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ABSTRACT. 

Work has been carried out to investigate the generation, 

bubble size charactistic, drainage properties and flow 

behaviour of high density foams in pipes. 

Two distinct types of foams were investigated, the degree 

of dispersion of the gas phase being varied. 

A very fine bubbled foam, with a mean bubble diameter of 

60 microns, was generated by intense phase interaction in a 

centrifugal pump. The foam could be considered a homogeneous 

fluid, phase seperation taking many minutes to occur. The 

flow properties of this foam were those of a Bingham fluid. 

The yield stress was found to be a function of the air/water 

volumetric ratio, the apparent viscosity being about 6 centi-

poise over the air/water range of 0.3 to 0.7. The flow showed 

the same behaviour in the pipe sizes tested, and no scaling 

factor depending on the bubble size was observed. 

A foam with a much larger bubble size, average diameter 

of 300 microns, was generated from a sinter disc. This foam 

could not be considered homogeneous, seperation into a dry 

foam and water layer occuring in several seconds. The foam 

exhibited a wide range of flow regimes, depending on the pipe 

size, detergent concentration and phase velocities. The foam 

again had a Bingham fluid type behaviour, but the flow 

propeties were due to the presence of the dry foam and water 

layers in the flow system, and the effects of pipe size were 

important. 

Both foams yielded friction factor plots which had the 

typical form associated with Bingham fluids. Use of such plots 

should be possible for design of foam systems. 
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NOTATION.  

a 	speed of sound. 

a 	radius of tube. 

A : area 

d

D

f 
g : acceleration due to gravity. 

h : height of manometer. 

H : holdup in pipe. 
17. He : Hedstrqm number. 
14:  K : constant. 

L : length 

• : mass flux. 

n constant 

P : pressure. 

D P 	pressure difference between two points. 

Q : volumetric flowrate. 

✓ radius of bubble. 

R 	gas constant. 

R
f 

: fraction of liquid in foam layer. 

Re : Reynolds number. 

s 	standard deviation. 

t time 

t66 	time for 50% of the liquid in a foam to drain. 

T 	temperature. 

U velocity. 

✓ volume. 

x : mass fraction. 

X 	: Lockhart-Martinelli factor, G/4P) 

Lockhart-Martinelli factor,(2phase/aPL  

c< 	: voidage, 
V 
 G/(VG+VL) 

p effective slip coefficient. 

/4A : viscosity. 

: density. 

shear stress. 

intial shear stress, yield stress. 

: diameter of pipe. 

: diameter of bubble 

: friction factor 

Att 
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surface tension. 

volumetric ratio of gas to liquid. 

Subscripts.  

a 	apparent. 

b 	bubble 

c 	correction 

f 	foam 

gas 

L liquid. 

m 	mixture. 

h hydrostatic 

o 	initial 

s 	slip 

s 	solid 

w 	wall 

W water 

0o 	infinity. 
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INTRODUCTION 

The topic of this thesis is a relatively unexplored 

field, with a scarcity of pertin-ent papers, especially for 

high density foam. Most of the reported work on foams has 

dealt with the following aspects of the field:- 

1) foam for use in mass transfer and stripping processes. 

2) fire fighting foams, of high gas content and complex 

surfactant composition. 

3) the properties of single films and bubbles in the 

foam, usually for dry foams with a polyhedral 

structure. 

4) foams produced in process equipment, sieves, vats 

and liquid reaction vessels. 

The system investigated in this case owes it's properties 

more to a system of small spherical bubbles, well spaced, and 

it is the bubble size, number and liquid properties which are 

controlling, rather than any surface forces due to the 

detergent action. The detergent was present mainly to aid 

in the creation and maintainance of the system in quasi-

equilibrium. 

Foam can be defined as a dispersion of gas within a 

liquid, in such a way that the liquid forms the continuous 

phase. The relative volumetric proportions of the gas and 

liquid phases can vary over a wide range, but the gas is 

always present as discrete bubbles, seperated by liquid 

layers. The system is usually meta-stable, the gas and 

liquid tending to separate with time. Surface active 

agents were added to impart foaming properties to the 

liquid, but some fluids with a high viscosity can form gas 

dispersions of sufficient stability to be considered capable 
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of forming a foam. The limits over which the gas/liquid 

ratio can vary are large, and many foams investigated are 

so far apart on this scale that comparison of results are 

inconclusive. Bikerman (1) has defined a foam as having 

an essentially polyhedral structure, polyederschaum, in 

which the liquid layers between gas bubbles are of thick- 

ness much less than the bubble diameter, with Volume Gas  Volume Liquid 
Vnl  

> 10. Cases when v=c0.1 he has defined as gas emulsions, 

the water layers being of comparable size to bubble dia-

meter, and the bubbles spherical, Kugelschaum. He defines 

an intermediate region between these extremes in which the 

distinctions are difficult to make, mixtures exhibiting 

properties of the two extremes. 

Foams with a greater amount of liquid in the bulk, 

V
G 44: -- <10, depend more on their liquid properties for V
L 

their stability, albeit only transiently. Draining of 

liquid from between the bubbles, due to hydrostatic and 

surface forces, is controlled by the liquid viscosity and 

density while the film thickness is large, only when the 

film has thinned do surface forces predominate. In gas 

emulsions where the bubble spacing is large the stability of 

the system is more a function of the bubble hydrodynamics. 

The bubbles tend to rise up in the liquid as bubble distances 

are too large to create interactive forces. 

The foams investigated in this work were in the 

range of 0.3 to 5.0, and so span the intermediate region. 

The liquid used, water, was of low viscosity, and a surface 

active agent was employed to _reduce surface tension and 

impart a foaming ability. Foams were investigated whilst 

within the hydrodynamic drainage state, water layers between 

bubbles being of comparable magnitude to bubble diameter. 



13 

This type of system has not attracted much investigation, as 

most foam flows have employed the drier foams (3). However 

work by Grove et al (4) which give apparent viscosity 

measurements, and Starkey (5), have given pointers in the 

field. Much of the studies on gas and liquid systems have 

involved non-foaming systems. The dispersed flow regime can 

be considered a foam, even though extremely unstable and 

transient, and Huey et al (6, 7) have investigated some of 

the flow properties of such regimes. 

A review.of the pertinent aspects of foam and two phase 

flow has been carried out, and the theoretical development 

of the relevant equations presented. The foams have been 

characterised by the use of their bubble size and drainage 

properties, factors which can be used to classify foams on 

a general basis. 

The flow patterns which can exist in a foam flow, for 

the various system conditions, are discussed in chapter 6. 

The presence of the detergent was found to create many 

differences in flow regime, when compared to pure water/air 

systems. 	The pressure drop for pipe flow of foam are given 

in chapter 7, the Bingham fuid properties of the foam 

being brought out in the yield stress and viscosity results. 

Friction factor plots typical of such fluids were found to 

results from the data. 

The correlation of results by the Lockhart-Martinelli 

correlation, a widely used two phase flow description method, 

is presented in chapter 8, and indicates the use of such 

plots for foam correlation purposes. 

The flow mechanisms for foam flow in pipes is discussed 

in chapter 9, and possible avenues for further study indicated. 
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1. 	Literature Review.  

The foams involved in this study have a range of fluid 

properties similar to those of normal one phase fluids, and 

the methods applicable for the foam investigation are typical 

of any rheological study on a fluid. Foams have many 

properties,however,which demand a novel approach to the problem 

of their accurate measurement. The current literature gives 

a confusing picture of foam flow properties, in part due to 

the differing foam systems which have been investigated. The 

aim in this review has been to limit discussion to systems 

which have a large degree of similarity to the foams used. 

Early foam studies have been nearly all involved with 

the dry foam properties, by such workers as Plateau investi-

gating single films and gas bubbles and the forces which 

effect their stability. Groups of bubbles in a polyhedral 

foam have also been studied and the structural feature 

determined (2). The stability of a liquid film in such a 

foam is a subtle combination of factors. The films are 

formed and maintained due to surface forces, which depend 

in a complex manner on the nature of the surface active 

agents employed and the geometry of the system. 

