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PREFACE

This is Part II of a seven (7) part final report under contract No.
NAS8-21143 between the George C. Marshall Space Flight Center and the
University of Alabama. This report includes the results of analytical and
experimental studies conducted on a laboratory pilot model of a channel
for the study of two-phase flow under low or zero gravity. It includes the
formulation of dimensionless parameters to indicate the relative magnitude
of the effects of capillarity, gravity, pressure gradient, viscosity, and
inertia. The investigation is based on the basic equations of fluid mechanics
and thermodynamics. The dimensional analysis and analytical work provide
a framework for the presentation of experimental results which are put into
a form allowing extrapolation of the ground-based experimental data to
reduced gravity situations.

The range of parameters utilized in the experiments were such asto
allow the evaluation and selection of porous materials, liquid, gas and other
parameters necessary for the design of a flight experiment. .Details of these
selections are included.in Part VII of this Final Report. Gas injector con-

figurations were also developed.



Extensive computations:were made to determine dissolved gas
-content. The results indicated that use of nitrogen and the Cargille fluid
employed herein caused a negligible amount of dissolved gas for the
pressures under consideration. Therefore it was not necessary to de-
‘velop instrumentation to determine the amount of gas content of the fluid.

Techniques were investigated by using a laser velocimeter for
measuring point velocities of the fluid within the porous material without
disturbiﬁg the flow., These efforts were unfruitful and a scheme to obtain

separate bulk velocities of the liquid and gas was substituted.

xi



I. INTRODUCTION

A description of the behavior of gas bubbles in a liquid
fléwing through a porous bed is essential in many physical and
chemical processes involving interaction between the liquid
and gaseous systems. In some operations the transfer of mass
between a foreign gas or a gaseous phase of the liquid and the
liquid is the essential part of the problem, while in others the
kinetic behavior of foreign gas bubbles represents the principal .
area of interest. Often the presence of the gaseous phase ig
.uhdesirable but unavoidable thus requiring alterations to con-
ventional flow theory to account for the presence of the gas.

In principle, two‘imrhiscible Newtonian fluids flowing'
through a porous bed could be completely described by a suit-
able solution of the Navier-Stokes equation if the boundary conditions
could be correctly formulated. However, this is quite an ambitious
task when one considers the high degree of complexity of a math- |
ematical descrip.tion of a randomly packed granular porous bed.
Perhaps these general equations could not be solved éven if they

could be set up. These difficulties have been dealt with in



basgically two ways. First, porous media have been represented
by models which contain some characteristics of porous bedé
while being simple enough to allow their mathematical description
(11) (34) (8). Second, experimental results correla.ted with the
use of pertinent parameters have been used to est_abiish the
quantiiative characteristics of flow. The validity of these models
is esta~lished by experimentation showing which models exhibit
the characteristic phenomena taking place iu the porous media’

and which do not.

A, Single Phase Flow

Both of these methods have been applic< to single fluids
flowing through granular beds with varying degrees of success.
For example, one of the earliest known empiri.cal.desc‘ri.ptions
of the flow of a liquid through a packed bed was made by Daz"cy
(6). His equation was based cn measurements of the flow of
water through sands and sandstones and expressed the fact that
the raté -of flow of the liquid through unit cube of the‘ svand was
proportional to the differential pressure head. This conclusion
was later altered by Dupuit (7) to include the effect of viscosity
and porosity on the rrate of flow and has been thoroughly substant-
iated by subsequent tests (i3) (4) (5), so that the resulting

expression known as Darcy's law forms the basis for the current



theory of flow through porous media at low Reynolds numbers
(i.e. Re < 1),

However, one of the shortcomings of this law rests in the
fact that the constant of proportionality, called the permeability,
must be determined experimentally instead of being derivable
from a knowledge of the geometry of the porous bed:, Kozeny
(14) sought to deal with this deficiency by assuming that the
granular bed was equivalent to a group of parailel, similar
channels, such that the total internal surface and the total internal
volume are equal to the particle surface and to the pore volume,
respectively, in the bed itself. He furthermore considered that,
owing to the tortuous character of the flow through a granular
bed, the length of the equivalent channels should be greater than
the length of the bed. These considerations led Kozeny to an
expression for permeability in terms of surface area, porosity,
and rock texture. However, experimental verification of this
development has not been entirely satisfactory, and consequently
this method has not been generally accepted by other investigators
in this fieldb°

The simplest models that have been given a more rigorous
analytical treatment have depicted the porous bed as a bundle of
capillary tubes (30) (31) (26). Their solutions have, for the most

part, resulted in further verification of Darcy's law. In fact, it



is clear that one can confidently use this law within its range of
validity to predict thé flow of a single fluid through a porous
medium provided one is able to determine the permeability of the
bed;

Fér higher Reynolds numbers where inertial effects are
known to be significant, Forchheimer (9) was among the first to
propose that instead of the pressure gradient being proportional
to the first power of the velocity, as is the case for Darcy flow,
it is the sum of two terms, one of which is proportional to the
.first powér anc the other to the second power of the velocity.

Blick (2) arrived at the same conclusion by considering the porous
bed to be made up of bundles of capillary tubes with orifice plates
vspaced throughout the tubes at a distance equal to the tube diameter,
The pressure drop for fluid flowing throqgh a porous medium was
obtained by applying the laws of conservation of mass and momentum.
Rose (27) has asserted that the expression proposed by Forchheimer
and Blick implies that the energy dissipated at any flow rate is the
sum of the energy dissipated in laminar friction and in turbulence .
It is his opinion that laminar and turbulent flow cannot each exist
unaffected by the other in the same flow system, and consequently
an éxpression of this kind is incorrect. Rose was not able to
express his experimental data in the simple two term form, but

required an additional term proportional to the three-halves power
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of velocity to give reasonable agreement in the transition range,
This adgitive term is presented as merely an empiricalll cor-
rection to allow for the fact that the energies are not simple
additive, Morcom (23), however, found that the two term ex-
pression relating the pressure drop to the fluid velocity may be
used provided the value of the coefficient of the velocity squared
term is varied according to the shape of the material forming

the bed,

B. Two Phase Flow

Past investigations of two phase flow through porous media
have resulted from the study of displacement of oil by gas or
water from sandstone and unconsolidated sand (12) (20) (33).

The results are expressed in terms of the relative permeability

of each phase as a function of the volumetric quality (ratio of

the volume of gas to pore volume). This method of presentation,

of course, indicates that the results are only valid for Darcy

flow since the use of permeability implies that the pressure
gradient is proportional to the first power of velocity. In addition,
the resulting curves (Figure I-1) are not to be considered funda-
mental and only apply to the range of beds tested. This places a
serious limitation on one's ability to predict the pressure drop

of a gas-liquid mixture flowing through a packed bed. This becomes

efipecially significant when it is discovered that many commercial
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operations for two phase flow through porous beds are conducted
well outside the Darcy flow regime (3). The'r‘efor'e, in order to
complete the picture of two phase flow, a general correlation for

intermediate and high Reynolds number is needed {o supplement

or replace the permeability versus volumetric quality studies.

C. Purpose of Present Investigation-

The purpose of the present invéstiga.tion was to study
experimentally the dynamics of bubble flow through a porous
channel. The principal data taken were flow rates of liquid and
gas, pressure drops across the 'bed, volumetric quality, and high
speed photographs of the bubble flow patterns. Analysis of the
photographs indicated that the gas flow occurred as individual
bubbles throughout the channel length. This led to a phenom-
enological description of the various forces involved in the flow,
particularly the drag forces on the bubbles. The data were
generalized by utilizing dimensionless parameters, which were
fitted into the frémework of the approximate analysis for the
various forces and used to obtain empirical values of the drag
éoefficients .

| One of the more important aspects of this study dealt
with an investigation of the effect of gravity on the flow of a gas-

liquid mixture, the goal being an expression that would predict



the pressure drop along a packed bed with a gas-liquid mixture
flowing through it in any gravity field.

In spite of the fact that this analysis was not a r‘igorousl'
theoretical treatment of the problem, it has been exfremely
useful in correlating the dafa taken from beds packed with dif.fer.evnt
size media. For instance, a proper application of the for_'ces on
the fluid due to the relative velocity b.etween the gas and liquid
allows common curvés to be used for upward and downward flow

of the mixture,



II. THEORY OF TWO-PHASE POROUS MEDIA FLOW

A, Darcy Regime

For the flow of fnulti-phase systems, Muskat and Meres
(22) have proposed that Darcy's équations éhould be valid for
each flowing phase and have speculated that relative per-
meabilities of each phase, kg and k, , might be obtained which.

would allow the two components of flow to be described by:

k

%
Vy® -K—— grad (P + v 2) II-1
TP -
k l .
V_ = -K-—5 grad (P + vy z) 1I-2
g iy - g

Scheidegger (30) reviewed these results and commented
that ""These-deductions of Darcy's law for multiple phase flow
is, so far, only a theoretical speculation. It is of course
always possible to define relative perfneabilities as in the above
equations, but these equations make sense only if the relative

permeability is independent of pressure and velocity, i.e. if
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it 18 & function of the saturation* only, From a great number of
investigations it appears that the relative permeabilities of
immiscible fluids are indeed, within limits, such functions ofl
saturation only."

Experimental data correlated from this point of view (22)
and graphically presented as in Figure I-1 for different porous
beds illustrate the validity of this assumption. This is especially
significant when one considers that the permeabilities of the
sands comprising the separate experiments ranged from 17.8
to 262 darcys (1400 perceht variation). However, questions
immediately arise regardi_ng the generality of such results.

Would these curves be identical if the fluid ahd gas flow_ed upward
or downward instead of horizontally thfough the sand packed
column? And for what Reynolds number ranges would these
results be vali‘d? In the case of single fluids flowing through
porous beds the Darcy concept is inadequate for Reynold numbers
greater than one. In addition, it can be shown experimentally that
for porous beds composed of large particle sizes,. the tﬁree flow
configurations (horizontal, upward and downward) yield data which
- cannot be correlated by use of the permeability concept. The

reasons for this will become clearer after the flow model pro-

' >?Scheidegger's definition of saturation is identical to the
definition of volumetric quality given herein,
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posed by this investigation ‘is analyzed. At the present we can
state that the relati've permeability cdncept is expected to be
applilca;ble only when the ratio of the velocity of liquid to gas is
very small or when this ratio approaches one. More specifically,
the d:_riving_force on the gaseous phase is the pressure gradie'nt
plus or minus the body force which is negligible for gases.
| This is in agreement wifh the Muskat and Meres proposal.
However,. it is shown herein that this pressure gradient is a
function of the relative velocity of the gas with respect to the
liquid as well as the absolute velocity of‘the. gas., When the
relative magnitudes of these two effects were analyzed in light
of the conditions tested in the present study, the data indicated
that the dominant effect was due to the relative velocity when
the bulk Reynolds number was greater than one. On the other
hand, conditions can exist in which the liquid velocity is small
compared to that of the gas, resulting in a pressure gradient
which is a function of the gas velocity alone. This .is also true
when the velocities of the two phases become equal because the
relative velocity is zero, and the gas velocity term must

dominate.

