149751
CALCULATED RESULTS (Six Cards per Run) - Fixed Point Numbers
,//Run Code Column Mass Rates Reynolds Numbers Two-Phase One-Phase
Section Liquid Gas Liquid Gas Pres. Drop | Pres.Drop
2 . 2 . Corrected for Liquid
#/(ft -mln) #/(ft —mln) psi/ft psi/ft
46113040 TOP 218%.535 45 Lhol 2061.843 2415.835 6.366@r 1.97472
46113040 MID 2184,535 45 Lhok 2061.843 2415.835 6.68979 1.97472
46113040 BTM 2184.535 45 hhol 2061.843 2L415.835 8.03958 1.97472
,/;ﬁun Code Column One -Phase Liquid 52
Section Pres. Drop { Saturation X ?, 94 E;—:;Er
for Air £ b
psi/ft
46113040 TOP .16715 25,7485 3.4371 1.7955 6.171k 2.9723
46113040 MID .21509 25,7485 3.0299 1.8405 5.5768 3.0549
46113040 BTM 31842 25.7485 2.4902 2.0177 5.0247 3.5059




XI. APPENDIX ITI - TABULATION OF PROCESSED DATA

The following pages are a tabulation of the processed data
which is described in Subsection D of Section III. The following
pages are referred to as Table XVI in the List of Tables.

The run codes and run numbers associated with various
systems of fluids and packings are indexed in Table IV,

The detailed meaning of the run code is explained in
Table V.

Single-phase data are indicated by a zero rate for one of

the phases.
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XIT. APPENDIX IV - TABULATION OF CALCULATED RESULTS

The following pages are a tabulation of the calculated results
which are described in Subsection C of Section V. The following pages
are referred to as Table XVII in the List of Tables.

The run codes and run numbers associated with the various
systems of fluids and packings are indexed in Table IV.

The detailed meaning of the run code is explained in Table V.

Single-phase results are indicated by a zero rate for one
of the phases.

Values which are infinite are reported as the number

999.9999.
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XIITI. APPENDIX V - TABULATION OF HYDROCARBON DATA

The following pages make up three tables of data on hydro-
carbon systems. These tables of data and calculated results were made
available through the courtesy of the Humble O0il and Refining Company
in whose laboratories the data were obtained.

Table XVIII includes the physical properties of the hydro-
carbons and the packing materials used in the two-phase investigation.

Table XIX is a description of the two-phase runs obtained,
and includes an index to the run numbers associated with the various
systems in addition to a description of the flow patterns observed
during the runs.

Table XX is a tabulation of the data and the calculated

results of the hydrocarbon experiments.
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TABLE XVIIT

PROPERTIES OF HYDROCARBONS AND PACKING MATERTALS

Catalyst
Size 1/8" x 1/8" cylinders
Porosity = 0.357 (effective)
= 0.683 (including voids in pellets)
Bulk density = 1.145 gm/cc

Glass Beads
Size 3 mm spheres
Porosity = 0.364 (Runs 608), 0.375 (Runs 9-13), 0.371 (Runs 14-21)
Bulk density = 1.56 gm/cc
Bead density = 2.48 gm/cc

Kerosene (I) (before AP/L runs)
Density = 0.8164 gm/cc @ 80°F
Viscosity = 1.766 CP @ 80°F
Surface tension = 26.7 dynes/cm @ 25°C
Distillation Data

IBP 365°F
2% 372
I 382
5 386
6 390
8 395

10 400

20 415

30 ho6

Lo 436

50 L6

60 455

70 468

80 L 8p

90 500

95 516

Kerosene (I) (after AP/L runs)
Density = 0.8093 gm/cc @ 80°F
Viscosity = 1.780 CP @ 80°F
Surface Tension = 26.8 dynes/cm @ 25°C
Distillation Data

IBP 380°F
2% 386

i 390

5 395

6 397

8 Lo2
10 Lo6

(Continued)



-151-

TABLE XVIII (CONT'D)

Kerosene (I) (Continued)
Distillation Data (Continued)

