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PREFACE 

This is Part V of a seven part Final Report on work under Contract 

No. NAS8-all43 between the George C. Marshall Space Flight Center 

and the University of Alabama. 

experiments to determine the feasibility of using two dissimilar porous 

cartridges in  ser ies  with appropriate instrumentation to constitute 

a two-phase mass flow meter. It also includes a discussion of the 

functional relationships among the variables involved. 

This report includes the results of 

The correlation of experimental data indicates that the meter can b e  ' 

calibrated for a particular gas and liquid by a ser ies  of runs  in  which 

the flow rates  of the gas and liquid a r e  separately metered, the 

pressure drop across each cartridge is measured and the temperature 

and absolute pressure in  the space between cartridges is recorded. 

The calibration chart is constructed when the pressure drop across 

one cartridge is plotted against the pressure drop across the other 

cartridge for constant values of liquid flow rate as  is shown, for 

instance, in Figures 19, 22 and 32. Figure 32 is the most complete 

calibration chart because it has curves for constant gas mass flow 

rate superimposed so that a sepamie chart for this quantity is not 

required . 

vii i  



This meter, with no moving parts and very little pressure drop, 

provides a method of utmost simplicity for the determination of the 

mass flow rates  of the individual components when a two-phase 

mixture is flowing. The importance of this in  space technology is 

evident when one takes note of the many instances of two-phase flow 

in flight situations where it is extremely difficult t o  separate the 

gas from the liquid. 



1. INTRODUCTION 

Introduction to Two- 

A two-phwe system may consist of any one of four basic types, 

namely: a gas and a liquid, a gas and solid particles, a liquid and 

solid particles, and W s  immiscible liquids. In the case of a gas- 

liquid system both phases may be continuous and separated by an 

interface or  one phase may be continuous while the other has the form 

of bubbles o r  droplets, Although the principal gas may be foreign 

to the Piquid the vapor phase of the liquid wil l  be present in an 

amount depending upon the temperature Suspensions of small solid 

particles in a gas or  liquid comprise the second and third categories 

respectively. The case sf two immiscible liquids may be subdivided 

into two different types, namely: one liquid existing as droplets in 

the other o r  both phases may be continuous and separated by an 

1 interface 1141 

There is much current interest in the areas  of gas-liquid and 

liquid-liquid systems due to applications in the areas  of heat transfer, 

chemical processes, ground water technology, and oil and gas field 

'Numbers in square brackets refer to references at the end of the 
thesis a 

-1- 



management. The study of gas-liquid systems may 

either from the viewpoint of bubble dynamics where 

2 

be approached 

the attention 

is focused upon the action of individual particles or  by a bulk 

treatment of the two-phase mixture as a whole Examples of the 

latter type of study for pipe flow are the papers of Eockhart and 

Martinelli [9], Moody and NickPin [ 121 a Representative 

investigations for gas-liquid flow in packed porous beds are the 

papers by Gorring and Kakz &3] ,  Weekman and Myers [16], and the 

unpublished eotes of Henry, Chow, and Bates 181 A generalized 

theoretical approach to multiphase flow in porous media was made 

by Wyllie and Gardner 171, E181 The flow of two miscible liquids 

in porous media has been studied by assuming a sharp non-capillary 

interface by Henry [4], [6]. Papers in the related field of a single 

liquid with density gradients En a porous medium include those of 

Henry [5] ,  [ a ]  and Mil le r  [ l o ]  

Qualitative Description of Gas-Liquid Flow 

Since the experimental investigation was concerned with a gas- 

liquid system, it is appropriate to discuss the qualitative aspects 

of gas-liquid flow system in pipe flow. A qualitative description of 

gas-liquid flow may be based upon the flow pattern within a pipe or 

tube. Here, flow pattern means the physidd arrangement of the gas 
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and liquid phases within a section of pipe e Although many flow 

patterns may be identified, for the sake of simplicity they may be 

grouped into the following three classifications: bubble flow, slug 

flow, and annular flow. For  given gas and liquid properties the 

flow pattern will  be determined by the volumetric flowrates of each 

phase and the direction of the buoyancy force relative to the flow 

direction. Usually, bubble flow occurs at low ratios of gas flowrate 

to total flowrate with slug flow at intermediate ratios, and annular 

flow occurring at the higher ratios 0f gas f lowrate  to total flowrate. 

In bubble flow the liquid phase is continuous and the gas €akes the 

form of individual bubbles. Slug flow is said ts exist when relatively 

Barge volumes of liquid BCCUF followed by correspondingly large 

volumes of gas,. The faow is basically unstable due to rapid changes 

of density, Flow in a closed channel is termed annular flow when the 

liquid phase is continuous in an annulus along the wall and the 

gaseous phase is continuous in the central region 1151 

Problems in Metering Two-Phase Flow 

Conventional. methods of flowrate measurement in general are 

not satisfactory for two-phase flow due to the discontinuous density 

o-phase mixture. Several types of mass flowmeters used 

for cryogenic fluids d s s  hold some promise for general two-phase 
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use.  In this category a re  those meters which combine a measure- 

ment of the fluid velocity in a pipe with some other measurement of 

density such a s  electrical capacitance o r  a weighing method. Methods 

which measure the velocity of a liquid in a pipe such as t racer  injection 

and the electromagnetic flowmeter, which measures an induced emf 

due to the velocity of a conducting liquid in a magnetic field, a r e  

limited by the fact that the liquid and gas do not in general have the 

same velocity. Perhaps the best method at the present time for mass 

flowrate measurements in two-phase flow is the mass reaction type of 

meter .  Hn this type, ill change of pomentum is forced upon the flowing 

s t ream either by an impeller or by rotation of a loop of pipe? through 

which the two-phase mi;xture flows. A measure sf the torque 

required to cause a given change in momenturn gives an indication of 

the mass flowrate 

difficulty of obtaining as11 accurate measurement of the torque and in 

the relatively complicated mechanical design of the system [ 13. 