B. Non-Darcy Flow Regime

In this analysis, the forces exerted on the fluid by the
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granular particles co%nprising.the porous medium and the gaseous
phase are represented by dragvcoeffi‘cie:nts multiplied by the
dynamic pressures. If we recall that the drag coefficient for a
single'obétacle in'a flowing stre.am varies with the Reynolds

- number as shown for instahce, for a sphere in Figure II=-‘1,.then
-in order to use a force representation as described above it is
obvious that the value of the drag coefficient must be considered
to be a variable quantity at low and intermediate Reynolds
numbers. In fact, at low Reynolds numbers where the viscous

. forces. are known to be dominant, the drag. coefficient of an
.obstacle is inversely proportional to the Reynolds number. On.
-the other hand, Whep the inertial forces are dominant (i.e,
Re>>1), the drag coefficient has a constant \galpe . At Reynolds
number values between the above extremes. w;_nere both viscous
-and inertial forces are significant, it is possible that the force

on an obstacle in a flowing stream can best be represented by a

. combination of the two types of drag forces. For instance, under
streamline flow cor_x_ditions‘ where the viscous forces F§ contribute
the only significant force terms, we can write the equation as

. follows (15)

C 2 2 o
- DpPpV IId” _ "1 _
Fv > | el plIldv II-3

A -
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where:

*1
CD "R ' I1-4
e

For the equations developed here the granular particles are con-
sidered to be sphericai for the sake of simplicity.

Now if the driving force on a unit volume of liquid (the
pressure gradient plus or minus the liquid body force) is
equated to the resisting forces produced by the drag of a unit
volume of particles making up the porous bed, the following

equation results.

.-(%imwﬁ“"p) ali‘—z‘v -5
This .is equivalent to the relationship known as Darcy's law for
single phase flow Which was developed from empirical con-
siderations. -

.Similarly, for completely turbulent flow, Athe force FT

that a obstacle exerts on a flowing stream can be written as

c 2 2 B
D pv md® _ 71 . 22 }
FT 2 4 3 Npd™Vv | II-6
where
c_=8 II-7



' b ““1:)5:‘1“”
When both viscous and inertial forces play a significant
role, it has been generally accepted (9) (2) that the total force
can be represented by the sum of inertial and viscous forces in

the following manner:

o B '
F =—-8$ wTdv +—81— Mpd?v? I1-8

Again, if the driving force of a unit volume of liquid is
equated to the drag force produced by a unit volume of particles
the following expression is obtained in which the particles

e
were agiin considered to be spherical.

An equation of this form for a single fluid ﬂqwing ithrough
a porous bed at high Reynolds numbers has been proposed by
other invesfigators baseq“ qngntirelya different premises, For
example, inthe introduc-t.‘ibl;l‘ii"c.was pointed out th&t Forchheimgr
(9) proposed an expression for the pressure gradient thrdugh a
porous,hl_oed proportional to the first and second powers 6f the
velocity.-in order to extend the Darcy equations to higher Reynolds

numbers. A similar result was also obtained by Blick's (2)

analysis of the capillary tube model with orifice plates. This
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formulation is used for convehience of presentation throughout this
thesis. However, the validity of the principal contribution herein
does not depend upon the validity of this formulation. For
instance, drag force terms which will be used in the equatidns

to follow could be expressed as other functions of velocity with-
out altering the basic concepts being proposed in this study. When
the final correlationswere made, however, this assumption was
shown to be valid for the packed beds tested in this investigation.

Since the drag coefficients in this analysis will be applied
to closely packed particles rather than to a single obstacle in a
uniform stream, the numericalv values of CD are not expected
to coincide with fhose for a single obstacle. For example, two
spheres, one directly behind the other would not exert a force
on the stream twice as large as one standing along in the stream.
However, one might expect the shape of the drag coefficient
curves to be similar for the two éases .

In combining all terms responsible for the energy loss
(pressure drop) accompanying the flow of the liquid-gas mixture
through a porous bed, the equation is Written as the raté of work
per unit volume that each phase produceé. ~ This is done to
facilitate the inclusion of the energy loss due to the surface
tension forces of the gas-liquid interface. R

For one dimensional upward or downward flow, the driving
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force on a unit volume of liquid is (-g—P

When this driving
force is multiplied by the bulk liquid v locity,, the rate of work
produced by this force is obtained. The effects combining to
dissipate this energy are corriposéd of the energy that the drag
force of the solid particles extracts from the fluid, the energy
required to break the gas bubbles, . apd the energy absorbed by

the fluid due to the relative velocities of the gas bubbles and

fluid stream. These effects are indicated in the following equation:

1
ok (1-9)6 I'Id +=C_. p V, 6(1- )I'Id V,
( +‘yZ)V2 {2CD Py Vy, [ ~; 2 D, 9 ——‘B } %

n
-{3¢, a}w -V) [—&] v£+ Zvi Ii- 10

~ where the constants in this equation are again for spherical
particles.

In equation (II-10) CD is a drag coefficient, p is the density
of the liquid phase, ¢ is the porosity of the porous. bed, Sg is the
volumetric quality, 7;‘2, is:the body force of the liquid; d is the
diameter of the solid particles, L is the length of the channel, Wi
is the energy required to break‘é gas bubble, and N is the number
of breaks occurring in a unit time per unit volume.

Replacing the drag coefficien.ts CD and CD by the relation-
' 1 2
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ships given in equations II-4 and II-7 to account for the presence
of both viscous and inertial forces and considering for illustra-
tive purposes both the solid particles and gasous bubbles to be

spherical we obtain,

1

a B
9P _3,, 1 3, 1 2

H

3 CD 0 Wi
- = + B T
S T <pp2((V v, ) ) VAL 11-11
i=1
Rendering this equation dimensionless yields
2 V -V (V -V )dp
&P+ y I a 48 Re -5 ) (< ELF
X MgV g g 3 V2 Hq
i‘ W d” |
+ II-12

- 5
=1 DLV,

In a similar treatment of the gaseous phase, the driving
force is the pressure gradient since the body force on the gas is
of negligible magnitude. The rate of work on a unit volume of

bubbles can be expressed as -

3 605 . Py 2 89S
-EHED—Ev = 5 v ) D= v
ne® & D3 nd g
n
6cpS W
*Cp P Y 2(Ed—-)( "RAM z _A—E' I1-13
D, na® 8

i=1
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A diminsionless form of this equation can be written as

'_(_8_?).1%{7_=C£) Pud ,<VE—V')(_Y.§/__V£)+CD (d,O v ).Eg.l;_g .
x“zz 3 “z 2 4“g “z’z
n W.dz
1

) oy 11- 14
1 e

Observations of bubblg flow have indicated that when a
bubble is large enough to be greatly deformed as it passes
through the pores, it very é.arly breaks into smaller sizes,
thus minimizing the solid to gas contact. Therefore, the
second term on the right hand side of equation II-14 is
negligible except at flow conditions where the liquid and gas
velocities are nearly equal.

The last term in equations II-10 and II-14 represents
the rate of energy transformation resulting from the breaking
~of »nitrogen_bubbles. vThis effect is discussed more fully in-a
later por;cﬂiogc‘)ﬂf‘ thls chapter. However, in the conclusion of
this discussion, it will be shown that this contribution to energy
transfer is alsﬁo‘negligible for- all the flow conditions studied in

this series of tests. Therefore, for the flow regimes where



20

the drag forces on the gaseous phase due to the solid particles
and the rate of energy transformation due to the breaking of gas
bubbles can be ignored, the gas equation (equation II-14) can be

written as

2 VoV Vo Ve
| %
9P, d . ( )(

- , d

) II-15
L Y

When equation II-15 is substituted into equation II-12, the
following equation is obtained,

BP d2

. _. ;Ei'__]_?.; e 4 K [ + -
=1ty )= ( )%VQ oy ﬁlR-ez II- 16

where o, and Bl are to be determined experimentally, and K
is a quantity which accounts for the non-sphericity of the gas
bubbles as well as the difference in size between the bubbles

and the granular particles.

In an attempt to elucidate the role of the various parameters
in the result_ing’ equation, the foliowing expressions (the gradient
of which is the liquid driving force) will be terméd the modified
pressure H,

H=P+ ‘y%z : II-17

where P is the pressure at a point and z is distance oriented



opposite to the gravitational force', Then the driving force on the

liquid can be expressed as
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where the partial derivative of z with respect to x is plus unity
for upward flow and minus unity for downward flow or
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ty ' II- 19

Putting this expression into equation II-16 we obtain

H 42 2

8H d K 9 H - d

.- - - + = + : _
9x M W Sg liax A ]“2 v @ * B Re I1-20

Each of the terms in this equation is a dimensibonless
parameter representing the ratio of various forces existing
in the flow. For example, the first term in equation II-20 re-
presents the ratio of the liquid driving force to the viscous forces.
Since it was Darcy who first proposed that the ra:tio of the liquid
driving force to the viscous force was a constant for a particular
porous bed, we wil} call this parameter the Darcy number, In

particular, the Darcy number will be defined as
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The last term on the left side of equation II-20 represents the
ratio of the liquid body force to the viscous force. This parameter
will be called the "Gravity-Viscous'' number and will be designated

by the letter Gv, more specifically

2

Yod
- "—V— = GV I11-22

Ve

so that equation II-20 can now be written in terms of the Darcy

number and Gravity-Viscous parameter,

+ + = o + , 1I-
Da(l KSg)_KSgGv a, Bl Re, 11-23

This' equation relating the pressure gradient resulting
from a gas-liquid flow through a porous bed to the liquid Reynolds
number was.devveloped on the assumption that the ‘vdrag'for'ces on
the flﬁid are functions of the sum of two terms, one which is
proportional to the liquid velocity and the other IproportionaI to
the veloéity squaréd. The validity of this aSsumption.can be
checked by plotting the left hand side of equation II-23 versus the
liquid Reynolds number. The resulting curves required to sub-

stantiate this claim will be straight lines with slopes equal to
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B1 for the fegion of flow where inertial effecfs are significant,
with al as the .zero intercept of these curves. In addition, at
lower Reynolds numbers where the viscous effects are dominant,
the curves are expected to have a horizontal slope.