20 415
30 Lob
40 436
50 DTS
60 L5k
70 L67
80 481
90 500
95 516

Kerosene (II) (vefore AP/L runs)
Density = 0.8247 gm/cc @ 80°F
Viscosity = 1.851 CP @ 80°F
Surface Tension = 27.0 dynes/cm @ 25°C
Distillation Data

IBP 352°F
2% 376
L 391
5 397
6 INgle)
8 Lob
10 L2
20 ho7
30 438 Dry Point = 54L5°F
Lo Lhs5 Recovery 98.0%
50 452 Loss 1.0%
60 N Residue 1.0%
70 LT3
80 483
90 504
95 526
FBP 548

Kerosene (II) (after AP/L runs)
Density = 0.8261 gm/cc @ 80°F
Viscosity = 1.993 CP @ 80°F
Surface Tension = 27.0 dynes/cm @ 25°C
Distillation Data

IBP 384 °F

2% 396

I Loz

5 Lo6

6 408

8 Lk
10 418
20 428

(Continued)
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TABLE XVIII (CONT!D)

Kerosene (II) (Continued)
Distillation Data (Continued)

30 436 Dry Point = Cloudy
4o Ll Recovery 98.0%
50 L5p Loss l.O%
€0 L6 Residue 1.0%
70 h71
80 L8L
9 50k
95 522
FBP 549
Lube 0il

Density = 0.8533 gm/cc @ 80°F

Viscosity = 38.84 CP @ 80°F (before AP/L runs)
40.98 cP @ 80°F (after AP/L rums)

Surface Tension = 30.6 dynes/cm @ 25.0°C

n-Hexane
Density = 0.6607 gm/cc @ 80°F
Viscosity = 0.329 CP @ 80°F
Surface Tension = 18,1 dynes/cm @ 25°C

Natural Gas
Molecular Weight = 17 gm/gm mole (average)
Density = 0.0432 #/Ft3 @ 80°F and 1 atm
Viscosity = 0.0122 CP @ 80°F

Carbon Dioxide
Molecular Weight = 44.01l gm/gm mole
Density = 0.112 #/Ft3 @ 80°F and 1 atm
Viscosity = 0.0153 CP @ 80°F
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TABLE XX

TABULATION OF HYDROCARBON DATA AND CALCULATED RESULTS

Average Superficial Superficial Two-Phase

Liquid Rate Gas Rate Liquid Velocity Gas Velocity Pressure Drop % Liquid ¢ 4
(cc./min.)  (Ft3/Min) (Ft/Sec) (Ft/Sec) (PSI/Ft) Saturation X G L
!Run No. 12
100 0.113 0.00270 0.0863 0.0080 4.0 2,101 1.985 0.94k9
100 0.190 0.00270 0.145 0.0173 4.0 1.556 2.162 1.390
100 0.261 0.00270 0.199 0.0277 b2.2 1.297 2.282 1.758
100 0.428 0.00270 0.327 0.0586 Lo.L 0.9601 2.455 2.557
100 0.611 0.00270 0.467 0.0943 39.3 0.7625 2. 47k 3.243
100 0.794 0.00270 0.607 0.151 39.0 0.6358 2.610 4,105
(Run No. 2)

200 0.05!7 0.005L40 0.0k18 0.0111 51.2 4,341 3.381 0.7790
200 0.111 0.00540 0.0848 0.0185 50.1 2.987 3.00k4 1.005
200 0.185 0.00540 0.141 0.160 br.1 2.254 6.666 2.958
200 0.255 0.00540 0.195 0.191 45.5 1.870 6.043 3.231
200 0.415 0.0054%0 0.317 0.259 Lh.6 1.390 5.147 3.763
200 0.57k 0.00540 0.439 0.308 Lh 4 1.126 L.622 L.104
200 0.756 0.00540 0.578 0.333 Lh.3 0.9312 3.97h4 4,257
200 0.113 0.00540 0.0863 0.015k k9.7 2.958 2.714 0.9176
200 0.269 0.00540 0.206 0.07k0 b5.1 1.814 3.648 2,011
200 0.262 0.00540 0.200 0.179 45,1 1.840 5.758 3.128
200 0.777 0.0054%0 0.588 0.321 43.0 0.9219 3.863 4,189
éRun No. 32