A disadvantage of this method lies in the 

Purpose and Scope of this Study 

The purpose of this investigation is to determine if it is feasible 

to develop a flowmeter for use in gas-liquid, two-phase flow which 

uses as its primary sensing elements, two porous cartridges through 

which the flow passes in ser ies .  This concept is based upon the 

. 
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experimental fact that porous media exhibit selective relative 

permeabilities to each fluid in Darcy flow of two immiscible fluids. 

A l ibrary search and review of current books in the fields of flow 

through porous media and multiphase flow have revealed no 

reference to this method of metering two-phase flow 

The fluids selected for this study were  water  and air at 

approximately room temperature and gage pressures up to 35 psig. 

The range of flowrates was limited to those which required a pressure 

drop of 35 ps i  or less through the test section. Also the flowrate 

of the gas was limited by the beginning of Parge system instabilities 

which could not be accurately recorded with the existing test equip- 

ment. No effort w a s  made to study the liquids at or  near their 

boiling points such that the prhJcipal constituent of the gaseous 

phase would be the liquid vapor. 



HI THEBRETICAE BASIS 

Darcv Two-Phase Flow 

For a certain range of flow of a single incompressible fluid 

through a homogeneous porous medium, Darcy's law is well 

established, In general it lis agreed that Darcy's law is valid for 

flows having a Reynolds number less  than unity based upon bulk 

velocity and average pore size of .the porous medium [2], [13].  In 

vector form Darcy9s equation may be written as, 

4 

where v is the vector volumetric flowrate per unit area, K is 

the permeability of the parous medium and is independent of the 

particular fluid being used, p is the viscosity of the fluid, p is 

pressure, p is the density of the fluid, g is the acceleration 

due to gravity, y is the elevation above datum, measured positive 

upward, and V is the vector operator del. 

For simultaneous flow of immiscible fluids through porous 

media, Dareyss Law is not valid in the form given above e However, 

-6- 
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if the Reynolds number is less  than one for each phasep an 

equation of the same form as equation (1) can be written for each 

phase if  the permeability is replaced by an experimentally obtained 

coefficient which will, in general, be a function of the flow para- 

meters. This experimental coefficient is commonly called the 

effective permeability for a given phase 

phase a re  of the form of Darcy's equation and may be called 

extensions of DarcyDs equation for flow of two immiscible fluids 

The extended Darcyfs  law for each fluid gives the flowrate per 

These equations for each 

unit area in terms of the effective permeability, viscosity, and the 

pressure gradient, Although most of the experimental data has been 

obtained on liquid-liquid systems, under certain conditions this 

concept may be applied to gas-liquid flow If the average pressure 

is large enough so that s l ip  flow does mot occur and the compress- 

ibility of the gas is considered, effective permeabilities of each 

phase may be defined as  in the liquid-liquid case,  

FOP convenience, relative permeabilities are defined as follows: 

if KL and K a re  the effective permeabilities of a porous medium 
g 

to the liquid and gas phases respectively of a two-phase flow system, 

then the respective relative permeabilitie s are 

M, K 
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where M is the permeability of the porous medium to a single fluid. 

For laminar flow the relative permeabilities a re  functions of the 

fraction of the total pore volume occupied by each fluid. This 

quantity may be called the saturation ratio, S Figure f is a 

typical plot of relative permeabilities versus saturation ratio [ 21, 

[15]. If it is assumed that all of the pores are  filled by one phase 

01" the other, 

Using the relative permeability concept, the vector flowrates per 

unit area of each phase in gas-liquid flow may be written as, 

k, K 

Al l  of the above relationships a re  based upon the requirement 

that the Reynolds number be less  than one. If the flow is out of 

this range and there is no longer a linear relationship between 

velocity and pressure gradient, Darcy's law does not apply. In 

analogy to pipe flow, it has been suggested that the pressure gradient 
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be represented by a linear combination of a first order and a second 

order te rm in velocity, with the coefficients being functions of the 

flow parameters e131 This is the simplest type of relationship 

which would appear to agree with experimental data, but several 

other more complex forms are  given in the literature [ 131, [ 171, 

[ 181 e An alternate method to that of developing a definite mathe- 

matical model for flow outside the Darcy range is to consider 

general functional relationships among the parameters governing 

the flow. Useful information cam bk obtained in this manner even 

though the exact mathematical forms a ~ e  not known. In the following 

section this concept is used to foa-inulate 8 theoretical basis for 

metering of gas-liquid flow using two porous cartridges 

Functional Relations for Gas-Liquid Two-Phase Flow Through Porous 

Cartridges 

Consider the case of one-dimensional flow of a gas-liquid mixture 

through a porous cartridge placed in a pipe,  

of the cartridge which should be considered include: the porosity, 8 ; 

the average pore size, 

tion, A ; m d  the length parallel to the flow direction, L The 

properties of each phase that should be considered are: viscosity, p ; 

density, p ; and the surface tension of the interface between the two 

phases, CB Let the pressure gradient across the cartridge be 

The characteristics 

d ; the area perpendicular to the flow direc- 
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denoted by H and let q be the volumetric flowrate of the liquid 

phase and g 

measured at the average pressure in the cartridge e 

L 
be the volumetric flowrate of the gaseous phase, 

Observing the form of equations (5 ) and (6) and recalling the 

dependence of relative permeability upon saturation ratio as shown 

by Figure 1, it is reasonable to assume that the flowrate of one 

phase of a tws-phase flow through a porous cartridge will  be a 

function of the pressure gradient, the properties of the porous 

cartridge, the properties of the fluids, and of the saturatioiz ratio. 