Whén the force-velocity relationship described in equatioh
II-8 assumes some other form, the present analysis has
sufficient generality to allow its inclusion. The only ,difference
in the results would be the expectation of a curve having a
different shape.

The last term included in the dimensionless pressure
gradient equation II-12 is the rate of energy required to break
up the gas bubbles, The large pressure g‘radients associated
with "break-through' phenomena are not present in this study
since a steady hbmogeneous flow condition existed in which
solid-gas-liquid interfaces did not occur. Therefore, it was
concluded that the only contribution of the surface tension
forces to the pressure gradient resulted in the break down of
larger bubbles to ever smaller sizes. Observations of a bubbie
being deformed from its equilibrium configuration suggest that
a restoring force is present. This has led to the que-stion of
whether the deforming forces on a bubble are cohservative.
For eiample, as a bubble is forced through a cohstriction such

as an orifice in a thin plate, the surrounding liquid must first
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supply work t.o the bubble until it reaches the unstable
equilibrium position where equal volumes of the bubble are

on both sides of the plate. Then as the bubble continues.to
move through the orifice it does net work on the surrounding
stream. This behavior leads one to suspect that perhaps all
the work supplied to the bubble is recovered. In fact the basic
equations of capillarity are derived by assuming that the work
required to deform a bubble is equal to the increase in surface
energy (16) which implies that the surface forces are con-
servative,

Suppose, on the other hand, that the bubble‘ b‘rea‘ks
during its deformation. The work done on fhe bubble up to
this point is not recovered and the net work results in a
pressure g_radient, A determination of the magnitude of this
contribution to the pressure gradient of the flowing stream
.will requiré that the total work necessary to accomplish all
breaks per unit length be obtained, This quantity can then
be included in the expression for rates of work done by the
pressure gradient and drag forces.

In obtaining the work required to break a Vapor bubble,
it will be helpful to recall the following corollary to the first
law of thermodynamics: "There exists a property of a system

called energy E, such that a change in its value is equal to the
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difference between the heat supplied Q to the system and the

work done W by the system, during any change of state."
AE = Q-W | 11-24

The system to be studied consists of a nitrogen bubble
plus an infinitesimal portion of the surrounding liquidg It
is analyzed in ligﬁt of the above cérollar"y as it experiences
a division into two bubbles' of equal mass. The change ir
energy E is comprised of the sum of the change in kinetic
energy Ek during the bubble bre'a.k, the change in internal
energy Ei’ the chalnge in potential ehergy Ep and the changg
in the energy associated with the gas-liquid interface ES .
However, the kinetic and potential energies are not expected
to change as the bubble breaks. Therefore, the change in
energy can be expressed as the sum of theihternél and

interfacial surface enérgies,
AE = AEi + AEs , 1I-25

Joule demonstrated experimentally that the internal
energy for a perfect gas is a function of temperature zlone,

which can be expressed as

AEi = mCVdT= - mj pdv 11—26
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where Cy is the specific heat of the nitrogen at constant
volume, T. is the temperature and m is the mass of gas
‘contained in the bubble, If an isentropic deforma,tién is
~assumed, then the change in internal energy can also be ex-
pressed as the integral of the _differ‘enti'al change in specific
volume times the pressure,

The change in energy associated with the bubble sur-
face can be evaluated by determining the work required to
changevthe bubble surface. However, since surface tension -
can be considered as the free energy of the surface per unit
area (1) (17) (18), the change in fhe energy associated with
the surface can be expressed as the surface tensgion times

the change in the interfacial area
AES = 0cAA ' II-27

The work required to break a single nitrogen bubble into two
bubbles containing equal masses of gas can now be 'expressed

as

W = AE, = AES=oAA—ijdv | 1I-28
where P is the pressure inside the bubble, A is the area of

the bubble and v is the specific leume of the nitrogen. The

relationship between the specific Volumé and the pressure
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during an isentropic change of state is given by
Pv’ = constant =P v 7 ,‘ 11-29 -

Expressing the pressure in terms of the specific volumes shown
above and putting this into equation II-28 yields

y-1
mRT p o

_ 2 2 0 1 . _

W= o8l - 4llr ) - [py-l 1] m-30

o

Equating the mass of the gas before and after the bubble breaks

yields
4 3 4 3
P, 3 Hr‘o : 2p13 Hrl I1-31
or
] 2r 3
2 = 31 = ar? - 1I-32
pl r
o)
where
r
r -— 11-32
r
O .

Then equation II-30 can be written in terms of the ratio of
radii, T"

mRT

y-1
W= 4llor 2 [2D2-1] + —2 [ (—L—é-)
o] zr

> -1 ]11—34
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The radius of a vapor bubble is related to the diffe.re‘nce in
pressure across the interfacial surface. For example, by
equating the pressure forces acting on an element of the bubble
interface to the forces of s'urf'ace teﬁsion, the following expression
is obtained

+Il{ ) I1-35
1 2

. where Po is the pressure inside the bubble, Py is the pressure
of the surrounding fluid, ¢ is the surface tension and R1 and R2
are the radii of curvature in two arbitrarily chosen directions
of the element of bubble interface.

When the bubble is considered to be spherical, the radii

of curvature are equal yielding

P -PQ, = 11'36

I

o

A similar equation can be written for the two bubbles resulting

from the break
P -Py =— I11-37

Solving for the ratio of internal pressures Po/P1 in terms of

the pressure in the liquid, the surface tension, and the bubble

radii, we get
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.
L+
P, T, F
§£=T_—— : 11- 38
1 =%+py :
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The equation of state for an isentropic process yields the

pressure ratio PO/ P

.

1 in terms of the density ratio po/p

1
P P
—©2 =_2 = constant 11-39
o7 0.”
o} 1

Combining this equation and equation II-32, yields an

. . P . .
expression for the pressure ratio _o, in terms of the ratio

P 1
of radii I". .

)|

Y

9 - 2r%) | 11-40
P
1
Substituting this equation into equation II-38 results in the
following equality
273 +2¥ %Y !

M = M+1 I1-41

where

| 11-42
Y, Py |

An estimate of the number of breaks occurring per unit
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time was determined in this study by observihg the bubble sizes
at the inlet and outlet and réquiring that c'ontinﬁity of mass exist

in the gaseous phase, Therefore, the energy term in equation

II- 14 can be wrftten as

n 2 2
w.d v -1 1d
v .3 g e sgPae[ g 5 [
A 2 411V L r.p, r. P. 7% "o
., ALV 1y £ Pf i
i=1 J2
_ N
5 RT ' y-1 x
2 m |
- {4nor 22r?-1y + —2 [(1 = --1] + | 11-43
o vy -1 21..3 : ‘

An order of'_ magnitude _determinatidn of this quantity has
shown it to be negligible for the range of ;arameters' studied

in these tests.



III. DESCRIPTION OF EXPERIMENTAL
APPARATUS AND TESTING PROCEDURE

A, Selection of Porous Media, Ligquid and Gas

it was desirable that the porous bed used for these
fundamental gas-liquid flow studies be transparent. This
property allowed continuous visual measurements that were
essential in establ.ishing the action of the gas bubles as
they interact with the liquid and solid whiie proceeding
through the porous bed. In fact, these o:servations f:rmed
the basis for the flow model which is analyzed in a later
section of this report. A transpafent bed also allowed a
simple volumetric quality measurement t: be Iﬁadé with
photodiodes as will be described under a separate heading.
The possibility of measuring point velocities in the pores
of the bed with a ,,1,3-Sér velocimeter has also been studied
and is only pogsﬂ;ble if a transparent bed is cbtained.

The first solid that came to mind when considering
transparency was glass. However, in spherical shapes or

when boken into irregular pieces it was quite apparent that

a container of glass was far from being transparent. This

31
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is due to the refractions and reflections of incident light
rays as they enter and leavé the glass particles. By the
time an image being transmitted by light rays has tfavéled
through even one layer of glass particles it has become
quite distorted. Such an image is completely :bscured when
viewed through several layers of glass particles. There-
fore, to avoid the complete dispersion of light rays entering
the porous bed, the fluid surrounding the glass particles
must have the same refractive index as the glass which
renders the bed optically homogeneous.

Initially, spherical flint glass beads 3mm in diameter
with an index of refraction of 1.51 were selected for the
porous bed.

An extensive‘ survey was then conducted to find a suitable
liquid phase which could be used safely under laboratory
conditions. This fluid was also required to be transparent,
non-corrosive, viscous, nonflammable, and available in
fairly large quantities and most importantly, to have the‘ .same
index of refraction as the glass beads. No single component
liquid was found satisfying all these conditions so mixtures of
liquids were then sought. For instance, two miscible liquids,
one with a refractive index higher and the other lower than

flint glass could be mixed in suitable proportions to give the
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desired optical quality. These combinations were also not in

abundance, This search, however, did turn up two such com-

N

kinations, the first being halowax and mineral oils. These

gave satisfactory optical quality, but the halowax oil was found
tb be hig:-ly corrosive and toxic so it was discarded. - The
liquids finally selected were czmposed of a straight chain

hydrocarbon (code 50) and a hal-genated aromatic (code 42)

‘manufactured by the Cargille Laboratories and sold under

the nauie Cargille immersion liquids. The refractive index as
a function of the composition of the two immersion liquids lwas
established 'y mixing the two in different proportions by
volur:2 and measuring the resulting refractive index on the
Bausch and Lomb, Abbe -3L refractc meter shown in Figure
I1i-1. The graphical represertation of this variation in re-
fractive index with immersi-n liquid composition is shown in
Figure III-2. It can be seen that a refractive index of 1.51
requires 34 percent code 42 and 56 percent code 50,

The transparency of the mixture of the glass beads and
Cargille fluid, although not perfect, seemed adequate for
many of the original purposes. However, for measurement
which would require a minimum of light scatter, an improve-
ment in the quality of bed trans:arency was desired. This

led to an investigation into the reasons for this imperfection
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Bausch and Lomb Reiractometer
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.in transparency. The inability to match the indexes of re-

fraction perfectly seemed to be caused by three types of
imperfections. First, a large portion of the beads were

found to have foreign matter inclusions which were in the
form of opague ash particles of gas holes. Secondly, the
index of refraction from bead to bead was determined to be
somewhat variable. Finzally, the fact that white light was
used produced the inevitable dispersion, the efféct of which
appears as a faint color along the edge of each glass particle.
The correction of these first two imperfections was ruled out
since it would have meant obtaining a new baich of beads
manufactured under more carefully controlled conditions and
from the standpoint of cost and delivery time, this would

have been prohibitive. However, since the index of refraction
of a substance is a function of the wave length of the light
source, it was fhought that perhaps the edge effecfs could be
eliminated by using a monochromatic light source. Therefore
a mercury vapor lamp, where the visible radiation is concentrated
in two lines: a green line of 5461 Angstroms and a violet line
of 4385 Angstroms was used to determine the possibility of
improving the transparency with monochromatic light. The
violet ray was absorb.ed by a suitable filter and a strong pure

green beam was obtained. The refractive index of the liquid



37

was then changed in small incremental steps while transparency
observations were being made. The results of these tests sho’weci
that thé transparency was not improved significently by a mono-
chromatic ligh‘; source. However, one should recall that these
tests were conducted on a sample of beads that had both inclusions
‘and variations in refractive index from bead to bead. Therefore,
these imperfections might have been of such a magnitude that
any improvement due to monochromatic light was obscured.