20 0.0075 0.01673 0.0057 0.314 63.9 21.94 49.53 2.257
620 0.040 0.01673 0.0306 0.801 43,7 9.336 33.66 3.506
620 0.090 0.01673 0.0688 1.122 - 6.075 25.93 L, 267
620 0.171 0.01673 0.131 0.493 L34 4,283 12,11 2.828
620 0.155 0.01673 0.115 1.171 L34 4.502 19.63 L. 359
620 0.239 0.01673 0.183 0.518 43.7 3.533 10.72 2.899
620 0.217 0.01673 0.166 1.165 43,7 3.692 16.05 b, 347
620 0.377 0.01673 0.288 0.764 46.6 2.666 9.387 3.521
620 0.374 0.01673 0.286 0.820 46.8 2.675 9.759 3.648
“20 0.531 0.01673 0.406 0.752 47.5 2,138 7.466 3.493
620 0.526 0.01673 0.402 0.814 k7.5 2.146 7.800 3.635
920 0.700 0.01673 0.535 0.764 k7.6 1.769 6.227 3.521
620 0.694 0.01673 0.530 0.820 k7.6 1774 6.476 3.648
(Run No. 4)

1000 0.0074 0.02698 0.0057 0.345 78.0 28.85 51.91 1.799
1000 0.047 0.02698 0.0359 0.758 54.0 11.30 30.15 2.667
1000 0.090 0.02698 0.0688 1.153 - 7.987 25.28 3.289
1000 0.146 0.02698 0.112 1.50k4 - 6.061 22.77 3.758
1000 0.150 0.02698 0.115 1.233 - 6.000 20.41 3.h01
1000 0.201 0.02698 0.154 1.627 - 5.037 19.68 3.908
1000 0.221 0.02698 0.169 0.863 - 4.834 13.76 2.846
1000 0.362 0.02698 0.277 0.851 42.3 3.581 10.12 2,524
1000 0.332 0.02698 0.254 1.553 42.3 3.712 k.17 3.818
1000 0.505 0.02698 0.386 1.116 50.7 2.868 9.283 3.236
1000 0.496 0.02698 0.379 1.251 50.7 2.892 9.909 3.426
1000 0.670 0.02698 0.512 1.112 51.0 2.362 7.630 3.231
1000 0.666 0.02698 0.509 1.171 51.0 2.67 7.847 3.315
gRun No. 5)

1 0.0079 0.04317 0.0060 0.339 87.0 37.78 50.11 1.34
1600 0.0487 0.04317 0.0372 0.740 60.2 14,75 29.23 1.981
1600 0.0897 0.04317 0.0685 1.147 - 10.66 26.29 2.456
1600 0.146 0.04317 0.112 1.603 - 8.078 23.55 2.915
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TABLE XX (CONT*'D)