1.1) Rheology of Foams  

Foams or foaming systems have been widely used in many 

processes or applications and have been recognised as 

rheologically complex for a long time. 

Sibree (8) reported work on the bulk viscosity of froths, 

showing that the apparent viscosity was greater than that of 

the bulk liquid, and varied with the shear rate. Blackman (9) 

discussed experiments with a concentric-cylinder viscometer, 
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which indicated the presence of a yield stress and apparent 

viscosity, on the model of a Bingham fluid. 

—Co 	/4.01‘. 	tatAi 	1.1) 

Grove et al (4) measured the apparent viscosity of fire 

fighting foams by the use of friction factor/Reynolds number 

analogy. The viscometer consisted of an annular device, the 

force on the centre being measured via a previously calibrated 

spring. The apparent foam viscosity was found by analogy with 

the friction factor/Reynolds number plot obtained for one 

phase fluids. Results indicate that at high shear rates the 

apparent viscosity was constant. The results of viscosity at 

various foam densities are shown in Figure 1.1. 

0 : data from (4) 

• : data from (5) 

Viscosity of water 

■ 0.00061 lbs/ft.sec. 

Figure 1.1: Effect of Foam density on Foam viscosity,(4) and 
(5). 

This foam was generated by a gear pump and could be 

assumed to have a very small bubble size. Starkey (5) 

measured foam pressure drops in a foam generated from CO2  

saturated detergent solution and fitted results to equation 

1.1. Values of t*3.8Nni2and A=3 centipoise for foams of 

were obtained. The viscosity values are indicated on Figure 1.1. 

Wenzel et al (10) investigated the viscosity of high 

expansion foams with millimetre sized bubbles in both a cone 

and plate, and a varied concentric cylinder viscometer. The 
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cone and plate viscometer results gave data which could be 

fitted to an equation of the form 
u  ck„ 

= 	-t-  NVA7c.. 1. 2) 

where the values of the constants were 

.15 x 10-3  < I0 < .85 x 10-3  psi 

.12 x 10
-3 	K < .50 x 10

-3 
lb. ft

-1.s
-1 

.13 	< N' < .70 

No dependence of viscosity on bubble size was noted,0.8 mm 

< 	8 mm. The yield stress was found to correlate with 

bubble diameter in the foam, 

Lo = 0.00435(B)-1 
	

1.3) 

Wall slip was also noted in the experiments. 

Many of the differing values and relationships which are 

given fort-0  and itil, in the literature on foam can be attributed 

to the specific viscometer configurations and shear rates used 

in the determination of the valves. The effects of the foam 

microstructure, bubble size and bubble separation, on the 

foam properties are still not clear. 

The rheology of a gas dispersion, one of the extremes of 

a foam, can be considered analogous to that of dispers.--ion 

of solids in a liquid. Einstein's theoretical investigation 

of such a system, with constraints on the degree of particle 

interactions, gives a relationship of the foam. 

A1/4= 1 + 2.5 96 = Volume solid  
Total volume 

1.4) 

This has been found to apply only at low particle concen-

trations, less than 2% by volume. Modifications to account 

for particle size and surface forces (11) and the effects of 

particle interactions at higher concentrations, have led to 

equations of the type (12). 

ilL 
	 2 	13 

+ a a ) 
	

1.5) 
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These suffer from the need to determine the constants. 

Thomas (13) has correlated data from many sources, correcting 

and proposes the curve shown in for shear 

Figure 	1.2. 

100 

" 	4 O 

0 
1 0 

4 

a 
1 

and size effects 

I 

0 

/A  
/ 0 
ic; 

/jig 

0 	0 2 	0 4 	0.6 

Volume fraction, 

Figure 1.2:  Relative viscosity of emulsions,(13). 

Points included on this curve are the results of Grove 

et al (4). The experimental scatter about the curve is 

indicated by the dashed lines. 

Particle shape factors have also been considered by 

Sibree (8, 15) who suggests an equation of the form, 

1.6) 

: shape factor 

Through the previous investigations have studied foam 

rheological properties, and correlated results, much of the 

analysis was of an empirical nature, and limited to the 

system in question. Foam studies have indicated the complex 

behaviour of a foam, being a non-Newtonian fluid with a yield 

stress, which experiences wall slip. The aspect of the 

inherently time dependent properties of foams have usually 

been avoided by using samples at the same stage of 

, Reduced data correlation. 

Extent of data scatter. 

0 	; Data for foams,(4). 
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their history, either by homogenising so time is effectively 

zero (4), or by leaving for a period after a specified 

handling procedure (16). 

The rheology of non-Newtonian fluids has been developed 

from studies based on Newtonian liquids, adapted to account 

for the non-ideality of the systems. For a Newtonian fluid 

there is a direct linear relationship between the shear 

stress and shear rate at every point in the fluid. 

-t  = 
1.7) 

For non-Newtonian fluids this simple relationship does 

not hold, modifications being necessary to account for three 

more types of fluid (17). 

a) time independent fluids, with or without a yield 

■•■ 

stress. 

b) time dependent fluids. 

c) viscoelastic fluids. 

The internal structure of non-Newtonian fluids causes 

these rheological effects, and their analysis and study is 

by no means a trivial matter, depending as it does on the 

statistical properties of the micro-structure. 

Additional effects due to preferential particle orient-

ations at the fluid boundaries can give rise to an 'effective 

slip'. The bulk fluid properties do not extend to a solid 

surface, for a foam this would consist of a water layer and 

a region of lowered bubble density. Schofield et al (18) 

developed the theory to account and quantify this type of 

behaviour, and Oldroyd (19, 20) and Toms (21, 22) have 

detailed proceedures to measure and correct for it's effect. 

Slip increases the flow rate which would exist if bulk 

properties persisted right up to the wall, for use in 
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precise rheological studies the shear stress and shear rate 

of the bulk fluid are required, and corrections must be made 

for the slip. At any pressure drop 

	

Q 	= 	 + Q 	1.8) 
measured 	Fluid bulk properties 	wall slip effect 

by correction for Q s  the time curve for QF= f (shear stress) 

can be obtained. 

	

1.2) 	Two Phase Flow  

The types of foams which this work investigates can at 

certain stages be compared to that of a gas-pure liquid 

system. The literature on general two-phase flow is exten-

sive, as early as 1962 Gouse (23) lists over 2 x 103  

articles on the general subject. Much additional work has 

been carried out since, and reviews by Kastun et al (24) 

and Hewitt et al (25) give more recent literature lists. 

Many books collating and unifying much of the available infor-

mation have been published, texts by Wallis (26), Soo (27) 

Govier et al (28) and Hewitt (29) have covered both the 

general field and the many particular aspects of two-phase 

flow systems. The field of investigation of gas/liquid 

flows is made especially difficult by the wide extremes of 

parameter choices which can occur, the multiplicity of flow 

regimes and the intractable analytical problems which can 

occur in the developement of the theory. There is at the 

moment little sign that any single approach will be capable 

of covering all the eventualities of flow situations. 

Brenner (30) and Batchelor (31) have developed part of 

the necessary theory to account for two phase systems, their 

results show the problems created by a consideration of 

discrete particles in the system, and the great degree of 

complexity introduced precluding any general analytical 
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solution. Drew et al (32, 33) have approached the matter 

similarly, and have used the results to obtain some theorit-

ical basis for foam drainage and pressure/volume relationships. 

Foams can be considered as homogeneous dispersion, and 

the critical flow properties of such medium show quite novel 

results. The speed of sound in any isotropic medium is a 

function of the pressure and density. 

6.1L = 
	 1.9) 

a foam has both a high compressibility factor and density, 

when compared with either of the phases, and this results 

in an extremely low speed of sound. 

The general theory has been developed for the case of 

homogeneous uni-directional flow, with a perfect gas by 

Tangren et al (35). 