Since there were no published data concerning the physical
prcoperties of the immersioh liquid mixture, these quantities
-had to be determined by standard methods. For instance, the
viscosity versus temperature relations shown in Figure III-3
were determined by the Saybolt Viscometer arrangement shown
in Figure III-4 utilizing a universal orifice. The surface tension
versus teinperature relation graphically illustrated in Figure
III-5 was determined with aid of a Cenco Platinum Ring
Tensiometer shown in Figure III-6. The liquid density versus
temperature curve shown in Figure III-7 was obtained by using
a set of Central Scientific Company hydrometers shown in
Figure III-8.

A decision on the choice of the gaseous phase was made
with the stipulations that it be. readily obtainable, common enough

so that published thermodynamic properties are available, and
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Saybolt Viscometer

Figure III-4.
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Figure III-6. Tensiometer
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relatively pure of foreign particles and moisture. Bottled
‘nitrogen, extra dry grade, filled these requiremerits adequately

and was used in all of these studies as the gaseous phase.

B. Channel, Flow Circuit and Instrumentation

The 12.7 mm and 3 mm spherical glass particles which
méde up the porous bed were packed into a plexiglas channel
with a square cross section 4 inches on a side and 44 inchés in
length (Figure III-9). The 3/8 inch plexiglas sheets used to
construct the channel were cemented along all seams and
further held together by cap screws, thus forming a test section
that could be pressurized up to 25 psi. For tests cbnducted on
the bed composed of .88 mm particles, a shorter channel was
used due to the larger pressure gradient produced by this Ihediufnu
This channel had the same size cross section as that described
above, However, the length was 28 inches and channel walls
were 1/2 inch plexiglas sheets. All seams v(rere cemented with
plexiglas solvent as well as being held together by vcap screws.
A pressure of 30 psi was possible in this channel due to the
increase in wall thickness.

The porous material was held in place by fetainer screens
stretched across the fluid reservoirs at each end of the channel,
These reservoirs were originally intended to allow a visualization

of the bubbles before and after going into the porous bed. However,
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when volumetric quality measurements were being made by
weighing the channel it was necessary to estimate the volume
of gas present in these reservoirs.

This estimation was more trouble than the acquired
flow visualization could- justify. Therefore, the reservoirs
were eliminated, and the porous bed was extended from the
gas injecfor to the channel outlet,

The nifrogen phase of the gas-liquid flow was introduced
into the porous bed by nine hypodermic needles fitted into the
plexiglas injector as shown in Figure III-10, Some initial
tests were run before the installation of these needles., However,
the need for injecting the gas through long slender tubes was
discovered when the channel was placed in a downward flow
position. The porous bed in this position packed down about
1/8 inch so that when the gas was being injected before the
needles were used, it entered into a clear liquid region rather
than the porous bed. The magnitude of the liquid velocity in
this area was much smaller than in the porous bed so that gas
leaving the injector was not pulled into the bed and thus formed
a gas pocket just below the injector. When gas did finally
build up to the point that it was forced through the bed, the
largest portion of it went down the sides of the channel giving

a very uneven flow pattern., This difficulty was elimjnated by
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“injecting the gas through the hypodermic tubing inside the
packed bed where the local velocities were high enough to
overcome the bouyant force of thé gas bubbles.

The liquid and gaseous phases were controlled by the
flow circuit shown in Figure III-11, The nitrogen gas was
supplied to the channel from a high pressure storage bottle
regulated to any desired pressure below 2400 psi by an Airco
nitrogen two stage regulator. The rate of gas flow was
maintained by a needle valve located between the pressure
regulator and the gas flow meter. The gas flow rate was
monitored with a Fisher Scientific Company variable area
type flowmeter with measuring capabilities from .030 cfm
to 3.35¢cfm. The temper‘ature and pressure of the nitrogen
was monitored with a thermocouple and an Ametek test.guage
respectively. |

The liquid phase was forced through the packed channel
by a Gerotor positive displacement .20 gailons per minute pump..
This pump was driven by a Louis Allis Adjusto-Spede drive
which would yield a stépless variation in speed from~160 to
1675 rpm. The rate of liquid flow was measured by a Fisher-
Portor 1700 series variable area flowmeter which had a fluid
measuring capacity ranging from .94 gpm to 9.4 gpm. The |

temperature was measured in the liquid reservoir with a
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thermocouple. The pressure drop along the channel was
measured with Ametek test gauges when the 3 mm and 0.88 mm
particles_ were used, Howevér, when the 12.7 mm particles
were being tested the pressure gradient was reduced to the
point that a U tube manometer was required to measure the
pressure differential with suitable accuracy. In the latter
case, an Ametek test gauge was used to determine the

absolute pressure level at the channel inlet,

The variable speed motor was found to be necessary in
obta;ning a steady flow at all flow rates.in the range of the
flowmeter mentioned above. The original circuit utilized
the 20 gpm constant displacement pump driven at a constant
speed of 1750 rpm, with two globe valves splitting the flow
in any proportions to the packed channel and to the by-pass
line which led back to the liquid reservoir. This arrangement
produced a flow through the channel with significant amounts
of unsteadiness. Plans to alleviate this problem included the
installation of two needle valves to replace the globe valves
and the replacement of the constant speed motor by a variable
speed motor. The resulting flow was considerably improved.
In particular, the original flow circuit exhibited flow fluctuations
of .2 gpm. The improved system reduced these fluctuations to

less than 0,05 gpm. In addition to smoothing out the liquid flow,
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the heating of the fluid was aiso considerably reduced since the
entire output of the pump could be directed through the flow
channel, and the vizcous heating of the fluid through the by-pass

line was eliminated.

C. Laser Velocimeter

An investigation was conducted to determine the feasi-
bility of using a laser velocimeter to detérmine point velocities
and volumetric quality in a fluid-gas mixture flowing in a channel
packed with 3 mm flint glass bgads where the indexes of re-
fraction of the fluid and béads were approximately (see section
A) matched. This method of velocity measurement has been
successfully accomplished ir clear liguids by Weich and Tomme
(32) and in gases by Fore.man, L.ewis and George (10}, One
of the most attractive features of the laser velocimeter is the
absence of dev'ices protruding into the flow stream, These are
not necessary because flow velocities are in'dicated by the
fre quency shift of a light beam paésing through the liquid and
scattered from small particles suspended in the fluid. In this
study 5 micron latex spheres ‘v_vere used for this purpose.

A beam of coherent light was provided by a helium-neon
gas laser and was directed through the plexiglas channel as

shown in Figure III-12. The optical components shown in this
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‘figure illustrate the manner in which the main beam of light
passed through the channel and was directed by the splitter
into the photomultiplier tube. The scattered light which has a
different frequency due to the Doppler effect produced by the
motion of the solids in the fluid was intercepted by a mirror
placed at 10 degrees from the main beams and directed along
with the main beam into the photomultiplier tube. When these
two light beams recombined and entered the photomultiplier,
the resulting output was a heterodyne signal that could be
correlated to the horizontal component of velocity of the solid
particles in the fluid. Since the latex spheres had the same
density as the flowing liquid, one could assume their velocity
. to be that of the liquid.

The initial runs with the laser velocimeter were intended
for flow of the liquid phase only. However, very small bubbles
were detected in the fluid at all flow rates. It was believed
that these bubbles were drawn into the system where negative
pressure existed in the pump inlet pipe connections. In order
to eliminate this negative pressure on the pump suction side,
the system fluid reservoir-was pressurized as described in
.the preceding section, and the bubbles no longer appeared,

In order to determine if the Cargille immersion liquids

had enough solid impurities to produce light scatter without the
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latex spheres, a test was performed in the clear liquid at one
end of the plexiglas channel which contained no glass beads.
The results indicated that sufficient impurities were already
present in the liquid to produce a distinguishable signal, but
the signal was significantly lower than that which had been
obtained in earlier glass pipe studies with latex spheres in
water. Th’e‘refore,. it was decided to add 10 milliliters of

the latex sphere mixture per 20 gallons of Cargille liquid
which resulted in a much improved signal.

The beam was then directed into the porous bed and
traverses - were made in both hofizonta.l and vertical di-
rections in an attempt to find a spot where the beam was
focused in a pore. At certain points in the traverse there
occurred maximum output signals which seemed to indicate
the location of a pore, However, the signal was very
sporadic, occurring at intervals of 2 or 3 seconds super-
imposed on top of the system noise. To analyze these signals
the trigger level on the oscilloscope was set above the noise
level, and a polaroid camera was placed over the screen with
the shutter open. After'tﬁe oscilloscope triggered, the film
was developed and the length -of the wave period was measured
and converted to wave frequency. This . was repeated for bulk

e

-"Evelocities ranging from 10 feet per minute to 25 feet per minute,
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‘The results indicated no correlation between frequency and
velocities so it was concluded that this signal was not
originating from the velocity dependent heterodyne effect.

The appearance of the laser beam before and after it
had passed through the channel was significant. Leaving
‘the laser and entering the face of the plexiglas channel, the
beam was about 1 mm. in diameter while the exit beam was
about 15 mm in diameter. It seems probable that this marked
dispersion of the light reduced the intensity of the signal
entering the photomultiplier to the same ievel as the system
noise . Many repetitions of these occurrences indicated
strongly the futility of obtainingvDoppler" shift velocities with
the present system.