Average Superficial Superficial Two-Phase
Liquid Rate Gas_Rate Liquid Velocity Gas Velocity Pressure Drop % Liquid
(cc./min.)  (FT3/Min) (Ft/Sec) (Ft/Sec) (PSI/Ft) Saturation X dc
(Run No. 5)
100 0.117 0.0027 0.0894 0.0093 35.5 2,034 2.042 1.00k
100 0.23k 0.0027 0.179 0.0155 34,1 1.384 1.793 1.296
100 0.359 0.0027 0.27h 0.0310 33.9 1.077 1.975 1.833
100 0.490 0.0027 0.37k 0.0543 33.7 0.8882 2.154 2.425
100 0.648 0.0027 0.495 0.0853 3h.1 0.7397 2.249 3.040
(Run No. 7)
1000 0.0071 0.02698 0.0054 0.3 76.9 29.52 52.23 1.769
1000 0.0472 0.02698 0.0361 0.814 5h.6 11.2Lk 30.71 2,733
1000 0.0926 0.02698 0.0707 1.163 - 7.868 25.71 3.266
1000 0.155 0.02698 0.118 1.357 - 5.919 20.89 3.528
1000 0.154 0.02698 0.118 1.435 - 5.919 21.48 3.629
1000 0.233 0.02663 0.178 0.776 - L7101 12.57 2.669
1000 0.21k% 0.02698 0.163 1.551 - 4.910 18.52 3.772
1000 0.378 0.02698 0.289 0.892 ko.7 3.513 10.05 2.861
1000 0.352 0.02698 0.269 1.528 h2.7 3.621 13.56 3.7k
1000 0.523 0.02698 0.400 1.070 k9.4 2.837 8.890 3.134
1000 0.513 0.02698 0.392 1.233 L9 .k 2.862 9.595 3.365
1000 0.692 0.02698 0.529 1.078 48.8 2.347 7.382 3.145
1000 0.683 0.02698 0.522 1.194 48.8 2.360 7.813 3.311
(Rua No. &) .
99 0.0L443 0.02693 0.0338 0.0271 73.0 5.460 5.075 0.9296
997 0.0896 0.02690 0.0684 0.0543 68.6 3.700 4.869 1.316
995 0.149 0.02685 0.113 0.0931 62.8 2.752 4. Th2 1.723
993 0.212 0.02679 0.162 0.132 67.1 2,197 4.507 2.052
988 0.338 0.02666 0.258 0.209 61.5 1.605 h.1ke 2.582
988 0.338 0.02666 0.258 0.225 61.5 1.602 4.293 2.679
98k 0.462 0.02655 0.353 0.263 58.6 1.277 3.699 2.896
98k 0.462 0.02655 0.353 0.279 58.6 1.277 3.809 2.983
980 0.594 0.02644 0.k4sk 0.334 52.9 1.051 3.429 3.263
980 0.59k 0.02644 0.45h 0.349 52.9 1.051 3.506 3.336

v =0.0267

{Run No. 2! AVG.
1000 0.00883 0.026986 0.00675 0.222 72.1 26.92 40.11 1.490
1000 0.0529 0.02698 0.040Ok 0.418 64.5 10.81 22.11 2.045
1000 0.1009 0.02698 0.0771 0.697 57.7 T.669 20.25 2.640
1000 0.1681 0.02698 0.128 0.843 5h.1 5.773 16.76 2.904
1000 0.2356 0.02698 0.180 0.887 53.7 L. 746 1h.1k 2.979
1000 0.3829 0.02698 0.293 0.932 50.4 3.521 10.75 3.053
1000 0.3792 0.02598 0.290 1.001 50.4 3.537 11.19 3.16h4
1000 0.5h5k4 0.02698 0.5 0.976 k9.9 2.807 8.770 3.124
1000 0.5401 0.02598 0.413 1.014 k9.9 2.812 8.951 3.184
1000 0.7155 0.02698 0.547 0.976 50.1 2.319 7.246 3.124
1000 0.7118 0.02698 0.5k 1.01k 50.1 2.324 7.401 3.18%
1000 1.722 0.02698 1.316 1.230 k7.9 1.162 L.o77 3.507
1000 1.713 0.02698 1.309 1.274 k7.9 1.164 4.157 3.569
(Run No. 10)
1000 0.0942 0.02698 0.0720 1.008 54.6 7.930 25.18 3.175
1000 0.2330 0.02698 0.178 1.065 50.7 L.761 15.54 3.263
1000 0.2295 0.02698 0.175 1.185 50.7 L, 79k 16.50 3.4k2
1000 1.046 0.02698 0.700 1.103 45.9 1.748 5.807 3.321
1000 1.041 0.02698 0.795 1.1kY h5.9 1.769 5.986 3.382
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TABLE XX (CONT!D)

Two-Phase

Liquid Rate Gas_Rate Liquid Veloeity Gas Velocity Pressure Drop % Liguid

(cc./min.)  (Ft3/Min) (Ft/Sec) (Ft/Sec) (PSI/Ft) Saturation. X fa #r.
!Run No. ll!