The relationship in terms of phase volumetric ratios is:- 

1.10) 

This relationship has a minimum ato(= .5, for a mixture 

at 1 bar, 43-'2: 20 m/s which can be compared with 330 m/s 

for air. The speed of sound in a mixture has been found to 

depend on the frequency, at high frequency diffraction and 

bubble resonance starts to play an increasing part in the 

sound transmission (36). Foams can only be considered 

homogeneous when their characterist dimensions, bubble size 

or wall film thickness, are small in comparison to pressure 

pulse wave length. Equation 1.10 only truely applies as 

the sound frequency tends to zero. 

The theory to account for phase slip, and non-ideal gas 

dynamics has been investigated by Baum et al (37) Moody (38) 

and Fauske (39), where the effects due to the high 



21 

accelerational forces are considered. The results are 

necessarily more complex but indicate the low critical or 

'sonic velocity. A review by Hsu (40) covers much of the 

available work. 

Experimental investigation of choked two phase flow in 

a pipe flow situation has been carried out by Huey et al 

(6, 7). Experiments on flow in a nozzle have been presented 

by Eddington (41) Baum (42) and Smith (43) which show the 

general applicability of the one dimensional model. Herch 

et al (44) have investigated the action of diffusers after 

the high speed flow region, to obtain pressure recovery. 

The pressure recovery for pure liquids being poor once the 

flow regime passes out of the bubble stage, due tobreak-

down of the homogeneous aspect of the flow. Flow in nozzles 

was found to be essentially isothermal, the large heat 

capacity of the liquid swamping any gas thermodynamic 

effects if good thermal contact between phases exists. 

The scale of the analytical problems has led to the 

use of many empirical proceedures to correlate two phase 

flow system results, the effects of the phases being 

'lumped' together in some manner. Lockhart and Martinelli 

(45) developed a correlation for the pressure drop in pipes, 

using the factors, 

X 
 j

°1 )1.- 
APcv 

A R"  1.11) 

The correlation is simple to use and gives reasonable 

results as a first approximation. Extensions of the basic 

method by Chisholm (46) and Baker (47) have improved the 

correlation accuracy by addition system investigation, 

greater range of pipe sizes, and correlation of results for 



empirical groups as 

w : water 

and 	 a :air 

L : liquid 

G : gas 

The resultant flow maps were more difficult to use 

7\= 
 [
4-2  • PL  n  PA 

1.12) 

22 

specific flow regimes. 

The use of flow regimes maps to aid in the design of 

two-phase systems in both vertical and horizontal pipes is 

now well established (28). The flow pattern likely to exist 

is estimated from the phase properties and flow rates using 

a suitable map, and then the model for that regime can be 

employed. The accuracy of results depend to a certain 

degree on the similarity between the required system and the 

systems used in obtaining the map. 

The parameters which have been used to correlate results 

have gone through a full cycle. One of the original flow 

maps by Bergelin et al (48) used the simple correlation of 

phase mass flux, or velocity, with flow regime and gave 

reasonable results if compared with simple systems in small 

pipe's, air/water or oil/gas in 1" to 3" pipes. Later work 

by Baker (49) and Scott (5)) on a wider range of phases and 

pipe sizes found it necessary to include many of the fluid 

properties in the correlating parameters, resulting in such 

without giving any significant improvement in reliability 

or generality, or increasing the awareness of the factors 

involved in flow pattern determination. 

Continuing work, based on the collection of data from 

many authors and systems, has amassed a large amount of 

information, much available for computer manipulation. 

Analysis of this data once again indicates that the simple 
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superficial velocities are the best correlating factors. 

Some minor changes to regime boundaries can be applied to 

account for the differing phase properties (51). 

Experimental work on the particular flow regimes to 

explain flow behaviour and transition criteria is extensive 

(52). These show that much fine detail is of necessity lost 

in an overall flow map, and precise investigation of any 

particular flow regime is required to obtain accurate results. 

Recent work by Azis et al (53) on the elongated bubble regime 

show break-up of the bubbles under certain conditions, a 

factor of importance when surface active agents are present. 

All flow pattern maps generally available have been 

prepared with non-foaming liquids, care being taken to ex-

clude any contaminants which might affect the flow regimes. 

A paper based on the work of this thesis, dealing with flow 

regimes with foaming solution has been presented (54) and 

shows the marked change in flow patterns with phase mixing, 

pipe size and detergent concentration. A copy of this paper 

is given in the Appendix. The flow regimes in a polyhedral 

foam have been discussed by Hoffer et al (55) but no flow 

pattern map was constructed. 

Friction factor plots for the correlation of two phase 

data have been presented, in the same manner as for single 

phase fluids. Flow regimes have been limited to the 

homogeneous, ie., dispersed bubble or mist, where phase-

velocities can be assumed equal, UG  = UL. The friction 

factor, e.  /ir2.  , has been plotted against Reynold Number, 

DU.13 
---- 	the value of viscosity used being that of the liquid, frt  

justification for this being based on the liquid film at the 

wall. 
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Results vary, Wallis (26) indicating that a value of 

f = 0.005 was a good estimate. Work by Yokota (56) and 

recently Davis (57) has shown a dependence of f on Re. Both 

these workers investigated vertical as well as horizontal 

flows at high velocities, in the homogeneous dispersed bubble 

region. The results obtained were correlated in the form 

1 
- A + B ln(Re.JT) 	1.13) 

Flow direction A B 

Vertical 	(57) -10.6 2.7 
Horizontal - 	3.4 1.9 
Both vert. & 4.6)  _ 	

1.14 2.16 
Single phase(58) - 0.4 1.7 

Foams lend themselves to this approach, work by Grove 

(4) making use of such an anology to one phase flow in a 

foam viscometer. Results by Starkey (5) indicated that foam 

friction factors correlations equivalent to those for Bingham 

fluids could be obtained from pipe flow of foams, on the basis 

of the analysis due to Hedstron (59). 

1.3) 	Foam Systems  

The foam systems which have been reported in the liter-

ature cover a wide range of the possible factors. Different 

pipe sizes, foaming agents, bubble generation techniques and 

data presentation methods have all tended to make comparisons 

between the various systems difficult, or even meaningless, 

due to the diversity of factors, some of which are unspeci-

fied or not controlled in the experimental work. 

There are many methods of generating foams, each with 

varying degrees of sophistication and reproducability. The 

early work on foams was interested in dry foams, similar to 

those on the top of liquids in process equipment, and the 
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generation methods were crude, shaking a quantity in a vessel, 

or using a beater (1). Work on bubble production for froth 

and foam mass transfer process has• used gas injection via 

capillaries (60) or sinter discs (61). Workers investigating 

the flow properties of foams have employed a range of methods, 

a) Sinter discs or spinerets. 

b) Blowing air and foaming solution through a series 

of wire gauges, a usual technique for producing large volumes 

of high expansion foam for fire fighting (62). 

c) Passing air and water through a packed bed (63). 

d) Using high speed water to entrain air, on the 

laboratory water pump principle, and then creating a foam 

by impact (64). 

e) Passing the air and water through a pump which by 

it's mechanical design breaks up the air (4). 

f) Reduction of pressure over a foam solution saturated 

with a soluble gas (5), or mixed with a low boiling point 

solvent (65). 

g) Use of a venturi to entrain air, the system being 

employed for oxygenation purposes (66). 

h) The use of a pump and air leakage into the liquid 

stream to create a foam ( 67) 

This wide range of possible generation methods gives 

nearly as wide a range of different types of foams, gas to 

liquid ratios vary greatly, bubble sizes are different and 

foam drainage and lifetime properties differ. Even with any 

particular generating mode minor design or flow rate changes 

can alter the foam produced. The parameters of the foam to 

use in it's characterisation are many, and as yet there is 

no standard series of tests recognised as being able to 
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measure "foamability" of a liquid or "quality" of a foam. 