In future attempts to measure velocities in porous beds
with a laser velocimeter, it is:believed‘that one or more of the
following alterations should be made. (1) The optical quality
of the porous bed should be improved by obtaining higher quality
glass beads. For instance, the beads should have no.bubble or
ash inclusions, and there should be more uniformity in index
of refraction from bead to bead. (2) The index of refraction.of
- the liquid and glass beads should be carefully matched at the
- wave length of the helium-neon. (3) The width of the packed bed

should be reduced from 4 inches to perhaps 2 inches. (4) A
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more powerful laser should be used. (5) The quality of the
optical system should be improved in order to obtain.a sharper

focus point,

'D. Data Collection Procedure

For the two cases of greatest pressure drop, the inlet
channel pressure was measured 7 inches from the end of the
chahnel by an Ametek bourdon type test gauge Wiﬂ;l 0 to 30 psi
range and an accuracy of 1/4% of the full scale reading. This
gauge was mounted on the frame of test equipment as shown in
Figure III-13 and was connected to the flow channel through a
flexible Tygon tube. The outlet pressure was measured by a
0.to 15 psi Ametek test gauge similar to that mentioned above
and connected to the channel 4 inches from the outlet through
é flexible Tygon tube. When the 12.7 mm particles were being
tested, a U tube manometer was used to measure the differential
pressure across the bed. It was possik;le to read this pressure
drop to within one tenth of an inch of the fluid.

The temperature in the liquid reservoir and the gas flow-
metef ‘was monitored by Copper-Constantan thermocouples
connected to a Leeds and Northrup direct reading potentio-
meter. The measurement of the temperature of several known

standards, such as melting ice and boiling water, indicated that



57

R TR B

¢

Figure IIi-13. Experimental Apparatus



58

this arrangement could be expected to measure temperature
to within one degree fahrenheit.

Liquid and gas flow rates were measured by float type
flowmeters as described in section B of this chapter. The
Fischer and Porter flowmeter used to measure liquid flow
rate had a rated accuracy of 2% of thé full scale reading while
the gas flowmeter manufactured by Fisher Scientific Company
was rated to be accurate to within 1% of the full scale reading.

Early in the investigation into the possibility of using
' the laser velocimeter to measure velocities in the transparent
.porous bed, it was also suggested that the volumetric quality |

might be measured by this method. The laser beam must be
focused in-a pore space. It will then be expected that the beam
will scatter completely when gas occupies this pore, and that

it will be transmitted when liquid occupies the pore., Therefore,
by recording the number of velocity signals being received which
were non-zero and comparing this with the number of samples
known to be attempted during a given period of timé, the
volumetric quality is obtained. However, the lack of success in
obtaining a strong signal thréugh the bed (see Section C) left
- this study with the need of a method to measure the volumetric
quality.

The large difference in density between the gas and liquid
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phases éuggested a gravimetric method of determining the
fraction of each phase present in the bed at any time. In
order to ﬁtilize such a method of volumetric quality measure-
ment, a continuous weight of the entire flow channel was
required with as much accuracy as possible, Standard spring-
type scé.les with the necessary 50 to 100 pound weight rangé
could not be found with a dial divided in steps of less_tﬁan 2
ounces or 12,5 hundredths of a pound. Such an arrangement
would have been a serious source of inaccuracy especially at
very low volumetric quality measurements. Therefore, ‘at the
suggestion of Toledo Scale Works, a knife edge counterbalance
beam was constructed as shown in Figure III~14, The flow
channel was mounted on one side of the counterbalance beam
and sufficient weight was added to the cther side of the beam
to bring the weight being measured into the 0 to 30 pounds
range. This could be adequately covered by Toledo balance
scales which could measure the change in weight of the flow
channel to within one hundredth of a pound.

It was desired to obtain a series of tests at constant
volumetric quality (e.g. 0, .04, .08, .12, ,16 and .20),
Except for the variation in the volume of gas in the outlet
tubing, the stiffness of the inlet and outlet fluid lines, and

the momentum imparted to the channel by the flowing fluid,
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a specific scale reading would always indicate a certain
volumetric quality. These conditions mentioned above which
caused deviation from a simple proportionality between the
weight decrement and volumetric quality were taken into
account by calibrations and are de scribbed in the following
seci:ion° The gas flow Wa‘s regulated to ke.e‘p the volumetric
qu'ality constant through a series of widely ranging liquid
flow rates. When each of the flow rates had reached a stable
condition, the liquid and gas flow"rates, the pressures at

the channel inlet and outlet and at the gas flowmeter, and the
temperatures at thé liquid reservoir and at the gas flowmeter

were all recorded.

E. Calibrations

The liquid flowmeter was calibrated by timing the Ihass
flow collected in a container on a set of balance scales. The
resulting calibration curve is shown in Figure III-15. The
manufacturer furnished calibration curves with the gas flow-
meter so that further attention to the calibration of this
‘instrument was not necessary.

Extensive calibrations were made in connection with
‘the gravimetric measurement of volumetric quality. These

were necessary due to the rigidity of the external fluid lines,
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the momentum imparted to the channel by the liquid flovlv, and
bubbles in the exit lines.,

Regarding the first of these, the external 1 1/4 inch'
polyvinyl chloride tubes which delivered the liquid from the
pump to the channel and back to the reservoir exhibited some
degree- of rigidity and consequently required a small force to
bend them. The deﬂection of the tubes is illustré.ted by the
fact that the end of these lines move 3/4 inch from the point
where the scale reads 2 lbs. to the point where the scale
indicator is on zero. By placing known weights on the flow
~ channel and reading the améunt of scale pointer deflection,

the error re_sulting, from the fluid lines was recorded. This
test was repeated for several liquid flow rates, and the
correlation was found to be independent of flow rate. A new
calibration was necessary whenever the fluid lines were
disturbed so that the curve shown in Figure III-16 is a sample
of the many calibrations of this type that were required.

The nex‘; calibration accounts for the momentum im-
parted to the channel by the flowing fluid. When the flow
conditions were changed from a steady state, the effect of
the momentum change could be measured on the scales. ’fhis

| apparent change in weight was the quantity considered in this

calibration. Since the vertical momentum forces considered
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here were a function of the geometric configuration of the
inlet and outlet tubes and this changed slightly due to the
deflection of the scale, the test were conducted for several
positions of the scale indicator. From Figure III-17 it is
evident that this effect was negligible, However, a large
disturbance of the fluid lines required a new calibration of
this momentum effect. Figure III-17 is one calibration curve
among the several that were required each time the flow
lines were disturbed. |
Another calibration that was found to be necessary
when the channel was arranged for downward flow was
intended to aécount for the nitrogen trapped in the fluid-gas
lines returning the flow back to the fluid reservoir. In many
cases, the velocity in this line was not great enough to over-
come the bouyant force of the gas, This caused part of this
line to be filled with gas, resulting in a;’l erroneous weight
measurement. An estimation of the volumes of each phase
was difficult due to the irregular shape of the gas-liquid inter-
face. Therefore, a weight measurement was used to determine
the relative volumes of each phase at different positions of the
interface. More specifically, this exit line was allowed to fill
up with gas by forcing nitrogen through the porous bed. Then

the gas was turned off. The bed quickly cleared of all
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gas and any difference in the geale reading was attributed
to that gas in the exit line. A flexible scale was affixed to
this line and the interface position was recorded for various

weight measurements, Figure III- 18 is the calibration.

F, Porosity

The porosity & of a porous material is defined as the
fraction of the bulk volume of the material occupied by voids.
Since these voids are in fact the tortuous channels .through which
all of the flow must occur, an investigation of the. ma.gn'ii:ude
of this quantity is essential to a study of this kind,

The porous. materials used in these tests were compo»sed
of glass spheres of uniform diameter., Therefore, it seemed
that an analyticai determination of the porosity was possible,
For instance, there exists two extremes in gystematic
arrangement of the particles which provide on the one hand a
maximum possible pore space and on the othér a minimum,
The tightest packing is called rhombohedral and is formed by
placing the fifth sphere in its stable equilibrium position in _
the center of four other spheres. This is, of course, the rhost
stable packing since further agitation will causé no movement
of the si)heres and consequently cause no reduction in pore

space. The porosity of this arrangement is 25,95% (22)
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independent of the size of the spheres. The loosest packing
is called a cubic array and is formed by placing the spheres
directly on top of each other. This array, which has a
porosity of 47.64% (22) is only stable to forces normal to
the cell face and is consequently not expected to exist except
under carefully controlled packing conditions. When the
packing is randoni, with some degree of agitation, the arrange-
ment of particles might be expected to approach the rhombohedral
array. However, in practice this is not the case for several |
reasons. First, the distance between the walls of the container
is not usually designed to be a multiple of the porous media
. size, therefore, the pattern is necessarily interrupted at the
wall ., Second_, the particles used to comprise the porous
material are not perfectly spherical. Third, friction between '
the particles cause bridging of groups of particles that are
extremely difficult to break down even under severe con-
ditions of agitation (22). Therefore, it has been found ex-
perimentally that assemblages of spheres will have porosities
averaging betweenv35% and 40% in spite of careful efforts to
induce closer packing (19).

The porosity of media used in these tests was obtained
by determining the weight of a container of the media before

and after the pores were completely filled with water. The
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difference in these two weights represented the weight of
water required to fill the pores. When this weight is con-
verted to volume of water required to fill the pores,the

féllowing formula was used to compute the porosity &.

. Volume of pores
Volume of container

o

Since the porosity of a bed is greater in the layers of
particles next to the walls of the channel, it is important
to account for this effect when measuring the average pro-
sity of a packed bed (See chapter IV on ''Edge Effects').
The elimination of this phenomenon is not possible. There-
fore, in or’def that this region of higher porosity be included
in the correct percentage of total volume of the channel, one
of the actual flow channels (4" x 4" x 24") was used as a
measuring container for the porosity measurement, The
porosity determined in this manner was fou'nd to be 37.1%
for the 3 mm beads, 40.5% for the 12,7 mm beads and
37.7% for the .88 mm beads.,

At the outset of the tests on these beds, .when the fluid
was flowing upward through the porous bed, fluidization was
observed which caused the bed to pack to a lower porosity
even when severe agitation of the bed had failed to do so.

Fluidization occurs in a granular bed when the drag and
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pressure forces on the solid particles are la,x"ge enough to
move them., When this occurs, the individual granules become
disengaged from o.ne‘ anoth.ér and the bed beging to assume a
"quicksand' state. | -Howelver, as the liquid flow rate was
increased the bed again éppeéred to be. rigid except for a

six inch portion at thé bottom of the bed wheré the number

of solid particles appeared to be great];y reduced and their
motion was of a highly turbulent nature. Each time the béd
was. allowed to go thfdugh the process of fluidization and then
the flow stopped, the 'bed.was observed to pack down a small
amount. After several hundred cycles of this kind, the
p@rosity was calculated to have changed from' the above values
to 35.2% for the 3 mm bead, 39.6% for the 12.7 mm beads and
34 ,8% for the .88 mm beads,. The bed was fefilled period-
ically as the void space appeared at the top of the channel.
The-final packing in the case of each bed was found to have

undiscernable amounts of fluidization at all flow rates.