100 0.2023 0.0027 0.155 0.0139 40.8 1.530 1.960 1.281
100 0.2794 0.0027 0.213 0.0228 29.3 1.273 2.088 1.641
100 0.4558 0.0027 0.348 0.0475 38.6 0.9h447 2.237 2.368
100 0.6471 0.0027 0.4k 0.0805 3B.5 0.7519 2.318 3.082
100 0.8343 0.0027 0.637 0.1223 39.4 0.6311 2.399 3.800
100 0.962k4 0.0027 0.735 0.1546 38.8 0.5697 2,434 L.272
100 1.734 0.0027 1.325 0.3286 36.6 0.3590 2.236 6.229
!Run No. 122

1000 0.686k4 0.02696 0.52k4 1.185 - 2,371 8.161 3.hk2
1000 0.6713 0.02698 0.513 1.3712 - 2.388 8.847 3.704
1000 0.2296 0.02698 0.175 1.k01 - 4,778 17.89 3.743
1000 0.2246 0.02698 0.172 1.610 - 4.805 19.28 k.012
1000 0.0856 0.02698 0.0654 1.195 - 8.332 28.81 3,457
1000 0.2379 0.02698 0.182 1.261 - 4.678 16.61 3.551
1000 0.2275 0.02698 0.17h 1.679 - L. 767 19.53 4.098
1000 0.0936 0.02698 0.0715 1.20k - 7.955 27.60 3.470
gRun No. 13)

1000 0.6869 0.02698 0.525 1.191 - 2,364 8.159 3.451
1000 0.6748 0.02698 0.516 1.344 - 2.379 8.723 3.666
1000 0.2254 0.02698 0.172 1.153 - 4.8k45 16.45 3.395
1000 0.2119 0.02698 0.162 1.724 - 4.969 20.93 4,152
1000 0.0951 0.02698 0.0726 1.179 - 7.880 27.06 3.434
(Run No. 14)

3000 0.0228 0.08094 0.017h4 0.646 - 33.46 41.50 1.2k
3000 0.0715 0.08094 0.0546 1.041 - 18.48 29.12 1.57

3000 0.1068 0.08094 0.0816 1.329 - 14.89 26.50 1.78

3000 0.1716 0.0809k4 0.131 1.78k4 - 11.k2 23.54 2.06

3000 0.2311 0.08094 0.177 2.095 - 9.57 21.37 2.23

3000 0.3601 0.08094 0.275 2.466 - 7.27 17.62 2.h2

3000 0.5011 0.08094 0.383 2.681 - 5.84 k.77 2.53

3000 0.4991 0.0809% 0.381 2.753 - 5.86 15.00 2.56

3000 0.6552 0.0809k 0.501 2.825 - 4.84 12.57 2.59

3000 0.6509 0.0809% 0.497 2.945 - 4.86 12.87 2.55

3000 0.7263 0.0809k4 0.555 2.873 - k.50 11.78 2.61

3000 0.7198 0.08094 0.550 2.945 - 4,51 11.95 2.65

3000 1.498 0.0809% 1.1k44 3.040 - 2.77 7.46 2.69

3000 1.480 0.0809% 1.131 3.280 - 2.50 7.22 2.80

(Run No. 15)

100 0.00677 0.00270 0.00517 0.311 - 41.23 53.12 1.29

100 0.0533 0.00270 0.0ko07 0.383 - 1h. bk 20.64 1.43

100 0.1092 0.00270 0.0834 0.431 - 9.88 14.98 1.52

100 0.18k2 0.00270 0.1 0.L&7 - 7.0 11.68 1.58

100 0.2609 0.00270 0.199 0.bg1 - 6.07 9.82 1.62

100 0.3949 0.00270 0.302 0.739 - k.72 8.00 1.70

100 0.5943 0.00270 0.454 0.599 - 3.63 6.49 1.79

100 0.7845 0.00270 0.599 0.570 - 3.00 5.68 1.89

100 1.140 0.00270 0.871 0.799 - 2.29 k.69 2.05

100 2.103 0.00270 1.606 1.155 - 1.39 3.45 2.48
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TABLE XX (CONT!D)