If the velocities of the two phases were equal within the porous 

material, the gas saturation ratio, S would be given by the 

ratio of the volumetric gas flowrate to the total two-phase Volumetric 

flowrate, but in general these velocities will  not be equal and 

g 

However, laboratory investigations indicate that a definite functional 

relationship does exist between saturation ratio and the flowrates 

of each phase 181 e The graphical presentation of this relationship 

as presented in reference [8] may be written functionally as, 
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For general two-phase flow through a porous cartridge, it may be 

assumed that functional relationships fo r  the flowrates of each 

phase may be written in the following form: 

Using the common assumption that the pressure is constant in a 

cross  section in pipe flow [If] ,  then 13 is common to both (9)  and 

(10). This condition results in equations (9) and ( E O )  being no longer 

independent as is shown in Chapter V. Thus the functional relation- 

ship among the variables can be written as: 

If dimensional analysis is applied to the variables in expression 

( I f ) ,  the following nondimensional groups may be formed: 



Equation ( I f )  then may be written as: 

If the properties o the porous cartricges a re  known and the fluid 

properties a re  specified by measurement of pressure and temperature, 

L '  expression (12) relates the three variables H 4ig 9 and q 

Therefore, if any two of these quantities are  Ecnswnm, the third may 

be determined from an expression of the form of (12)  e Equation (12) 

is a mathematical statement of a basic hypothesis of this study: given 

a porous medium with known properties and a two-phase system 

flowing through it, there exists a functional relationship between the 

pressure gradient and the flowrates of each phase so that the speci- 

fication of any two of these quantities uniquely determines the third. 

In the following section it is shown how this concept may be used to 



13 

form a two-phase flowmeter using two porous cartridges 

Theoretical Flowmeter Calibration 

Consider two porous cartridges placed in a pipe so that all of 

a two-phase mixture flows through each in turn  as  shown schematically 

in Figure 2 a 

and the physical dimensions may be different for each cartridge, so 

that the flow characteristics through each one are  also different. 

Although the flows are  dissimilar, assume that each obeys a relation- 

sh ip  like equation (12) so that, 

The porous medium composing each may be different 

If (13) and (14) a re  independent equations, for a given set  of two 

porous cartridges and a two-phase system with specified properties, 

a set  of four variables; qg , qL! HI and H;e related by two 
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independent equations is formed, The condition that (13) and (14) 

be independent could be obtained by requiring some of. the parameters 

to have a much larger  effect upon the flow through one cartridge than 

the other, for example, the effect of capillary force. Therefore, 

if experimental functions Pike (13) and (14) can be found which a re  

independent; then by measuring HI and HZ it wil l  be possible to 

L o  
If no mass transfer is assumed to slceur between the phases, 

predict q and q 
g 

by continuity the mass flowrates of each phase are equal for both 

cartridges, 

Since the liquid phase is incompressible the volumetric flowrates 

through each cartridge a re  also equal for  tlig liquid, but since the 

gas is compressible this is not true for  the gas. 

In order to calibrate the two porous cartridges for use as a flowmeter 
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it would be convenient to have a volumetric flowrate for each phase 

that could be considered the average through both cartridges. If 

the temperature is essentially constant throughout both cartridges, 

the volumetric gas flowrate is a function of the mass flowrate and 

the instantaneous pressure and in terms of the equation of state 

for an ideal gas, reduces to 

where R is the gas cornstant, 'r is the absolute temperature and 

P is the absolute pressure Since the pressure between the two 

cartridges, PIo , as shown in Figure 2, may be related to each 

cartridge by the pressure gradient for that cartridge, the quantity 

ain I F ! '  wiPB be taken to be proportional to the vdurnetric gas flowrate 

between the two cartridges 
E! 

Figure 3a shows hypothetical experimental data which would be 

determined by measuring flowrates of each phase and the corresponding 

pressure gradients across each cartridge If data of this type can be 

found and shown to be reproducible, it would uphold the hypothesis of 

unique functional relationship among the pressure gradient and the 

flowrates of the liquid and the gas,  From the graphs shown in 

Figure 3a the idealized calibration curves shown in Figure 3b may 
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be drawn. If the curves of Figure 3b have Parge enough separation, 

then they may be used to determine flowrates of the liquid and gas 

by measuring the pressure gradients across each cartridge and the 

temperature and pressure sf the two-phase mixture. The deter- 

mining of the exact shape of the curves discussed and the require- 

ments for the desired separation in those sf Figure 3b is left to 

another section* 



IIH EXPERIMENTAL APPARATUS 

Test Section 

The test section is defined to be the flow channel containing 

the porous cartridges, the gas injector and the pressure and 

temperature measurement locations e Figure 4 is an assembly 

drawing of the test section. Plexiglas was chosen a s  the material 

for the test section for its transparency and relative ease of 

machining and joining. The channel was designed in five sections 

bolted together at flanges with rubber gaskets making a seal 

between the flanges e This design was used to simplify the changing 

of the porous cartridges. The two end sections are 18 inches long 

and connect to the flexible piping of the test bench. The res t  of the 

test section is made up of three, 3-112 inch long, cartridges, two 

of which contain porous material and the third to serve as a spacer 

between the two porous cartridges. The gas injector is located 

12-112 inches upstream from cartridge No.  1. 