G. High Speed Photographs

A visual determination of the size and shape of the
bubbles was not possible at high liquid and gas flow rate.
Even the initial attempts to stop the motion of the bubbles

by photographic means met with failure. For instance, a
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Mir‘a:;lda single lens reflex camera was used to photograph
the bubbles at a shutter speed of 1/1, 000 seconds. However,
' the bubbles appeared elongated and it was inconclusive as
.'to,whe_ther this was the actual shape of the bubble br’ due

to the fact that the camera shutter speed was too slow.
Therefore, a 16 mm Fastax high speed camera model WF4T,
.‘manufactured by Wollensak Corporation was used to
phdtogré.ph the flow at 5, 000 frames per second. Since the
camera requires a short time‘ to accelerate up to speed, a
MilliMite timing light generator manufactured by Red Lake
Liaboratories Incorporated was used to place 1, 600 marks
per second on the edge of the film. These marks were used
~ to determine when the portion of the film was photographed
at 5, 000 frames per second. The marks also served as a
icheck on the calibration curve that was constructed to pre-

~ dict the speed of the camera for any setting of the Red Lake
Laboratories model RL 236-1M variable transformer,

The high speed film data was intended to supply three
pieces of information for each of the flow conditions tested,
the size and shape of the bubbles and the average velocity
of the gaseous phase. This last piece of information was
obtained in order to confirm the accuracy of velocity of the

gas determined by measuring the gas flow rate, computing
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the area allocated to gas flow, by knowing the bed quality,

and finally calculating the velocity of the gas,

H. Photodiode Measurement of Bed Qualijty

Although the bed quality measurements for this series
of test can be satisfactorily made using the gravimetric
method described in one of the previous sections of this re-
port, it will be useful to future st;&.ldies of two phase flow at
reduced gravity to investigate a method that is not dependent
on a gravity field. A visual study of the flow channel under’
different gas flow rates has indicatéd that the transparency
of the bed is related to the amount of gas present in the bed.
For instance, when the bed is filled completely with gas, it
is opaque and when it is filled completely with liquid, the
bed is transparent. At intermediate stages of bed quality,
the transparency is somewhere between these extreme cases
listed above. Therefore, if a method of measuring light
transmission could be devised which would relate in some
repeatable way the amount of light passing through the bed
to the amount of gas in the bed, the volumetric quality could
be determined under weightless conditions.

Toward this end, a light source was installed along one

side of the plexiglas test channel and three photodiodes were
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placed on the opposite side of the channel to meagure the
transmitted light (Figure 1II-11), The current flowing
through the ammeter shown in Figure III-19 W’;S pr‘oz-
portional to the light being intercepted by the three
photodiodes.

Initially large fluctuations in the readings of the
microammeter were experienced as indicated by the ex-
perimental scatter in Figure 1I[-20. By observing the gas
flow through the bed, it became apparent that the unsteady
nature of the photodiode current was in part due to the
placement of these sensors. For instance, they were or-
iginally spaced one foot apart beginning six inches above
the lower liquid reservoir. This allowed the bottom sen-
sor to be influenced in an unsteady fashion by the slugs
of gas that had broken thfo‘ugh the screen and had .ot
traveled a sufficient distance to become completel: dispersed
throughout the entire porous bed. This unsteadiness in the
photodiode current was eliminated by spacing all three sensors
along the upper half of the packed bed where the gas-liquid
flow had become, to some extent, a homogeneous mixture.

The experimental results obtained by this improved

arrangement are shown in Figure III-21 and reflect the im-

proved correlation between the change in channel weight
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and the photodiode current. The feasibility of this technique
also is dependent on the correlation between bed quality
(decrease in channel weight) and photodiode current under
different flow conditions. For if a unique correlation does .
not exist as all of the other parameters change, then a more |
complicated calibration would be required. ﬁowever,
Figure III-21 iliustrates a single valued correlation for all
flow rates tested, which suggests the possibility that this
technique could be refined to measure bed quality in the

absence of a gravity field.



IV. ANALYSIS OF RESULTS

In this study three correlation schemes are presented
and the advantages of each assessed. First, from a dimen-
sional analysis point of view, the parameters governing the
flow are placed into dimensionless groups and their ex-
perimental variation presented graphically. Next,v the
' phenomenological description of the flow, expressed math-
matically in equation II-23, is used to determine the
dependency of the liquid driving force plus the relative drag
term on the liquid Reynolds number. Finally, a modified
form of equation II-23 which excludes the Darcy number
portion of the correction is used to determine the effect of

Gravity-Viscous parameter.

A, Correlation of Data Suggested by Dimensional Analysis

A dimensional analysis, which is presented in the
appendix, indicates that under the flow condition studied here.
the dimensionless liquid driving force, namely the Darcy
‘number, is a function 'of the volumetric quality Sg, the liquid

‘Reynolds number Re, , the bed to bead ratioD/d, and the

2 »

¢
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Grashof numb.er-as indicated below

0H d2

Ox

Da = v

=f(Sg, Re, , D/d, Gr) : Iv-1
L . .

o S

Therefore, the data is presented plotting the liquid
driving force or Darcy number versus the liquid Reynolds_
number for .constant values of volumetric quality, Three
families of curves are presented for three different values
of bed to bead ratio D/d and drashof number,

The variation in the bed to bead ratio D/d is taken into
account by an edge effect correction proposed by Rose and
Rizk (28) and is discussed in more detail in section D. The
difference in the upward and downward flow resulis for the
three cases studied are primarily aue to the relative magnitudes
of the viscous, bouyant and inertial forces. The magnitude of
the Grashof number indicates the relative size of theée effects.,.
Figures IV-1 and IV-2 are the experimental results presented |
for upward and downw’ard flow respectively through the .88 mm
bed. which had a Grasﬁof number of 65. The same correlations
for the experimental values obtained from the 3 mm bed with a
Grashof number of 2700 are graphically presented in Figures
IV-3 and IV-4 for upward and downward flow.. The results
fof flow‘in both directions through the 12.7 mm bed, in which

the Grashof number was 202, 000, are presented in Figure IV-5.
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Comparing the results for upward and downward flow
through the three beds reveals that the two flow directions
yielded common curves for zero volumetric quality for each
of the three Grashof numbers. However, as Sg increased they
became progressively more dissimilar as the Grashof number
got larger. For instance, in the case of the bed with a Grashof
number of 65, the results for t}ie two flow directions are the
éame, within experimental measuring capabilities . However,
the data for a Grasl'iof number of 2700 show a significantly
closer grouping of the Sg = constant curves for the upward flow
than for the downward flow . The greatest contrast in results
for upward and downward flow was obtained when the Grashof
number was 202, 000, In this case as the quality was increased,
the upward flow curves fell progressively farther below the
zero quality curve, while the downward floW curves were spaced
increasingly farther above the zero quality curve. All of the
curves. except that for zero quality exhibited non-linearity,
indicating that an empirical equation relating the Darcy number
and the iiquid Reynolds number would be a polynomial in powers
of Reg

‘First, this initial correlation does not presenf the data
in such a way that flow through beds with other Grashof numbers

can be predicted without a series of cross plots. Second, separate
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curves and empirical reia.t_ions are required for upward and down-
ward flow conditions for each Grashof number. Finally, different
polynomials in powers of Re, are required to empirically describe
the relatiénship between the Darcy number and liquid Reynolds

number for each volumetric quality.

B. Volumetric Quality Prediction

Conéideririg the ratio of the gas to liquid flow rate as the
dependent variable, it has been shown in the appendix that the
‘resulting independent variables are the volumetric quality Sg,
the modified Reynolds number Re;v , the bed to bead ratio D/d

and the Grashof number Gr.

D/d, Gr) IV-2

q 1
L=y (Sg, Re
EY)

2:
An alternate form of this relation can be written as

a
Sg = f(a‘g , Re ,, D/d, Gr) V-3
) |

To illustrate the possibility of predicting the volumetric
quality when the remaining para;neters are known, the ratio of
the gas to liquid flow rate is plotted ;\rersus the volumetric
quality for constant vé.lues of modified liquid Reynolds number.
These results presented for upward and downward flow in

Figures IV-6 and IV-7 were obtained for a bed with a D/d ratio
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of 34 and a Grashof number of 2700. The dotted lines in each of
these graphs represent the conditions when the bulk velocity of
the liquid and gas are as indicated. It should be noted that the
velocity of the gas bubbles is considerably larger than the liquid

velocity for most of the data points.

C. High Spe_ed Photographic Data

The acquisition of high speed photograp‘hic data was per-
foﬁrmed for two principal purposes. First, it was necessary to
determine the characteristics of the flowing gaseous mass under
a wide variation of flow conditions. For instance, initially it
was not apparent that the gaseous flow -Was in the form of bubbles .
To the naked eye it éppeared that it was occurring in continuous
streams in the tortuous channels. Second, it was of interést to
meésure the actual velocity of individual bubbles with the aim of
averaging a large number of these velocities and comparing this
velocity with the value which Was calculated in terms of the gas
ﬂQW rate, the volumetric quality, the channel area A and the bed

porosity ¢ as indicated below:

q

=_£ _
- Vg AgSg V-4

The high speed photographs definitely showed that for the

present range of flow parameters, the gas flowed in the form



‘91,
./:9

of individual bubbles. In addition, the size of the bubbles were
revealed to be of the sé.me order of magnitude as the size of the
solid particles comprising the porous bed and their shape was
approximately spherical when the bubbles were less than about
half the siée of the solid partic‘les.», For larger bubbles, their |
shape conformedvto the geome"my‘o»f the particular pore in which
the bubble was located. Extensive ‘stuc.iies of the photographic
data showed that bubbles broke before becoming iérge enough to
occupy more than oné pore space {For the present purpose a
pore space is d_efined as the void volurﬁe of apbroximately the
size .of a solid particle). These studies also revealed the
absencel of gas—soiid interfaces. In other words, each gaé
bubble was completely surrounded by liquid. This observation.
formed the initial basis for the neglect of gas to solid drag terms.
However, it became apparent that this assumption of negligibl"e
solid to gas drag effect is not valid when the relative velocity
- between the gas and liquid is zero. Therefore, for convenience
in»the 'phenomenologicé.l' description of the flow, the gas bubbles
are considered spherical and equal in size to the solid particle’é .
The deviations from actuality are handled bj a constant K whiéh
was determined experimentally.