The testing methods for foams have been based on a 

rather adhoc and empirical studies. Early work on foams 

were aimed at the understanding of drainage of films and 

and bubble strengths, Bikerman (1) reviews these aspects 

satisfactorily. Most foam testing methods have been based 

on a measure of the time for a sample of foam to:- 

a) Drain, 	time against liquid drainage rate 

b)Collapse, time against foam height or volume. 

c) Coalesce; time against some function of the 

bubble size or distribution. 

The effects of bubble size, temperature, foaming agent, 

liquid and gas phases and measurement vessel have all been 

investigated, but not in any fully systematic manner. It 

is this lack of standardisation which makes comparison of 

results difficult, coupled with the general problem of 

reproducability of particular foam systems. • 

Work at the Fire Research Establishment has aimed at 

standardisation of generators, foam quality, bubble size and 

measuring techniques. Foam parameters are defined by the 

time for 25% of the liquid in the foam to drain (16), and 

the shear force on a particular viscometer in a specified 

aged foam (69). 

The bubble size and distribution in the foam is another 

important factor which has attracted much attention, without 

as yet leading to any unified theory on the effects of bubble 

size on foam properties. The usual technique of measurement 

is via a photographic method (10, 55, 70, 71), the foam being 

photographed in the pipe, or in a static condition. 

De Vries (72) discussed the inherent draw-backs of 
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comparing foam bubble size at a wall to that of the bulk, 

but Chang (70) with frozen foam samples showed that bubble 

size and density was constant through the bulk of the sample. 

Typical bubble sizes range from 20 microns. to over 10 mm for 

the range of generaters detailed above. De Vries (72) gives 

data for foams made with Teepol, and sodium alginate as a 

viscosity increasing agent, which have bubble sizes in the 

range 20 to 80 microns. 

Bubble coalescence and size changes resulting from gas 

diffusion between bubbles show that the gas phase plays an 

important part in foam lifetimes (72, 71). The relationship 

between bubble size and liquid and gas phase properties has 

been shown to be 

r 2 — r 2 (4.RT uflslt 	1.14) 

Po /` 
Experimental results uphold this relationship. 

The foam can be considered a fluid in it's own right, 

and as such has properties which depend upon the value of 

pressure, temperature and foam composition. An equation of 

state for the gas phase, first postulated by Tait in 1867, 

has been presented by Ross (74) where 

RV + 2.0.A = nRT 	 1.15) 

An identical result was obtained by Drew et al (32) 

based on theoretical considerations. This equation relates 

the surface properties of the gas in the foam bubbles with 

the external enviroment properties, similar relationships 

could be developed for the other thermodynamic properties 

of the foam. 
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2. 	Theoretical Development  

2.1) 	Rheology of Foams  

The use of capillary tube viscometers for the measurement 

of rheological properties of non-Newtonian fluids is well 

established (75). The use of the pressure gradient to infer 

the relationship between shear stress and shear rate in this 

type of viscometer is by no means a trivial matter. The rate 

of shear is not constant over the tube radius, varying from 

a maximum at the wall to zero at the centre of the pipe. 

The generally non-analytical nature of the stress/strain 

relation far such fluids makes the interpretation of results 

both difficult and places many restrictions on the applicab- 

ility of the results (17). 	 • 

3 
It can be shown that a relationship between Rvica.  

and ,.,exists which is independent of the tube radi,us, however 

complex the relation between shear stress and shear rate- 

= 	8-t 
0 

The assumptions made in the development of the equation 

are:- 

1) the fluid properties are time independent. 

2) rectilinear laminar flow with axial symetry 

exists in the tube. 

3) the rate of shear at any point in the fluid 

depends only on the shear stress at that point, 

_ 2.2) 

4) there is no slip at the wall. 

u,, = 0 

2.1) 

Since the integral in equation 2.1 is a function only 

of the limits, (R/4(  depends only ont, no matter how 
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complex the function. The shear stress at the pipe wall 

is given by 

_ a. 0 P 
- 

2..L 
2.3) 

Hence a plot of 1:Dversus Cc.3  for any fluid will 

give a single curve if the assumptions above are valid. 

This graph can be used to derive the relationship between 

the shear stress and rate of shear as follows; 

hence 

tt, 

	

Rt.) 	2-1(t 
0 

_ 	 

2.1) 

2.4) 

However the curve FM) is not normally sufficiently 

defined to allow this differentiation to be carried out 

in practice. 

The technique often used to overcome this problem is 

to define some arbitary function between 	and -tW in 

equation 2.1, and solve the inte—gration. Then by 

inspection and comparison of the data with this idealised 

model, with a certain amount of manipulation of the con- 

‘..spc,z ,leie 
stants,Lto arrive at a relationship which gives agreement, 

within the experimental limits, of the model and experi-

mental results. 

A large number of these functional relationships have 

been developed, and the general theory for each case 

investigated. The relations most used are:— 

1) For a Newtonian Fluid 

2.5) 
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which on substitution gives 

2.6) 

the familiar Poiseuille equation for laminar 

Newtonian flow in a tube. 

2) For a fluid with a yield stress, a Bingham fluid, 

	= (t,) 	-tyro 	2.7) 

which gives on substitution, 

Q 	-ryck_4 6,Pr 	4-i 
 ck  
lLtol, I ( 	 

3 -AV)*- 	A? 2.8)  
- 	Srb. L 

known as the Buckingham equation. This reduces 

to equation 2.6 if 	0. 

3) For power law fluids, 

	

—W n 	t- ?s 	IC) 

	

\ -h/ 
	2.9) 

which on substitution gives 

	 (-0. a )1/n 	 2.10) 
f\ 	\ 2. L 

This again reduces to equation 2.6 if n = 1 and k 

the exponent in equation 2.9 	often used as a 

measure to define the 'degree of non—Newtonian behaviour', 

the closer to n = 1 the fitted results, the less non—

Newtonian the fluid is considered to be. 

4) a combination of all these functions to cover all 

the many fluid properties that can exist. Models used 

have been 

= 	4- A6 
	

2.11) 

and 

= 	4- sil.S 4;1C 
	

2.12) 

, c : constants. 
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The aim of the use of these functions has been to 

approximate as closely as possible the flow curve, but 

still to have a form capable of analytic manipulation. 

The use of several constants allow such a wide lattitude 

in fitting that care must be employed if meaningful 

results are to be obtaineOs especially in cases which 

involve extrapolation of design. 

2.1.1) 	Problems with Foams 

The general theory so far described must be applicable 

to the system under investigation if it is to be used for 

describing the flow; or any deviation from it be account-

able for, and the necessary corrections and adaptations 

made. 

Foam is a rheologically complex material, with problems 

unique in it's generation, property characterisation and 

determin-s.',ation, and control of the flow system. Foam 

consists of two very different phases, with property 

values at the two extremes of their value scales, a 

highly variable and indefinable microstructure, and 

properties as yet imperfectly unde'rstood. Many of the 

most basic assumptions that can be made for normal one 

phase fluids cannot be assumed to hold, this either results 

in derivations which are mathematically intractable, or 

approximations of large orders being made in the derivation, 

with all the attendant inaccuracies which can arise. 

The factors which must be considered in any detailed 

theoretical treatment of a foam are; 

1) Normal one phase fluids in rheological terms are 

considered as a continuum, a factor involved in the theory 
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of laminar flow and the no-slip boundary condition at the 

most basic level. Foams, or in fact any multiphase 

system in which the discrete particle size is large, 

cannot be considered continuous on the microscale. 

Hence any foam system must have dimensions which are 

sufficiently large to create an apparent homogeneity, 

a size ratio between bubble and measuring device of at 

least 1:100 being desirable (75). Hence for the foams 

under consideration the minimum pipe diameter which 

could be used if this restriction were to apply, is of 

order 100 x D 	This for the Sinter generated foams 

with a D = 350 microns, is a pipe of diameter at least 

35 mm, and for the pump generated foams, D = 60 microns, 

a diameter of at least 6 mm. The use of such large pipe 

sizes for rheological studies bring it's own problems. 