The channel was constructed using 2" I. D . X 2-11 2" 0. D e 

circular Plexiglas stock for the flow tubes and 1/21 inch flat plexi- 

glas plate for the flanges. The tubular sections were cut to length 

-1'11- 
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and the en@ machined flat. Then the flanges were machined with a 

shoulder for the circular sections to seat against. With this type 

of machined f i t  it  was possible to obtain strong joints using FP-1 

solvent for welding Plexiglas to Plexiglas e 

A hollow annulus of Plexiglas was machined so that it f i t  

tightly around the 2-112 O.D. tube to form the gas injector. Six 

equally spaced holes 0.040 inch in diameter were  drilled radially 

in the tube 0efsre the injector w a s  slipped into glace and welded 

with FP-I. The injector was also drilled and tapped to receive a 

1 /4  N P T  brass fitting far  connection to the gas piping from the test 

bench e 

The pressure taps used w e r e  standard 1/4 N P T  air line b ra s s  

fittings with an inside diameter of 51  16 inch at the measuring end 

Af te r  the flow channel was drilled and tapped to receive these 

fittings, the ends of the fittings were ground down so that they 

fitted flush with the inside w a l l  of the flow channel. 

To provide for  monitoring of temperature in the test section, 

a copper-Constantan thermocouple was placed between the two 

porous cartridges. Number 24 gage thermocouple wi re  w a s  used 

and the junction made using Bead solder. The leads were run out 

at a flange between the rubber gaskets to a Eeeds and Morthrup 

direct reading potentiometer 
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Porous Cart ridges 

Porous cartridges w e r e  tested which were  made up from 

several sizes of round glass beads and an Ottawa sand. The 

cartridges were formed by clamping copper screen between the 

rubber gaskets at a flange joint at one end of one of the Plexiglas 

cartridges and then filling it with beads o r  sand. The cartridges 

w e r e  slightly over filled to insure a close packing. Next, a copper 

screen was placed over the open end and clamped between the 

flanges at that joint. In this way the screen w a s  under tension due 

to the compression of the gaskets and the granular material kept 

tightly packed. In order to identify the cartridges being tested 

and direction of flow with respect to gravity, each configuration of 

the test section w a s  given a number which appears on all data 

sheets and graphs a A typical designation would be '' Configuration 

II-O0" where Configuration I1 refers to a particular combination 

of two porous cartridges with given dimensions and pore sizes and 

0' refers to the angle between the flow direction and the gravity 

vector. Figures 5, G 9  7, and 8 are  schematic drawings showing the 

dimensions, grain size, location of pressure and temperature 

measurements, and the order in which the fluids pass through the 

two Cartridges for Configurations I, 11, 111, and IV, respectively. 

The flow passes through cartridge No. 1 and then through No,  2 
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in  all cases. In Configuration 111, cartridge N o ,  1 was reduced to two 

layers of 6 0  mesh copper screen. This w a s  done in an effort to obtain 

small pore sizes and still have the head Psss across this  element 

relatively small. The retainer screen sizes were as follows: for 

the glass beads of 8 . 1 6 5  inch and 0.118 inch average diameter, 

No. 8 mesh screen was used and for all of the smaller grain sizes 

No. 68 mesh screen w a s  used. The gradation of the glass beads is 

given in Table 1 .  The Ottawa sand used w a s  that part  of A S. T .M. 

designation C-109 which w a s  retained on No .  60 mesh screen. 

Supporting Test Equipment 

Figure 9 is a schematic diagram of the test section along with 

the Piquid recirculation and metering system and the gas supply and 

metering system. A pressure regulator was attached to the 

laboratory compressed air  supply so that a constant air pressure 

might be supplied to the gas flow meters.  Two Fisher & Porter  

variable area type flowmeters were used to measure the flowrate 

of air a The smaller one had a capacity of from 8 . 0 3 8  cfm to 0 e 388 

cfm of air at 70' F and 14.7 psia  and the other a capacity of from 

0.268 cfm to 3 . 3 5  cfm of air at 70°F and 14.. 7 psia 

determine the air  flowrate when the conditions w e r e  different from 

70 F and 14.7 psia, the air temperature and pressure w e r e  

measured at the exit of each meter. A needle valve between the 

In order to 

0 



gas flowmeters and the gas injector was used to 

flowrate. The water used as the liquid phase in 

21 

control the air  

the tests was 

recirculated by a centrifugal pump. Control of the liquid flowrate 

was accomplished by restricting the flow with a 1-1/2 inch globe 

valve. A Rotameter brand variable area flowmeter with a 

capacity of 8.8 gpm to 8 . 5  gpm of water w a s  used to measure 

the liquid flowrate 

capacity served as a liquid holding tank and a phase separator e 

The air entrained in the test  section w a s  allowed to escape from the 

free Piquid surface as the Piquid decelerated upon entering the tank. 

Since the electric motor and the liquid pump were mounted,on a 

common metal frame, the liquid gained heat from the motor and its 

temperature increased with time. Also, the viscous losses in the 

fluids were  transformed into heat and caused a r ise  in liquid 

temperature. In order to keep the inlet air  and the liquid at approxi- 

mately the same temperature and also to establish thermal equilibrium 

sooner, a small flow of cool water was added to the liquid holding 

tank and a corresponding amount of w a t e r  from the tank overflowed 

to drain. This arrangement resulted in a liquid equilibrium temper- 

ature between $0 and 85 F with the inlet air temperature being 

approximately 78 F. 

A metal tank of approximately twelve gallons 

8 

0 

The gage pressure and pressure differentials in the test section 



were measured with U-tube manometers 

taps on the channel were filled with water 
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The lines from the pressure 

and connected to the 

manometer tubes which were half filled with mercury or  carbon tetra- 

chloride with water filling the remainder of the tube * Mercury w a s  

used in all of the manometers except one which used carbon 

tetrachloride in order to have more sensitivity to small pressure 

differentials. The manometers built for this investigation used 40 

inch glass tubes mounted vertically on waterproof cross  section 

paper which had ten increments per inch. Therefore, the maximum 

pressure differential that could be measured on one mercury 

manometer was  48 inches of mercury and the levels read to the 

tenth of an inch and estimated to the hundredth of an inch. 