The velocity of the gaseous phase waé determined in the

two ways described above and compared in Figure IV-8, where
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T L

- deviations from the solid iine indicate the degfee ofdiscreﬁancy.
Th‘e‘- agreement illustrated‘ here shows that within experimental

" error the ‘calculated bulk velocity from equation IV-4 is numer-
icallvy equel to the average Vleloc'.ity of the.individual bubbles as
determined from the high speed f)hotographs .

'D.  Correlation Utilizing the Darcy Number Plus the Gas
Bubble Drag Term

The dissimilarity of the data for the three porous beds was
hypothesized to be due to the drag force between the liquid and

1

gés bubbles and to the varying degrees of edge effects present '.
\ : ‘
. in the various packed beds. ‘

In reference to the relative drag effect, it can be observed .
that in the finer media the bubbles are broken into very small
.siz.es to the point that the gas and the liquid flow at approximately
the same velocity. Larger bubbles, however, aré driven by the
preSsure gradient at velocities that can greatly exceed that of
the li'quid. When the bubbles are traveling faster than the liquid
phaée, they exert a positive drag force on the liquid.

A suitable prediction of the magnitude of this relative drag
force in‘tverms of the other flow paramet_er.s permits its

inclusion in an equation for the liquid driving force as indicated

in equation II-12., When this force is transposed td the left
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hand side as in equétion II-23 and as repeated here:

(Dla. + Relative Drag Forcel= a.ll + Bl ﬁ-ez)

‘and the resultant force plotted versus the liquid Reynolds
numbef, éommon curves for upward and downward flow were
expected to result for a given value bf volumetric quality.
This deduqtion resulted from the prediction that « 1 and

}31 are functions of the geometry of the porous bed.and the
volumetric quality and are independent of flow direction.

The data for each of the Grashof numbers were correlated
in this mannrer and the upward and downward flow curves for‘
a given volumetric gquality were bfough’c into the expected
coalescence., In view of the great dislp'arity between the upward
and downward flow, especially in the case where the Grashof
number was 202, 000, it was felt that this remarkable
coalescence was evidence of the basic correctness of the
phenomenological description of the flow. As an example of
this correl.ation, the 12% volﬁm’etr’ic quality curve is presented
in Figure IV-9.. The presentation of the complete data in this
manner is deferred until the correction for edge effects is
made in the next paragraph.

The discontinuities inkthe data for the three porous beds

were due to a phéenomenon called edge effects which is a

function of D/d. For ex'ample, an examination of the cross



DARCY NUMBER PLUS RELATIVE DRAG CORRECTION

Vs
LIQUID REYNOLDS NUMBER
1200} BEFORE CORRECTION FOR EDGE EFFECTS
"FOR Sg=.12
1000 | FIGURE I\ 9
aoo&
O o o
n e 09
¥ o ©
o o o ©
41 (o) o
~ 00 ° o Q
o [0}
' o
¥ @0
O 400
200}
0 'Y " Il ' » . Iy 'y - "
0 10 20 30 40 50 60 70 80 90 00
Re

66



98

section of a por.ousbed reveals. thé.f the porosity of a bed is

greaté‘rl in the layers next té fhe wall of the cl;zannel than in

'tho‘se nearer the middle of fhe bed;v This appears to be due

to two factors., First, the random packing at the interior of

t}ie_~ cha.li;nel has three degrees of freedom while the wall

provideé a constraint for those‘partic.les adjacent to it,

y‘ield'in'g‘ for these particles oﬁly two degrees ofvfree‘do‘m,

Sécond,_ the wall offers a flat surface for the spherical partic_les

-to confac.t rathef than the irregular surface furnished by a

layer of particle_s. which allo.ws intermeshing of subsequent

layers. The passages in tﬁis a_r;ea; of higher poros;‘ty are less

tdr'tu‘ous tﬁah those areas more clos'ely“packed, and wili thus

offer lower resistance to flow than- areas having more tortuosity .l
.Saunders and Ford (29) determi_ned with a pilot tube

survey of the exit surface of a porous bed; that the velocity

- was approximately constant across a bed except in a_.layebr about

one particle thickness from the Wali. This‘area was found to "

‘have a velo’cify abouf 56% gre_atér thén.other points; in.th.eAi.nteriobr','

Sincel this fegion of relativeiy low resistance is limited to ‘olne

| particle diameter in depth, the reduction in resista_ncé of ‘the |

entire bed due to this effect is related to. the ratio of bedl size D.

to the size of a particle comprising the pofdu_sbed d.
Experimental determinations of this effect have been

>
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obtained by Rose and Rizk (28) fof channels with ¢ircular cross
sections. Their resuits are depicted graphically in Figure
Iv-10, ‘These curves indicated that the effect of the wall depends
upon the Reynolds number and that experimental data obtained at
small values of D/d with wide.variations in Reynolds number

would be s.ubject to considerable uncertainty if a suitable

' correction is not made for wall effects. However, when the bed

to be‘ad ratio is gréater‘ than about 40, the correction may for
most purposes be neglected: since the wall effect correétion is
less than the normal uncertainties involved in the data collection,
The ekzperimen’cal data displayed in Figure IV-9 were taken
from three beds having different bed to bead ratios. For' in-
stance, the béd comprised of .88 mm particles had a D/d ratio
of 115. This ratio for the 3 mm bed was 34, For the bed packed
with 12,7 mﬁ spheres the bed to bead ratio was 8. This ex-

plains why the data points do not coincide in regions of common

liquid Reynolds numbers. Therefore, an edge effect correction

was applied to all data points except those obtained from the

.88 mm bed. In particular, t_he data obtained fromthe 12.7 mm
bed was corrected by a factor of 1.26, while the 3 mm data re-
quired a correction of 1.09. The curves shown in Figures
IV-11 and IV-12 exhibit the expected continuity for the experi-

mental points obtained from different beds with common Reynolds
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‘numbers,

The fact that these curves aré straight llin'es ‘for large
"Reynolds numbers lends credénce to the assumption that the
1iquici4 solid ‘vdrag is as pbstulated in Chapter II and expressed
mathématiéally by':equatio'n‘ II1-23. The slope of each cufve
represents the value of' the inertial constant Bl for various
values of vglu‘me_t'ric quality, Sg; . Figure IV-13 illustrates
that the value of 8 1-;1&' approximately constant for é.ll of the
volumetric qualities obtained in this study. The vigcous
constant o, is nu'mericall_y.equal to-the zero intercept of the
sloping portion of the ¢urve, The variation of & 1 with
volumetric quality is illustrated graphicé;lly in Figure IV-14,

As the liquid Reynolds nurﬁber is de‘c’z?"eased,‘a regime
of flow is encountere,d whére the inertial ef’fects are apparentiy
negligiblé, For example, when the slope of the curves in
Figures IV-11 and IV-12 become horizontal, the inertial con-
stant /31 is zero whi'ch implies that the pressure gradient is
proportional to the first power of the velocity. This constant
bf proportionality, which is the ordinate magnitude of the
horizontal part of the curves, bears some resemblance to the |

permeability defined by Darcy's law. In this region the equation

governing the flow can be written as

Da (1+KSg) + KSgGv = & | IV-5
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w.h,ere the value of & is a.functidn. of the volumetric quality.
This relatiénship is presented grapﬁically in Figure IV-15, P
The Reynolds number at the tré.nsition from the Dércy type
flow to a. flow regimé Which haslsignificant. inertial effects canl
é.lso be seen to be a funcfion of the volumetric quality. For
éxample, the region of Darcy type flow becomes more extensive
as the volumetric qualify is increased.

At Reynolds numbers less than about two, the horizontal
curve is interrupted as the volumetric quality is increased.
In this region of flow, the relative velocity between the liquid and
gaseous phases is known to be very small so that the contribution
'c.>f the relative drag term and the drag of the solid particles on
the gaseous phase (see equation II-14) are of the same order of
magnitude . In which case, the value of thé felative. drag term
is not merely proportional to the sum éf the Darcy number plus
the gravity-viscous parameter, but must also include the effect
of the solid particles on the gaséous phase, whiéh is represented
by the second tefm on the right side of equation II-14. It is
-noted that this second term has been negligible in the t)revious
correlations;‘ A scheme for determining the contribution of both
of these effects when they are the same order of magnitude is not

presently available.
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" A very important result of this study has been the | o
elimination of the dissimilarity in the data for upward and
downward flow, The fact that the phenomenological descriptioh
of equation II-23 account;d for the effect of gravity in the two -
flow direction indicated th;.t this description can also be used
to predict the flow of a liquid-gas mixture through a porous bed

under reduced gravity conditions.,

E. Modified Correlation Excluding Darcy Number Correction -

The relative drag term which was added to the liquﬁ‘id
driving force to consolidate the data presented in section D was
composed to two contributions, the Gravity-Viscous parameter
- and the Darcy numbef correction, Speci.ficaliy, the Gravity-
Vis_cdus parameter multiplied bj empifical constant K a.nd the
volumetric quality Sg was added for upward flow and subtracted
for downward flow. The second component which is a function of
the Darcy number appears as the KSgDa terinl in equatioﬁ 1I-23,
It is interesting to note, however, that the only change in the
flow eé_[pation (I1-23) f__of up\&ard and downward flo.w is‘. the sign on
: fhe Gra&gity-Viscous parameter Gv. Therefore, if the Darcy
number c¢ontribution to the relative drag term is the same for
upward and downward flow, the data shoula also consélidate for i

both flow directions 1f only the Gravity-Viscous parameter'is
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included in fhe' left side of‘ equation 11-23. -:'In parficular, this

equation could be altered to the following form

Da + KSgGv = a

1t by Rey S IV-6

When fhe Grgvi;cy--Visco.us corregtion, KSgGv, was added to

.the Dar’vcy nurﬁber for ubward ﬂow and subtr;cted for déwnwa'r’d
flow and piotted vers:usv the ligquid Reynolds number, the resulting
curves'di.d indeed consolidate for 'both direétions of flow. But-
and b

more signific.antly, the constants a of equation IV-6

1 1

can be seen (Figure IV-16) to be independent of volumetric
quality for Reynolds numbers larger "than._ 25. For smaller
Reynolds numbers bl.beco-mes very small and the governing

equation can be written as

‘Da + KSgGv = 2 . , V-7

In equation .IVv-7 the vaiue of ais a functién of the volumetric
quality Sg. This representation is valid for Reynolds .numbers
between 25 and 2 .. For Reynolds numbefs below 2 the relative
permeability correlation proposed by Muskat and.'Merés (22)

“and presented in Figure I-1 should be used.