2) Foams in the long term cannot be considered a 

time-independent fluid, as it's properties at any instant 

depend to a certain extent on it's previous "history", 

and the forces that have acted upon it. The foams used 

in the experimental work have been chosen, generated and 

handled in such a way that they would have as constant a 

set of properties, over the period of any experimental 

determinations carried out on them, as possible. The 

time in which the foam takes to pass through the pipe 

in which the pressure drop is measured was arranged so 

the foam would have constant properties over that period. 

Experimental work on the foam drainage showed that foams 

may be considered to have constant properties for times 

ranging up to the ten's of seconds. The smaller the 

bubble size, the longer the foam can be assumed to have 
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constant properties. 

3) The analysis depends on the flow being in the 

laminar region, there being no velocity fluctuations in 

the fluid on the microscale, and no radial components of 

velocity. The foam flow was often difficult to arrange 

to be laminar, due in part to the constraints mentioned 

in 1 and 2. The accepted definition and test for laminar 

flow is a fluid Reynold number below some critical value, 

typically 2000 for Newtonian fluids. Now 

= p  Ui O 	
2.13) 

The precise definition and measurement of these terms for 

a foam is by no means absolutely clear, there being a 

certain degree of ambiguity in the literature. 

Constraint 1) results in a large, by capillary visc-

ometer standards, value of D, which will give a large 

Reynolds number. 

Constraint 2) means that time for measurement of the 

foam properties must be short, the time of transit for 

the foam between pressure measuring points must be small, 

and the velocity must therefore be large, increasing the 

value of Re. 

The foam properties then tend to result in flows 

which have higher Reynolds number values than would be 

used in similar investigation of a single phase fluid. 

4) The assumption of axial symetry for a foam can 

also be a poor approximation under certain conditions. 

Foams which have drained to any extent will have a 

stratified structure and a marked density gradient in 
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the foam layer. Foams generated with the Sinter cannot 

be considered to have a truely even composition. 

5) The rate of shear might not be only a function of 

the stress. 

2.14) 

For a foam flowing in a pipe there could be a particular 

bubble orientation which is favoured, such as the bubbles 

forming into lines, at different shear rates. Also large 

bubbles may have an effect on the surrounding fluid to a 

distance comparable to their size, variations in bubble 

density could cause anisotropic regions to occur in an 

otherwise uniform foam. 

The magnitude of these effects on the foams in question 

is difficult to quantify, and as such, many of the possible 

errors have been assumed negligable. The foam produced by 

the pump generator was expected to conform to the assumptions 

made in the theoretical analysis. 

2.1.2) 	Slip at the Wall  

The assumption of no slip of fluid at the pipe wall 

3 
is essential if plots of Qo_ 	a gainst  t a , for the hr  

different pipe sizes, are all to lie on the same line. 

If several curves result from the data of the different 

pipe sizes, then the most likely reason is that near the 

wall there is an anisotropic region, with different fluid 

properties to that of the bulk. 
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The presence of such a layer near to the wall is 

typical for multiphase media, and is widely reported for 

foam (10) and polymer solutions (22). The presence of the 

wall alters the orientation and packing characteristics 

of the particulate phase, resulting in a region next to 

the wall which is depleted in the second phase. Particles 

cannot have their centres nearer to the wall than the 

average particle radius. 

The effect of this layer is to create a region of 

different Theological properties, and sot.), measured 

in the experiment, is not the value which would exist if 

the bulk properties extended right up to the wall. This 

situation has been investigated throughly (18), and 

methods of determining the effects of slip have been 

developed (19). The analysis is based on the assumption 

of an effective slip velocity at the wall. True slip is 

not believed to occur. Very dry foams with the bubbles 

having the wall as one side of the polyhedral bubble 

will undergo true slip. This analysis does not include 

such cases. 

The effective slip is denoted by Us  at a radius r = R, 

where Us = f (T0). 

The volumetric flow rate through the differential 

annulus between r and r dr is; 

d az = u_. 2:5 r.ar 	 2.15)' 

where u is the velocity at r. 

9 
	R 

:. Q = 	dcz. --= 11. I kl.:).C.  &. 	 2.16) 

0 



substituting d(r
2
) = 2r.dr. so 

RZ  

Q = -rc 	cx.d(v.7-) 
0 

2.17) 
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2.18) 

or 

- V .UtsR-L  - 7[1 \--tdd 
0 
	 2.19) 

where u is the velocity at the wall. In cases when no 

slip can be assumed, u
s 

= 0, and the first term can be 

cancelled, and the analysis leads to equation 2.1. 

The terms in equation 2.19 can be identified with 

the flows caused by the fluidity and the slip, 

Qfluid = 
	

[IC
zcH 

	

2.20 

hence 

Qslip —cc ,t0 1-  2.21 

=  total Q slip 	Q fluid 2.22 

If the effect of slip can be accounted for the relation 

between Q P (orTIA), and fluid 
can be determined, and the 

rheological properties of the bulk foam seperated from the 

wall effects. From assumption 3 and equation 2.2 

L= 
	

2.2) 

and the shear stress at any r is -troc. 

-trx = 	 L 
2.23) 

Integrating by parts gives 

Rz  

0 



2.28) 

0 
dividing throughout by ic ce 

QT= 	 f tyx. 
Lo..3 
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at the wall 

	

= 	R

- 

lf 	 2.3) 

• trm  =  	 2.24) 

▪ _ 	 2.25) 
— 

	

R 8(1tvx) 	 2.26) 

T17.4 

substitution in equation 2.19 with equation 2.25 for r
2
; 

	

and equations 2.2 and 2.26 for 	gives 

uT = 	R .4-  [f-TE4 	
0 

	2.27) 

which on re-arrangement 

IcSk.1  	0 
—e.i(tAst 	 2.29) 

which is equivalent to equation 2.1 with the additional 

us/R
sin  

dividing by -eta 

0  = ups + I it  
RIL, 	i(-tatt 

2.30) 

The effective slip coefficient,p , can be defined as 

= us 	 2.31) ' 

sop is equivalent to the effective slip velocity per unit 

shear stress at the wall. 

Q  — J ÷ 	 2.32) 

R 
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The value of 

/

R can be evaluated as a function of 171A 

from experimental work on a number of pipes, with the 

use of equation 2.32. 

1) Plot, for a range of R, but constant L,Wwft4  

against -tw . If I? = 0 (no slip) all curves 

will coincide. If the curves are different, 

O. 

2) For the different curves, at a fixed value 

oft,, read off the values of OATielr;,,, for 

each R. 

3) Plot QhfR3-1-,, 	against 1/R. Equation 2.32 

indicates that the slope of this line gives 

at values of -tw. For a fixed value of-rw, 

the second term on R.H.S. is constant. 

,  	 Copfk 	 2.33) 

Coc1c.:0-1\t, 

4) Repeat steps 2 and 3 at different-to. 

5) Plot the value of 	against-o. 

From the relationship of (1. f(-to) the measured Qrcan 

be corrected for the effect of slip, from equation 2.22, 

Qfluid = Qtotal -Qslip = Qtotal - 	r)\2-  

where *lria is given by equation 2.3. 

Hence from the data of at least two pipes the relationship 

between shear stress and shear rate for the bulk foam can 

be found, separating  out the effects of the wall slip. 

2.22) 
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increasing. 
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2.2) Friction Factor Correlation  

The use of the friction factor as a correlating method 

is common for single phase flows. Two-phase flows normally 

encountered do not exhibit sufficient homogeneity for the 

method to be applicable, only in the dispersed bubble (56, 

57) and annuler mist (26) regimes has this been attempted. 

Reynolds numbers for these flows are of necessity large, 

105, as high turbulence is required to impart homogeneous 

flow. The foams investigated have a pseudo-homogeneous 

form even at very low flow rates, Re 	103, and so would 

be expected to yield information over a wider range of Re. 