In order to conveniently mount the test  section and the support- 

ing test equipment, a combination work bench and mounting frame 

was constructed of wood. Figure 10 is a photograph of the test 

bench showing the manometer board on the left, the vertically 

mounted flowmeters, and the test section in operation on the right 

hand end. The liquid pump and holding tank were mounted in the 

test bench beneath the work table. The test section was  mounted on 

the end of the work bench so that it could be rotated about an axis 

perpendicular to the flow axis 

study the effects of varying the direction of flow with respect to gravity. 

This provision was  made in order to 
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In this investigation only angles of zero and one hundred and 

eighty degrees were studied, but other angular orientations 

between these extremes are possible with the equipment. Flexible 

rubber hose of f inch inside diameter was used to connect the 

liquid flowmeter to the inlet of the test section and from the outlet 

04 the test section to the liquid holding tank. 



HV. EXPERIMENTAL PROCEDURE 

The objective of the experiments described in this chapter 

was to determine the effect that two independent variables, the 

flowrate of the gas and of the liquid in a two-phase flow through 

two porous cartridges, have upon two dependent variables, the 

pressure gradient across each of the two porous cartridges of the 

test section, In order to accomplish this experimentally, it was 

necessary %CY hold one of the independent variables constant while 

varying the other and measuring the two dependent variables. The 

accurate measurement of the mass faowrate of a i r  being injected 

required that the pressure and temperature of the air at the exit of 

each Fisher and Porter  variable area flowmeter be measured. The 

larger capacity a i r  flowmeter uses a sharp-edged float and there- 

fore viscosity has little effect upon its calibration but the compress- 

ibility of the air must be considered. 

steel ball a s  a float and its calibration is effected by viscosity and 

compressibility 

to measure the water flowrate also uses  a sharp-edged float. This 

fact along with the negligible compressibility of water  causes the 

The smalPer meter uses a 

The Rotameter brand variable a rea  flowmeter used 

-24-  
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calibration of this meter for water flowrate to be independent of 

pressure and temperature, within reasonable limits Therefore, 

because of the nature of the flow measurement for each phase the 

method of testing was to establish a given,liquid flowrate and to vary 

gas flowrate in regular increments while holding the liquid flowrate 

constant by manipulating the control valve 

In general, the tests were run starting with the lowest liquid 

flowrate practical and zero air  flow 

constant as the air  flow was increased from zero in suitable 

increments 

across each porous cartridge, the gage pressure and temperature 

between the cartridges, and the gas and liquid flowrates were 

measured. As the ai r  flowrate was increased, the pressure differen- 

tials and the gage pressure in  the test section began to fluctuate. 

This fluctuation seemed to be caused partly by the unstable nature 

of the two-phase flow and partly by the arrangement of the piping 

leading from the test section to the liquid holding tank. The maximum 

air  flowrate investigated was that which caused these fluctuations to 

become so Parge that reliable data could not be taken with the existing 

equipment. The maximum liquid rate was limited by the pressure 

differential across one cartridge becoming too Barge to be measured 

with one mercury manometer 

The liquid flowrate was held 

At  each point of operation the pressure differential 
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When the system fluctuations were small the manometer 

readings were averaged by eye and recorded. However, when the 

variations became SO Parge that reliable readings could not be 

made in this manner, a mechanical calculator was used to obtain 

an average reading. The person taking data would glance quickly 

at the manometer level and then look away and either read the 

level to an assistant who entered it into the calculator OF the reader 

would enter the number himself. As each successive reading was 

taken a running total was kept and after a number of readings were  

taken the average was calculated. This average reading was then 

recorded on the data sheet. 



V. EXPERIMENTAL RESULTS 

General Results 

The primary purpose of this investigation was to determine 

the feasibility of using porous cartridges to meter two-phase flows 

In an effort to accomplish this and to establish the necessary require- 

ments for success of such a scheme, four separate sets of porous 

Cartridges were assembled and tested in the laboratory. These 

were termed Configuration I, 11, HI, and IV and were described in  

chapter III Although good data were obtained from Configuration 

I, 11, and IV, that of Configuration I11 proved to be errat ic .  This 

was probably caused by the difficulty of measuring the small 

pressure drop across the screen used as a substitute for cartridge 

No e P ,, The experimental curves obtained from Configurations E 

and HI do not have the proper characteristics to demonstrate the 

flowmeter principle, but it is felt that those obtained from Configu- 

ration IV do have the correct form. Hn the next section, data from 

Configuration I1 and I V  will  be presented for comparison. The 

operation of Configuration I w a s  similar to that of Configuration 11, 

therefore no data from Configuration I is included. 

-27- 
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Presentation of Data 

The data presented in this thesis is plotted using parameters 

which are suggested by She foam of Darcyvs equation even though 

Darcy's Paw does not hold for the range of flows which were  studied. 

Since only air and water flows were studied and the operating 

temperatures were approximately the same for all tests, nondimen- 

s iond  groups such as Reynolds number were not used in plotting the 

data. 