Average Superficial Superficial Two-Phase
Liquid Rate Gas Rate Liquid Velocity Gas Velocity Pressure Drop % Liquid
(cc./min.)  (Ft3/Min) (Ft/Sec) (Ft/sec) (PSI/Ft) Saturation X fs #
(Run No. 16)
500 0.00580 0.01349 0.00k43 1.532 - 99.76 127.37 1.28
500 0.0451 0.01349 0.0349 2.119 - 34.88 52.37 1.50
500 0.0945 0.01349 0.0722 2.119 - 23.72 35.63 1.50
500 0.1624 0.01349 0.124 2.179 - 19.58 26.77 1.52
500 0.2248 0.01349 0.172 2.131 - 14,56 21.92 1.51
500 0.2233 0.01349 0.171 2.226 - 1L4.60 22,46 1.5k
500 0.3684 0.01349 0.281 2.167 - 10.79 16.39 1.52
500 0.3650 0.01349 0.279 2.310 - 10.82 16.96 1.57
500 0.5160 0.01349 0.394 2.27h - 8.65 13.46 1.55
500 0.511k 0.01349 0.391 2.2 - 8.68 13.90 1.60
500 0.6821 0.01349 0.521 2.346 - 7.1k 11.28 1.58
500 0.6776 0.01349 0.518 2,454 - 7.15 11.55 1.62
500 0.9017 0.013k49 0.689 2.490 - 5.82 9.47 1.63
500 0.8959 0.01349 0.684 2.597 - 5.83 9.70 1.66
500 1.489 0.01349 1.137 2.777 - 3.91 6.73 1.72
500 1.482 0.01349 1.132 2.861 - 3.92 6.84 1.7
!Run No. 17)
100 0.00558 0.00270 0.00426 0.302 - bo. k1 51.26 1.27
100 0.0352 0.00270 0.0269 0.383 - 15.65 22,39 1.h43
100 0.0708 0.00270 0.0541 0.431 - 10.69 16.24 1.52
100 0.1247 0.00270 0.0953 0.455 - 7.71 12.02 1.56
100 0.1670 0.00270 0.128 0.491 - 6.43 10.4%2 1.62
100 0.2740 0.00270 0.209 0.551 - 4.68 8.03 1.71
100 0.3840 0.00270 0.293 0.613 - 3.69 6.69 1.81
100 0.5020 0.00270 0.38k 0.682 - 3.02 5.77 1.91
100 0.6661 0.00270 0.509 0.766 - 2.43 k.91 2.02
100 1.017 0.00270 0.777 0.982 - 1.70 3.89 2.29
100 1.378 0.00270 1.053 1.209 - 1.29 3.27 2.54
(Run No. 18)
3000 0.1777 0.08094 0.136 1.760 - 11.17 22.89 2.05
3000 0.1653 0.0809k4 0.126 1.772 - 11.67 23.99 2.05
3000 0.3607 0.0809% 0.276 2.39h - 7.26 17.35 2.39
(Run No. 19)
1000 0.2412 0.02698 0.184 1.233 = h.70 16.17 3.43
1000 0.2351 0.02698 0.180 1.51k - b7k 18.09 3.81
1000 0.3980 0.02698 0.304 1.083 - 3.47 11.20 3.22
1000 0.3828 0.02698 0.292 1.538 - 3.54 13.60 3.8k
gRun No. 202
1000 0.2343 0.02698 0.179 0.932 - 4.76 14.25 2.99
1000 0.2221 0.02698 0.170 1.k00 - 4,87 17.88 3.66
1000 0.3965 0.02698 0.303 0.970 - 3.46 10.55 3.05
1000 0.3651 0.02698 0.279 1.183 - 3.60 13.59 3.77
(Run No. 21)
1000 0.2301 0.02698 0.176 1.130 - k.79 15.80 3.29
1000 0.2231 0.02698 0.170 1.h1 - 4.87 17.94 3.67
1000 0.3866 0.02698 0.295 1.038 - 3.51 11.09 3.15
1000 0.3666 0.02698 0.280 1.525 - 3.57 13.73 3.82
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