The friction factor, f, is a dimensionless group relating 

shear stress to energy of the flow, 

f 
	

±pu 
	 2.34) 

The value of Reynold's number is a function of the fluid 

and flow parameters. 

Re_ — 24—.8 	 2.35) 
/AA&  

The foam flow has been shown to be typical of a Bingham 

fluid, and the f 	Re plot could be expected to follow 

the pattern exhibited by such fluids (59), as shown in 

Figure 2.1. 

Figure 2.1: Typical f v's Re plot for a Bingham fluid. 
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Analysis of the equation for a Bingham fluid 

AAA. -to = 	 2.7) 

shows that the friction factor is a function of two groups 

where 

2.36) 

/t)-a" Turbulence is estimated to occur when the curve at any 

H, value cuts the curve for turbulent single phase flow, hence 

(Re)critical 
	is a function of He_. 

2.2.1) Foam Reynolds Number  

The definition of the Reynolds number for two-phase flows 

is open to some variation of the precise values of parameters 

to use. 

Re  = ql'UT3/1.1‘ 
The value oflA.,(3,/tXused has depended on the system in 

question, and the use to which the results are to be put. 

The contribution of the phases, and their weighting, to these 

properties, has given rise to several definitions of homo- 

geneous two-phase Reynolds numbers 

1) Re = 	 (4, 5) M 
8 
 M 

2) Rem  = 8 • \het.pm 	(56. 57) 
/..A.Li 

3) Re = ct \rm 	 (28) 
L '

i.  
M 	

.p .  
ru 

where L:liquid property and M:mixture property. 

2.37) 

2.38) 

2.39) 

The flows have been assumed homogeneous, with no phase 

slip, UG  = U L.  

VM- - Total volumetric rate/flow area. 
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/i m: either some weighted mean of the gas and liquid values 

is used. 	 I =.-2L- 4- 1.1=1") 	 2.40) 

flor 	Att. 

or some equation of the Einstein type used l or the value 

measured by some means. 

The use of /CI. has been justified by the argument that 

the layer next to wall transmits the shear force, this being 

a liquid layer, the viscosity is best given by the liquid 

value. 

The various definitions for Reynolds number are related 

to the liquid Reynolds number, for the no-slip condition as, 

fm 	= pg.  VL 

which gives on substitution in the expressions, 

1) ReM  = Re,L. AIL 	 2.37a) 

2) ReM  = ReL 	 2.38a)  

3) Rem  = ReL( + Q2.39a) 

The value used in this work was Ref =  p 
	, the value 

/14̀ x 
of po  being obtained by application of the Bingham model to 

results, and was the apparent, or plastic, viscosity of the 

foam. 
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2.3) Accelerational Pressure Drop  

The pressure drop in the pipe due to the effect of the 

fluid accelerating as it passes down the pipe can in many 

cases be a substantial part of the total pressure drop, 

especially in high speed compressible flows. The neglect 

of this factor in the estimation of rheological properties 

can lead to serious errors in the gas-liquid system, and 

was initially the cause of much confusion among early 

workers who found their pressure drops' results in 

disagreemen-t. 

In this work however the effect of accelerational 

pressure drop has been ignored in the derivatidn of the 

flow curves for the various foams investigated. Pressure 

drops are comparitively low, (a max (0.1 P1), unlike cases 

which investigate the annular flow regimes, and the errors 

involved in neglecting this correction are of the same 

magnitude as the other errors involved. 

The maximum pressure drop due to the accelerational 

pressure drop encountered in this work is about 57 of the 

measured pressure drop. 

The momentum equation for steady, one dimensional 

homogeneous flow can be written in the form, 

- s tio — 	pm. % cod30. 	 2.41) 

This can be re-arranged to the form 	& duct perimeter. 

g  — g) + 8P) + a?) 
CTi/Occ. d t Ay-tusi 

where the terms can be identified as 

2.42) 

--- a) : frictional pressure gradient 
/FA, 

IA Ay 	— = 	
jc1Xe fi (AB 

: accelerational pressure gradient 

c.ose = — dP 	: gravitational pressure gradient 
a )70.4 
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) 
For the system in question the term 	= 0. 

ai
4?

/ rig 

The frictional pressure gradient can be expressed in 

terms of the friction factor. 

O. 

• 8 ? ) 	

= 2.c. 	'm 	 2.44) 

`CW = 	z [44 -t 
 
wm 

al/Fcic 	' 

	
2.43) 

The acceleration pressure gradient can be exprrssed 

in terms of the kinetic energy change of the flow, where 

	

cb) = pcom  411: 	 2.45) cP 

Consider the case of flow of mixture,G4=QL , at a 

flow rate sufficient to give a pressure drop of 100 cm of 

water/metre, 	 0.1 bar/metre, at average pressure of 1 bar. 

but 

Vml = Qml =  QL 	CIG1 
A 	A 

Vm2 = Qm2 = QL 	(102  
A 	A 

G2 = P 1Q G  = 1.1 x QG1 P2 	1.0 

2.46) 

2.47) 

2.48) 

Using a.l.G4. 
V= 2.0 V 	and ml 	L 	m = 2.1 VL  

V
m 

= 2.0 V
L 

8? —  2. 

	

dt )0.„ = 0-05 pm . V rA 	Fa mare 
now for a 1 metre pipe, with cl-."--. 2 cms, and using a value 

of Ci of 0.005. (26). 

8,9) 	
—1. 

=- 2 Ct  Tft, V. . L 

d-e/Fric, 	 cA. 
—t 

= 0.5 rm V et., 

at highest pressure drop encountered, 

0°Lo —cl\lc‘.7) 
— 0-CC 

Hence at the maximum value for pressure drop, of interest 
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in the foam the accelerational pressure drop was==" 10% 

of the frictional pressure drop, and was not accounted for 

in the estimation of pressure drop. A similar neglect of 

the accelerational pressure drop has been used by other 

works (28, 45, 56), investigating stratified, slugging 

and bubbly flows. Neglect of the accelerational terms 

in high velocity or annular flow can cause major errors 

in results, the acceleration pressure drops are high, 

and expansion of the gas contributes a large part of 

the total pressure drop. 
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2.4) Lockhart and Martinelli Correlation  

The Lockhart and Martinelli correlation for horizontal 

two phase flow was developed to give estimates of pressure 

drop and hold-up ratios (45). The correlation was essent-

ially developed with an empirical basis, but it has since 

been shown to have certain theoretical justifications. It 

is a widely used method for obtaining a first approximation 

to the pressure drop, what it tends to lack in accuracy it 

makes up for in it's ease of application (28). The results 

obtained are good if conditions in the system are similar 

to those used in it's derivation, and much additional 

work (46, 47), using similar analysis techniques, has 

been carried out on flow regimes and pipe conditions not 

included in the original work. The use of these alternat-

ive correlations based on the Lockhart and Martinelli 

model has greatly extended the accuracy and application 

of the basic method. 

The basis of the correlation is that the pressure 

drop due to the liquid phase flowing in the pipe must 

equal the pressure drop due to the gas phase, whatever 

the flow pattern. This is equivalent to considering the 

gas and liquid to be flowing in two parallel pipes, with 

diameters DG 
and DL, such that 

,6131 =  AP\ - A?) 
) 	 L / Two pLase 

rather than together in a single pipe, diameter D. 

Hence the pressure drop for each phase can be ex-

pressed conventially using the friction factor concept 

with the relevent phase properties, as 

A?  = 2 	(( -̀\1̀ ) 
L L 	

\ 

2.52) 

2.50) 

2.51) 
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where DL  and DC is the equivalent hydraulic diameter of 

the region of the pipe in which the liquid and gas flow. 

The velocities, VL  and VG, are those of the liquid and 

gas flowing in the regions DL  and DG, where 

_ 	\i — 	  

f(i boy )per 
1 

where constants o< and 11 are to allow for the flow geometry, 

(0‹ = actual cross section of liquid flow area 	2.54) 
cross section of pipe diameter D 

and similarly for( with the gas. 