Define the quantity H to be the change in static pressure across 

a porous cartridge divided by the length of the porous material, 

and let  the subscripts 1 and 2 refer  to cartridges No. 1 and No, 2 

respectively 

The quantity 

experiment a1 

in Ib-see/ft2 

experimental 

The units of 'h41 used in this study are psi per inch, 

H/pL was plotted as the dependent variable of the 

data, where p is the viscosity of the liquid phase 

e The independent variables used in plotting the 

data were  the volumetric flowrate of the liquid, q 

L 

L' 
in gprn and the Suantity g / p t p  where q is the volumetric flowrate 

of the gas when measured at 70" F and 14.7 psia and p" is the absolute 

pressure between cartridges No. 1 and No. 2.  The units of q /p l '  

g g 

g 
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are scfm/psia. Figure 11 is a typical plot of experimental data 

which w a s  taken for cartridge No. 1 for downward flow through 

Configuration II. The ordinate used is the quantity H1/p rnulti- E 

plied by PO-4 and the abscissa is q /pis multiplied by 10 with 

the liquid flowrate in gpm as a parameter. The liquid flowrates 

corresponding to the symbols used are given on the page facing 

Figure f 1 and are the same for Figures 11 through 24 e The data 

2 
g 

plotted on Figure 1 2  w a s  taken 

flow through Configuration 11. 

taken simultaneously Figure 

H2/p6, x Po-4 with qL as a 

for cartridge No. 2 far downward 

The data for Figures 11 and 12  w e r e  

13 is a plot of HI /p x versus 

parame te r for  dsw nw ard flow through 

L 

Configuration II. This plot represents the same data as Figures 131 

and 1 2  combined. Figure 13 is entitled Calibration Data since a 

plot of this  type could be used to determine the liquid flowrate if the 

values of Hz/ p E and HI/ p 

sufficient separation, 

Figure 11 or 12 

Configuration 11 are shown on Figures 14 and 15 with Figure 16 being 

the calibration data for downward flow, similar to Figure 13 

were known and the curves had 

The gas flswrate could then be obtained from 

The experimental data for upward flow through 

The data as plotted in Figure 13 and 16  for Configuration 11 

show this particular combination of porous cartridges to be unsuitable 

for use as a two-phase flowmeter. Since the plots of HI1 /pL versus 
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HZ/ IJ E for parametric values of liquid flowrate lie almost one on 

top of the other and in approximately a straight line, these figures 

show that HI and El2 are  not independent functions of the flow 

parameters for the flow range covered, i .e .  one is approximately 

a constant multiple of the other. This means that the flow through one 

cartridge is approximately a model of the flow through the other. 

Under such conditions it will  not be possible to predict the flowrates 

of the two phases since there a re  an infinite number of combinations 

of liquid and gaseous flowrates which will produce a. given permissible 

set  of HI and Hz 

Figures E7 and E8 are  plots of experimental data taken on three 

different days for downward flow through Configuration PV 

same body of data is shown in the form of calibration curves as  

Figure 19. Figures 17 and 18 demonstrate the amount of data scatter 

that was  encountered in the tests 

upward flow a re  given a s  Figures 20, 21, and 2 2 -  From Figure 19 

it may be seen that the curves for different constant q values 

a re  quite distinct and have the general form of parallel curves. The 

same form is demonstrated by Figure 22 for upward flowo although 

the separation is not as well defined. 

This 

The corresponding plots for 

L 

C ~ ~ ~ ~ p a r i s o n  of Figure E2 with Figure 19 indicates that there 

was  a basic difference in the flow characteristics between Configuration 



31 

I1 and IV. In Configuration I1 the porous cartridge with the larger 

grain size was placed in the N o ,  E position in the flow, but in 

configuration IV this arrangement was  reversed. The effect of 

this change w a s  to cause a relatively larger  expansion of the gaseous 

phase through cartridge N o ,  E in  Configuration IV than in Configuration 

11. With the same set  of porous cartridges the liquid Reynolds number 

(based on grain size) for the smaller grain cartridge would be lower 

if it were the No B cartridge than if it w e r e  the No ,  2 cartridge 

Also,  the liquid Reynolds number for the larger grain cartridge 

would be larger if it  were the N o ,  2 cartridge than if it w e r e  the No. f 

cartridge. Both of these effects a re  due to the expansion of the 

gaseous phase and the consequent increase in liquid velocity as the 

pressure decreases across a porous cartridge e The ratio of the 

grain size between the two cartridges in Configuration I1 was about 

2: 1 and in Configuration IV this same ratio w a s  approximately 16: 1 ,  

If a liquid Reynolds number is based upon the grain size of the finer 

grain cartridge and the liquid flow area is decreased by the ratio of 

liquid flowrate to total average volumetric flowrate, the liquid 

Reynolds number for 3 gpm liquid rate and an averageair flowrate of 

0 3 cfm, was calculated to be approximately 708 for Configuration I1 

and approximately 120 for Configuration IV. The effect of capillary 

pressure w a s  probably responsible for part of the differences in flow 
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characteristics between Configurations 11 and IV The magnitude 

of this effect may be estimated by the expression, 

where  (B is the surface tension of the liquid-gas interface and d 

is the average pore size. For the smaller grain size cartridges, 

the capillary pressure, p was estimated to be 0.055 inch of 

mercury for Configuration IP and 0 . 3 3  inch of mercury for Config- 

uration HV Therefore, the capillary effect was  approximately six 

times as large in Configuration IV as in Configuration 11, 

Figure 19 indicates that it would be possible to determine 

flowrates of a two-phase mixture by measuring the pressure drop 

across two porous cartridges if the calibration curves are similar 

to those of Figure 19. With a two-phase mixture flowing through 

the two cartridges, the pressure drop across each can be measured. 