F.  Sources of Error

In order to properly evaluate the results of this series
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of tests, it is important to have an awareness of the potential
.' sources.of error - in the experirriental' methods. Therefore, the
following measurements‘are discussed 'in 1igh‘t' of the accuracy.

‘with which each was made.

1) Pressure Measurements

The pressure gradients fbr the beds consisting of t_he" two
smaller size particles were measured with two bourdon. type
pressure gauges with an accuracy of 1/4% of fuii scale. However,
the slight amount of unsteadiness experienced under actual test
eonditions reduced this pr’édicted accuracy to 1/2% of f‘uli" scale,
Therefore, vsfhe.n these gauges were employed at the lower
o Reynolds number where the pressure drop was of the order of
4 psi, this measuremeni could be in error by 5%. queVér,. at
.th‘e" higher Reynolds nﬁmber the pressure drops were in the range
of 20 psi reducing fhe possible error to 1%,

When the channel 'packed.With 12 n7,mrri pafticles was tested,
the pressure differ’e_ntiél Wé.S measured with a U tube' manometer
| arrangement thaﬁ could be read to an accuracy of .2 inches of
Cargille fluid. The lowest ratios émplbjred in these tests produced
a presgsure differ’ential'of about 4 inches of Cargille fluid Whi'Q'h
could be méasured with an accuracy of 5%. On the other hand, fhe

highest flow rates yielded a pressure differential of 20 inches of
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liquid which could be measured with an a'ccuracy. of 1%.

.2) - Temperature Measurements

Measurements of known temperature standards indicated
‘that the thermocouple-galvanometer arrangement of terﬁpera‘.ture
measurement could be expected to yield"an accuracy of one |
degree fahrenheit; Thié resulted in.a viscosity prediction

which varied in accuracy from 1% to 4%.

3) Weight Measurements

The counterbalance arrangement of weighing the channel
described in Chapter III could be read with an accuracy of one -
hundredih of a pound. However, the calibrations that allowéd
these measurements to be made during actual flow conditions
and the small amount of unsteadiness reduced the aécuracy of
these measurements to 3 hundredths of a pound. This résulted
in a potential error of 7% at the lowest volumetric quality and

1 1/2% at the largest quality of 20%.

4) Porosity

Since it was not practical to measure the porosity of the
actual bed to be tested, an error resulted in the differences
.in packing. However, several measurements . were made with

varying amounts of agité,tion and it was concluded that this
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measurement could be made with an accuracy of 1%;{ Subsequent .
pack-down described in Chapter II, however, was measured and
the decrease in porosity was calculated which added an additional

uncertainity of 1/4%.

5) Liquid Flow Measurements

The rotameters used to measure the liquid flow rate were
rated as accurate to 1% of full scale, however, the small un-
steadiness with fﬂ.ov& increased this uncertainty to 2%. There-
fore, the potential error of the lowest flow rates méasureo‘l with

these devices was 10%,



V. CONCLUSIONS AND SUMMARY OF RESULTS

The ultimate goal of this study has been the establish~
ment of relationships that can be used to predict the liquid
driving force required to produce the flow of a gas-liquid
mixture through a porous bed under varying conditions of
gravity.

The results of this investigation have led to the
following conclusions:

(1) For the hi.gher Reynolds number range (i.e. for the
upward sloping portion of the curves in Figure IV-17) the

applicable equation is
Da(1+KSg) + KSgGv = o, + ’31 Rez V-1

In equation V-1 &, and /31 are functions of the volumetric

1
quality as shown in Figures IV-13 and IV-14., This expression
‘is valid for both upward and downward flow. It is also postu~
lated that this expression will describe the flow of a liquid gaé
mixture under an arbitrary gravity condition when suitable
values of Gv corresponding to the reduced liquid body force are

used.
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For the range of Reynolds numbers where the curves in
F‘igure 1V-11 and IV-12 are horizontal, the following expression

is valid:
Da(1+KSg) + KSgGv = a@ V-2

(2)  For the higher _Reynolo‘is number range, the following

alternative relation is applicable:

+ KS; =a_ +b, R :
Da + KSgGv &, *b, Rey PRAE:

This also applies for upward and downward flow and for ail
'va]_ues‘ of volumetric quality. Consequerntly, it is hypothe-
sized that it applies under v*ariable g‘ravi(tjconditions )

When the liquid Reynolds numbers are small endﬂgh to
yield the hbrizo.ntal portions cf the curves shown in Figure

IV-14, and greater than 2 the fol].owing expression is valid:
Da +KSgGv =a ' V-4

where a is -é fu'nqﬁon of the volumetric quality, but in; :
dependent of the-direction of flow. Therefor"e, this equation
is also hypdthesized to bé valid for ﬂbw under reduced grdvity
conditions. |

Summarizing the results of this study it can be stated that:



(1)  The practicality of obtaining visual data for two-phase |
pc;rous media flow by matching the index of refraction of the
liquid phase to that of f;he solid particlés comprising the bed.
has been e!stablished,
(2)  The feasibility of measuring volumetric- quality by the
photodiode measuremeht of l_ight transmission éer%'oss'.;the bed
has been demonstrated. -
(3)  For the range of parameters studied in this series-of |
tests, .the flow Qf the gas-liquid mixture has been determined
to be of discrete bubble form, Where the size of the bubbles
is of the same order of magnitudes as the bed particle size .
(4) By a suitable calibration of the forces exerted by the
external fluid ].in.e's, the gravimetric method of determining
‘the volumétric quality is possible under actual flow conditions.
Fih’aliy,, there remains the néed for tesis conducted
under réduced gravity conditions to substantiate the validity.

of the g_overning equations proposed in this study.



APPENDIX'
DIMENSIONAL ANALYSIS

The gradient of the liquid driving force g—; is chosen

as the dependent variable. The independent variableé re-
sulting from the steady flow of a liquid~gas mixture through
a pérous bee:!l_are the surface tension 0, the viscosity y ,

the velocity V, the density p the liguid body force ¥, the
diameter of a particle 61"’ the porous:bed d, the width or

height of the channel D, the speed of 'soﬁnd C, the poroéity

of the packed bed ¢ and the volumetiric quality Sg.

The dimensional matrix becomes as shown in Table I

where the subscript  refers to the liquid phase and g refers

to the gaseous phase.

The matrix of solutions is shown in Table II yielding

the dimensionless products.

2
0 - .
., = SH d C- Darcy number, D A-1
1l 8x ugVy _ '

116



117

DIMENSIONAL MATRIX

TABLE 1

2, |3, |2 |2 % | 27 |3 ,*"“9 %10 | %11 | %12 | %13 |14
§—fj o | C |Sg Y |eg | Ve | HeE o, | © d VQ By
-1 1] 0o o -1 |1 o |1 |1 0 0 0 1
-2 o] 1 ]o -2 [-3 |1 |-1!1-3]0 |1 1 | -1
2 |-2 | -1 ] o -2 {0 {-1]-17 0] o] o |-1 -1
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TABLE II

SOLUTION MATRIX

%1 4 2% |2 | % |% | 20|21 | %0 P13 Pia

%}I{i Sg y °% | Vg Hg | Py | @ d | Vy By

m, |1 0 oo | o o | ol o | 21| -1 -1
m, 0 0 o | o 0 o f o} o | o0 | -1 -1
m, 0 0 o | o 0 o | o] 0o {0 | -1 0
n, 0 1 o | o 0 0o { o] o 0 | o 0o
. 0o 0 0 | o 0 o | oo -1 o 0
m, | o 0 1| o o | o | oo |z | -1 -1
L 0 0o | 1 0 0 o | o | 1 1 -1
I 0 0 o | o 1 ol oo |o|-1 0
I, 0 0 0 {0 | o 1 | ojo|o 0 -1
IR 0 0| 0 0. 0 1|0 | 1 1 -1
m, Lo 0 oo o |Jolo|l1]|o] o 0




[+
n =
2 KMy Vy
- C
I, v
l'I4 = Sg
n5-D/d
2
. yd
n =
S dv
11 ;:ig"“?
7 Moy
n8 Vy
m o=
9 M,
10 py
O,=9

Since data was obtained for three particle sizes, a

Surface Tension-Viscous
Number, ST ' '

(Mach Number, M)~ 1

- Volumetric Quality

Bed to Bead Ratio

Gravity-Viscous
Parameter, Gv

Cias-liquid Reynolds
Number :

Velocity Ratio

Viscosity Ratio

Liiquid Reynolds Number,

Re

Porosity
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A-10

CA-11

dimensionless group was sought which involved only properties

of the porous bed and the flowing fluid. Such a parameter would

be a constant for any of the three porous beds tested. The only
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combination of parameters ‘thg't would yield such a dimensionless
group was obtained by multiplying the Gravity-Viscous parameterl
times the Reynolds number. This resgulted 1n a parameter which ‘
is called the Grashof num‘ber Gr that is used in place of the
Gravity-Viscous parameter Gv.

3
Y, d Py

M, =00, “RegGv =——5—— =Cr AT

N

The effect of the surface tension forces on the flow was
shown in chépter II to be of .negligible ‘magnitude. Thus the
Surface Tension-Viscous number, Wflich compares the surface
tension forces to the viscous, was no’;”consider*ed'to' be a
pertinent parameter. The éompressibﬂity effects in these tests
were not of the type that lend gignificance to the Mach number
parameter., Therefore, this parameter is excluded from con-
side_ration.. The viscosity ratio “’g/uz and the porosity ¢ were
essentiaﬂy constant for these tests ana are therefore not included
in tﬁe list of important dimensionless _groupsu |

In summary, when the dependent variable is the liquid
driving force Da, it is found to be related to the volumetric
quality Sg, the liquid Reynolds number Re; , the bed to béad
ratio D/d .ari_cli._the Grashof number, that is

C6H d

Da =
9x ._“SLVSL

= £ (Sg, R'ez, D/d, Gr) - A-13
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This is the form used in the presentation of the experimental "

data in chapter II section A,
An alternative dependent dimensionless parameter of
considerable interest ig the ratio of gas to liquid flow rate. The

‘independent parameters remain the same except:for a change in

q
o el . N . g
the definition of the liquid Reynolds number using DA instead
of V,Q,
I ! ,
—=-={ (3g, Rey , Dfd, Gr) A-14

Ay
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