The friction factors fL  and cor  may be expressed in 

terms of a generalized Blasius form. 

	

= 	 
94.1.N 	Voc )s{  \LitA 	

2.55) 

Hence by substituting equation 2.55 and 2.53 into 2.51 5  

making use of the equality of equation 2.50it can be shown 

	

that 6qi, 	 (N-s n 
= 2 St_ • _i‘L • cx • 1)  L. • iteiL.(a 	2.56) 

L )20.,s4 	PL 	0- / 

The pressure drop which would exist if the water 

flowed alone in the pipe can also be expressed in a 

similar form; 2.- rt i  
AP\ = 	 tAL 	. ju L̀ '  . (7.\

n 

L 	 p, 	 / 	4 

where Bg_. and n are the relevant constants in the Blasius 

friction factor correlation. 

	

,I 	1 
If we assume Ell_ .13u and n =n then 

	

Aa■? IS? 	(_
)

S-n   = \ G(-2 a 	2.58) 

L 	 1c4 	 ht. 	 D.0 

 

The factor of interest in the correlation is the 

value of A? 	, and this is combined with the liquid 

L  )tease 

2.53) 

2.57) 



pressure drop, a known and calculable value, 
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s--f■ 
L oCc- 

L CEJ 
L ISL.  

and similarly for the gas phase 

2.59) 

 

      

■A? 
L 2 iAciAt 	1 )c,r 	c)  

Doc  
)5Cx 

Lockhart and Martinelli postulated that 

were function of X, where 

Lst_  
AP\ 

L)Scir 
The functional relationship between 4,,, 400r and )( was 

determined by experiment, the initial correlation being 

based on data in small, 1" to -11;" pipes, with air and a 

variety of liquids 3 with specific gravities 	.8 to 1.00 1  

and at near atmospheric pressures. The data was 

correlated into four groups, depending on the superficial 

Reynolds number of the phases. A critical Reynolds 

number of 1000 being taken to seperate the laminar from 

the turbulent data. 

For the purposes of comparison with this work the 

case of 04.* , the liquid and gas turbulent cases, is 

used as all but a few data points give R. > 1000. 

The plot for the 4.eb  case with co-ordinates is given 

in Section 8.1. The plot shows the typical data scatter 

found in suchwork, and is taken fromthe original L - M 

paper, and shows the oc,„ case. From this plot the i. 

line for 	can be drawn, using the relationship 

1 

— 2.71) Ltt 

2.60) 

and 0or 

2.61) 
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2.5) Pressure of Gas in Foam. 

If a volume of gas, VT, , at a pressure P6 , and a volume 

of water V1  are mixed together in such a way that an evenly 

distributed dispersion of small bubbles in liquid is produced 

there is a reduction in the total volume of the system. This 

volume reduction is due to the fact that the gas experiences 

an average pressure P, where 13>1%. This increase in the gas 

pressure comes about for several reasons:- 

a) The gas in the bubbles experiences an excess 

gressure,Qpb , compared to the pressure just outside 

the bubble, due to the surface tension forces acting, 

where 
2Cf 	 2.72) 

b 	r 

The value of 2SPI)  for the fine bubble foams used in the 

bar. 

b) 

with the pump generator is 	1 X 10-2  oar. 

b) The gas in a bubble in the bulk of the foam also 

experiences an additional pressure to that above the 

foam, due to the hydrostatic head of foam above it, 

where 

21Ph  = hefg 
	

2.73) 

For a foam in the small scale foam generating device, 

h
f 
= 20 cm. and )

f 
= i9L  ;LSPh  = 1 x 10-2  bar. 

Hence the total pressure experience by the gas in a 

bubble in the foam is 

P f = P atm 
+6p

b 
+Zip

h 
	 2.74) 

The pressure in a foam bubble is therefore a function 

of the bubble size, the foam density, and the position of 

the bubble in the foam. The average pressure in a foam F, 
can be defined if the following assumptions are made, 

1) The bubbles in the foam can be characterised by an 

average bubble radius, f, which is the same value at all 

points in the foam, No preferential size sorting taking 
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place in the foam. 

2) The foam density does not vary with depth in the 

foam, the bubbles are evenly distributed throughout 

the bulk of the liquid. 

3) The foam sample is contained in a vessel of constant 

horizontal area, equal amounts of gas are present at 

different foam depths. 

Hence the average pressure of the gas in the bubble of 

a foam is, 

Pf  = Patm + iAPh + 2
64 	2.75) 

In the foams in question it can be seen that the relative 

magnitude of these effects can be a few% of the atmospheric 

pressure, and hence should be measurable. 

The equation for the pressure in the foam is identical 

with the Tait equation obtained by Ross (74) for the 

pressure of gas in a foam 

20 A PV + 	- nRT 2.76) 3 

which relates foam pressure, volume and surface area. This 

equation allows the calculation of the surface area of a foam 

if the pressure or volume relationship can be established. 

For the case of the isothermal decay of a foam, T constant, 
20e Al 201A, 	

2:77) P V + ----1 = P v + ----L 1 1 	3 	2 2 

If case 1 is the desired foam of which the surface area is 

required, the case 2 is the same foam when the gas and liquid 

have been separated, the foam collapsed and R2= 0, then 
P
1
V
1 

+ 2a Al = P
2
V
2 	2.78) 3 

hence if this change in the foam surface area takes place at 

constant volume, 

2.79) 
1 

The value of the average bubble radius of the foam can be 

determined if the value of P2 and P1 can be measured, this 

for a very fine bubble foam should be IT 1% Pats,, , well 

within the limits of accurate determination. 

, (P
2 
 - P

1
) = 

 231 Al 
 = 26 
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cJ = Volume gas  
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2.6) 	Speed of Sound in a Foam 

It has been demonstrated that there exists an unique 

velocity in a pseudo-homogeneous medium at which a slowly 

varying pressure pulse travels (34). This is not however 

true of a rapidly fluctuating pressure or sound wave, which 

travels by a complex mechanism of attenuation, scattering 

and dispersion from the bubbles (36). 

The velocity of a wave in an isotropic homogeneous 

medium is given by- 
8? 

2.80) 613 
A foam with small bubbles, and a comparatively low gas 

to liquid ratio, less than 10, can be considered to be 

sufficiently homogeneous for this equation to apply. 

If the gas to liquid mass ratio is defined by:C., and 

the volume ratio 1354, where 

DC = mass gas 	 Lf\.11n per unit volume 	2.81) mass liquid MaufrA 

2.82) Volume liquid per unit volume = 

For a two component foam with no mass transfer between 

the phases, 

OC = constant 	.;EiC?') 

but the value of 

The average density of the mixture can be written as, 

= mass of gas + mass of liquid  = 	Pet.Nri- PE' V.e. 2.83) 
volume 

= PLx-  o.: 1  1-1 
	

2.84) 

The liquid can be assumed to be incompressible, ( 

constant, and the effect of surface forces ignored. At low 

volume ratios the heat capacity of the liquid is very much 
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greater than that of the gas, and volume changes will hence • 

occur at constant temperature,  to the first approximation. 

The isothermal equation of state can be used. 

= constant 	 2.85) 

Differentiating equation 2.85 by parts w.r.t p gives 

?AC + 	= 0  
aT1 	61' 

From equation 2.84, g—P 

• 	
Pi 

differentiating w.r.t 	 and and substituting gives 
(\,+  

(.\ 
substituting in equation 2.80, with 2.86 and 2.87, gives 

112 	
2.88) 

p ( 

	

For the foams in question, 	= 	, and so "X. ti  '10 3 

Rearranging equation 2.88 using o. to replace S.  , where 

pL = voidage = Vol of gas  
Volume of foam 

and assuming (1 +Z.) a- 1 	112. 

-- poxo-tici 
	

2.89) 

The speed of sound given by equation 2.89 at normal 

pressures is low, and has a minimum when the term Oc(1 

is a maximum, at4t=0.5. The speed of sound calculated 

using equation 2.89 is shown in Figure 2.2. Of note are. the . 

low values of Q, and the flatness of the curves between 

.34)6‹.7, the speed of sound only changing by 10% over 

this large range. 