Along with a temperature measurement, this determines the quantities 

HI /pL and H2 /pL 

on a plot similar to Figure 19 which corresponds to a particular 

Using these coordinates, a point is specified 

liquid flowrate. Using Figure 19, there would be considerable error 

in determining g but in principle q would be unique for a L ’  L 

given HI /p and H2 /p L  Once qL is known, a plot of the form L 
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and the flowrate of Figure 17 o r  18 could be used to determine q 

of the two phase mixture would be determined, 
g 

Figure 23 is an idealized sketch which is based upon experimental 

calibration data and extended according to the observed trends of the 

data. It may be seen that the lines of zero liquid flowrate and zero 

gas flowrate form the boundaries of an envelope within which dl1 

possible operating points are contained. This sketch suggests that 

the conditions for using two porous cartridges as a two-phase flow- 

meter successfully are that the lines of q = 0 and qg = 0 be as 

widely separated as possible and that operating points be as far 

away from the "vertex" of the envelope as possible. 

8 

Effects of Flow Patterns 

Figures 26 and 27 are photographs of the test section in two- 

phase upward flow * The flow between the gas injector and cartridge 

No P may be seen in Figure 27 This flow pattern may be termed 

bubble flow since the liquid phase is continuous and the gas is in 

bubble form. The effect of the porous cartridges w a s  to break up 

the bubbles into smaller sizes and to homogenize the flow 

shown in the photograph on the right side of Figure 26. As the 

flowrate of air w a s  increased the bubbles leaving cartridge No, 2 

began to increase in size due to a recombining of smaller bubbles. 

This is 

A s  this process increased until the largest bubbles were  of the same 
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order of size a s  the flow tube, slug flow began. This slug flow was  

characterized by large variations of pressure and flowrates. No 

data were taken in the slug flow range 

Figure 28 shows two photographs of the porous cartridges in 

downward flow, The two-phase flow pattern for downward flow 

was similar to annular flow in that the liquid tended to flow either 

down the wall OF as small separate s t reams with the gas phase being 

continuous 

over which data was taken. Again the effect of the porous cartridges 

w a s  to homogenize the flow by breaking the liquid streams into smaller 

s t reams and sheets, This may be seen in the photograph on the 

right side of Figure 28 as  the flow passes through cartridge No. B 

This type of flow occurred throughout the flow ranges 

Figures 24 and 25 a re  plots of experimental data for  Configuration 

HV in which the points of upward and downward flow have been plotted 

the same axes. In all of the data presented only static pressure 

differences have been used with no correction for the differences in 

the elevation. If a factor of P g where P is the density of water ,  

e& the quantity H/ p lL would change by the constant 

4 8 amount 0.2112 x I0 for a water temperature of 84 F e However, 

it is not completely clear whether this  is the proper correction 

since the density of the two-phase mixture and the effect of capillary 

forces a re  not known in the porous cartridges,  Although some 
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correction factor needs to be applied to the data as shown by Figures 

24 and 25, it may be seen that the flow characteristics for upward 

and downward flow through the cartridges a re  similar. 

Sources of Error 

The primary difficulty in making meaningful comparisons 

between sets  of data and in trying to demonstrate the reproduci- 

bility of the calibration data was the loading up of the pores of the 

small grain ~ O P O U S  cartridges with foreign matter. 

observed by the discoloration of the porous material and an increase 

This was 

in pressure drop across the fine grain cartridges after several days 

of testing. This increase in pressure drop with time was  not observed 

for the larger  sizes of glass beads; therefore, it was concluded that 

this w a s  due to a loading up of the small pores and not a change in 

faow conditions with time. The principle source of this foreign matter 

was the Piquid pump which had a cast iron casing which rusted due to 

its being filled with water at all times. The rusting could be observed 

as a discoloration of the water when the pump w a s  switched on after 

being off over night. A 60 mesh screen in the liquid line was used to 

filter out larger  particles, but was  not successful in removing the 

small r u s t  particles. A thin wafer of the Ottawa sand was also 

placed upstream of the test  section in an attempt to remove the rust  

particles, but this was  not completely successful either It was 
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observed that high flowrates of a i r  and water would flush part of 

the r u s t  particles out of the cartridges. Therefore, in an effort to 

obtain similar conditions for all the tests, after a particular car-  

tridge had been in use for a day o r  two, the procedure was adopted 

to flush out the cartridges before test was  begun. The data 

indicated a partial reversal  of the increased pressure drop effect 

after this method was used. 

The fluctuations of the manometer readings were a source of 

e r ro r ,  but the use 0f the averaging technique described in chapter 

IV held this to a minimum. During the test runs on Configuration 

HV, a mercury manometer was  used to measure the pressure 

differential across cartridge No e 1, but the pressure differential 

across cartridge No. 2 was measured with two different manometers. 

Since the pressure drop across cartridge No, 1 was many times 

larger than across No. 2, a U-tube manometer using carbon tetra- 

chloride as a fluid w a s  used to measure the pressure drop across 

cartridge No. 2 when the flowrate w a s  P . O  and 2.0 gpm. However, 

for Parges values of Piquid flowrate the pressure drop was  too large 

to measure in this way and a mercury manometer w a s  used. Due to 

this shift in types of manometers, there was  a change in sensitivity 

which w a s  probably reflected in the accuracy of the data. 

Two different variable area flowmeters were used at various 



37 

times to measure inlet liquid flowrate. Due to the ranges of flows 

studied, bath of these meters were usually operated on the lower half 

of their range which increased their rated e r r o r  of one and two per 

cent of the maximum scale reading. Both of the flowmeters used 

to measure inlet air flowrates were calibrated for one per cent e r r o r  

of the maximum scale reading. The smaller of these was used over 

its complete range and the larger  up to approximately thirty per  

cent of maximum. 



VI CONCLUSIONS AND RE COMMENDATIONS 

Based upon data obtained in the course of this study, it appears 

that the metering of gas-liquid two-phase flow is feasible fog. a 

certain range of flows using a s  primary elements two porous 

cartridges. The total flow must pass through each in ser ies  and 

the cartridges must be calibrated for the given gas and liquid over 

the range intended e Using calibration curves obtained previously, 

the flowrates of each phase may be determined by measuring the 

pressures and temperatures in the metering section. 

Tests were run  only for vertically upward and fo r  vertically 

downward flow, but the flow characteristics of each were shown to 

be similar.  The principle of metering two-phase flow w a s  demon- 

strated for flow in either direction by the use of the static pressure 

difference as an indication of resistance to flow e Although the use 

of total head drop across a cartridge only involves the addition o r  

subtraction of a constant te rm to the static pressure difference in 

single phase flow, in two-phase flow the magnitude of the correction 

is uncertain, Based upon the properties of the gas and liquid this 

correction might be a function of flowrates or merely a constant. 

-3%- 
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If this point could be clarified, there is evidence that the calibration 

curves could possibly be independent of flow direction, 

The f i rs t  requirement for this metering principle to work is 

that the flow through each of the cartridges be enough dissimilar 

that the pressure gradients across each cartridge are  independent 

functions of the flowrates of each phase. This requirement may be 

satisfied by the flow regimes being different in each as indicated 

by Reynolds numbers o r  by a phenomenon such as capillary pressure 

being important in one cartridge and not the other. 

The addition of a reliable particle filter, with a large surface 

area, to the flow system would improve the reproducibility of the 

data and would result in a better understanding of the flow 

characteristics 

was a consistent problem in the investigation and the various 

methods used to combat it were incomplete in their effectiveness. 

The silting of the fine grain porous cartridges 

The use of piezometer rings instead of single openings for 

pressure taps seems advisable to obtain more fundamental 

pressure readings. Also, the averaging properties of such a device 

might eliminate part  of the pressure reading fluctuations 

dimensions of the porous cartridges were adjusted so that the 

pressure difference across each was  approximately the same, an 

improvement in meter sensitivity would result .  This could be 

If the 
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accomplished by making the cartridge which uses the finer grain 

siae shorter and with a larger area than the cartridge made up 

of the larger grain size. The grain size and flow area determine 

the flow regime, but the total pressure drop is also a function 

of the cartridge length, 



41 

Table 9. Gradation of Glass Beads 

Average per cent retained 
bead s ize  by weight on screen 

0.165 in. 90 No. 5 

0.118 in.  98 No. 8 

0 .060 in.  95 No. 14 

but passing 
screen 

No, 4 

No. 6 

No. 13; 
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Figure 10. Test Bench 
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ADDITIONAL DATA 

This section contains data and graphs for a configuration that 

was tested after the preceding part of this report was completed. 

Study of the preceding data led to  the hypothesis that in order for 

a given meter to  yield data which would plot in  charts such a s  

Figures 19 and 20 with a marked difference between curves for each 

liquid flow rate, it would be desirable for the flow to be laminar 

through one cartridge and turbulent through the other. 

the configuration illustrated in  Figure 29 was constructed and tested. 

The two-phase mixture was forced first through the one-half inch 

Therefore 

thick, cartridge of two inches diameter filled with 0.88 mm. glass 

beads. The small bead size and large cross  sectional area contributc 

to  a small Reynolds number based on mean velocity and bead diamete 

The second cark-ridge was three inches thick and one-half inch diamet 

filled wi.th 3 mm. glass beads, The larger bead size and the smaller 

c ross  section contributed to  a larger Reynolds number. 

The graph in Figure 30 is gas (air) flow rate plotted against press 

drop divided by liquid viscosity for the upper porous cartridge. A n  

experimental curve has been drawn for each of four different liquid 

(water) flow rates. Figure 31 shows the same type of plot for the 
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lower porous cartridge. 

in which the pressure drop divided by liquid viscosity for one 

cartridge has been plotted against the corresponding value of the same 

quantity for the other cartridge with liquid flow rate as  the curve 

parameter. An additional family of curves with gas flow rate as  

the curve parameter has been superimposed on Figure 32 by taking 

the data off Figures 30 and 3 1. 

constant liquid flow rate and constant gas flow rate make this  a 

complete calibration chart for the use of this meter with air  and 

water. Of course, the calibration is useful only i n  the range of 

flow rates where curves of a given family do not overlap with other 

curves of the same family. 

Figure 32 is a summary graph or  chart 

The two families of curves, for 

It should be noted that if in another situation the absolute pressure 

and temperature in  the meter is different from that given herein the 

calibration will  be different because the meehanics of flow in the porous 

beds is  dependent on the volume rate of gas flow. 

data the temperature was 750 F and the absolute pressure was 14.7 psi  

on the discharge end of the meter. 

In this case of this 

The overlap of the curves on the right of Figure 32 and the general 

single linear trend for the resulting composite group of data points 

indieate that the flow through one porous cartridge is dynamically 

similar to the flow through the other cadr idge in  this region. . Under this 

condition"of dynamic similarity the device cannot be used a s  a flow meter. 
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1 Pressure Taps 

A l l  dimensi 
inches l / h  

6 

- Plex ig la s s  Tube 
1/2f* I . D .  x 3 /k"  0.D.  

+----- G l a s s  Beads 
3 mm Die. 

Rubber Gasket 

3/8 inch 
Thd. S t e e l  Rsd 

Aluminum Flange 
Glass Beads 
.88 mm Dia. 

P l ex ig l a s s  Tube 

Aluminum Flange 

3" I . D .  x 3-1/2 

P lex ig l a s s  Tube 
2"  I . D .  x 2 1 / 2  

Foam Rubber Used a s  
Gas Indec tor  

Clamp 

Gas I n l e t  

" O,D, 

' I  0,D. 

.ons i n  
sca l e  u Note: A l l  Flanges a r e  

P lex ig l a s s  unless noted. 

Figure 29. Meter with Porous Cartridges of Different Diameters. 
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