2.86) 

2.87) 

cc, = (1-1- 
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Figure 2.2: Variation in the speed of sound with Absolute pressure 

and voidage. Calculated by Equation 2.89. 



53 

3) 	Equipment and Experimental Details  

3.1) Main Equipment  

The main equipment was designed and built as shown 

schematically in Figure 3.1. The equipment can be con-

sidered to consist of 5 main sections, the air/water meter-

ing system, the foam and liquid holding tanks, the pipework 

used in the tests, the pressure drop measurement devices 

and the foam generation equipment. 

3.1.1) Air/Water Supply System 

The air used in all experiments was taken from the com-

pressed air supply available in the laboratory, at a pressure 

of 90 psig. The air was passed through a reducing valve and 

filter before use. Flow rate measurement was carried out using 

a range of rotameters,to give flow rates from 1.0 to 60.0 

litres/min. The air pressure was measured after the air 

filter to indicate supply pressure, and immediately after the 

rotameter,to allow the air flow rates to be calculated, and to 

give the pressure of air into the foam generator. The air 

flow rates were calculated by the use of prepared calibration 

charts for each rotameter, these were checked,at selected 

rotameter readings and outlet pressures,by comparison with 

a displacement gas meter, and were found to agree within the 

rated errors for these rotameters1 +27. Tables of flow rate 

versus rotameter reading over a range of pressures,from 1 to 

20 psig intervals, were drawn up and used with interpretation. 

The water used in the experiments was taken from the mains, 

and held in a 250 litre galvanised iron tank. All water used 

for experiments was held for at least 1 hour in the tank, and 

pumped round the system at least once,to ensure knockout of 
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any dissolved air, mains supply being 40 psig. The amount 

of air which would come out of solution was appreciable, if 

mains water was used to flush out manometer tappings the 

very small bubbles formed caused problems as they were very 

difficult to dislodge off the tube walls. The mains water 

quality was not checked chemically in any way,but perodic 

readings of surface tension were made to ensure pure supply, 

values of 71 ± 1 dynes/cm were always recorded. See Section 

3.1.5 for details on system cleaning to remove detergent traces 

in rig. 

A charge of 192 litres of water was used for each experi-

mental run, this quantity being measured by a depth marker in 

the liquid hold tank. The desired detergent solution was made 

by adding Teepol to this charge, to give the required concentrat- 

ion 	
a) 96 mis for a 0.05% solution 

b) 960 mls for a 0.5% solution 

these volumes being measured with a graduated cylinder. 

The detergent solution was changed regularly during the course 

of the experiments, 3 days being the longest time any solution 

was kept. The action of the close mixing of the air with the 

detergent solution causing a cloudiness to occur as the sur-

factuant degrades, Teepol being a bio-degradable detergent. 

The water temperature was measured by mercury thermometer, 

and was periodically monitored during experimental runs, as 

prolonged running would cause a temperature rise due to heat 

gain from the pumps. Temperature ,iises of -21, 2° C/hr were 

noted with constant running. 

Flow rate measurements were carried out with a suitable 

range of rotmmeters, giving flow rates from 1 to 60 1/min. 

Charts were constructed and checked by sample collection, 



56 

errors being within ± 1.5%. 

The metered air and water flows were then piped to the 

foam generation equipment. 

3.1.2) 	Foam Holding Tank  

After the foam has passed through the test pipe it had 

then to be destroyed, the air allowed to escape, and the water 

re-cycled. During the course of experimental runs any foam 

samples taken for external measurements were returned to the 

foam holding tank, so that the total water stock remained 

constant. 

The air and water were seperated by allowing the foam to 

drain and collapse in a large tank of volume 0.9 M3. The 

water which drained from the foam was drawn off at the bottom 

of the tank, the air escaping from the top surface of the 

collapsing foam. This method of seperation was chosen after 

trials with a mechanical foam breaker, of the basket or disc 

type (82) 	, had been found to be ineffective for breaking 

low voidage foams with small bubble sizes, and incapable of 

handling the flow rates used in the experiments. The tank 

was of a reinforced glass fibre construction, of the type 

used for water storage. The size of the tank, .9M3, was 

sufficient to allow continuous return of the liquid at most 

water flow rates, problemsonly being encountered with the 

extremely fine bubbles produced by the pump generator, see 

Section 4 on foam drainage. These bubbles were removed in 

the liquid hold tank, and never re-entered the cycle. The 

liquid from the collapsed foam was returned via a pump and 

a 1" pipe. 

The tank was covered with a wooden top, with suitable 

holes to allow foam entry. This was used to stop the 
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dispersal of the tiny detergent droplets which formed a mist 

above the breaking foam. As the foam bubbles broke they would 

release droplets into the air, these droplets containing a 

higher percentage of detergent due to the stripping action 

(60), and could cause health problems, if breathed in any 

quantity. The cover on the tank stopped them being dispersed 

into the laboratory, most hit the tank walls or top and drained 

back into the foam. 

The water drainage from the foam was satisfactory, but as 

Teepol forms a very dry and long-lived foam on prolonged 

drainage, this very dry foam would slowly fill the tank if a 

rote 
high aireas being used. This would happen after about 1 

hour's running at values of air above 30 1/min, the foam flow 

had then to be stopped to allow this dry foam to break, or it 

would overspill the tank. 

3.1.3) 	Test Pipe and Framework  

The pipe, in which experimental runs were carried out, 

was supported at a height of about 5 feet, in a series of pipe 

rings mounted on a metal framework. Supports were placed to 

hold the pipe depending on the particular configuration being 

employed, but never more than 1 metre apart. The pipe was 

firmly held in each ring using packing, and the position of 

each ring then fixed by use of an adjustable clamp on the top 

of the framework. See Figure 3.2. 

Two phase flow pattern can depend to a larle extent on the 

pipe orientation, differing flow patternsbeing obtained in 

vertical and horizontal pipes (28). Initial work on the stratified 

foam regime showed that the effect of a non-horizontal pipe caused 

major changes to the interface, creating waves. 
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Figure 3.2: Pipe arrangement on frame-work. 

The length of pipe was levelled horizontally using a 

spirit level, and a length of transparent tubing containing 

water, setting the two water levels to the bottom of the pipe 

at different positions. The pipe was kept to within + 2 mm 

over the usual 6 metres of run, problems being encountered 

due to the slight bends inherent in the glass pipes, although 

some slight adjustment could be made at the joints. The end 

of the pipe was fed into the holding tank, via a 90° bend and 

a short vertical length of pipe to minimise splashing and aid 

foam drainage. 

The sealing rings between pipe sections were made of 

P.T.F.E., and were designed to be the same internal diameter 

as the pipe, to minimise flow disturbances at the joins in 

the test pipe. A slight belling of the pipe was present at the 

end, tapping points were always placed at least 20 cm. from 

any pipe end. 
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3.1.4) 	Pressure' Meas'urement System  

The pressure measurements taken on the pipes were carried 

out using a manometer system, using water as the working fluid. 

Provision for up to six tapping points to be read simultaneously 

was made. A schematic of a pair of lines is shown in Figure 3.3 

the complete system is given in Figure R1 in the Appendix. 

3.1.4a) 	Operation of System 

Before use all the manometer lines were flushed out with water 

to remove any air bubbles trapped in the lines. Water from the 

liquid hold tank, supplied via the main pump was used, so that 

any flow from the lines into the test pipe would not alter 

liquid compositions. Initial trials with mains water showed 

problems with dissolved air in the mains water, which formed 

tiny bubbles in the pipes. 

With the manometer lines filled and the foam flowing in 

the pipe, the levels in manometers, A for point A etc., were 

allowed to reach their own levels, adjustment to the air 

pressure at the top of the manometers being carried out to 

keep the levels within the range of the manometers. All lines 

were again purged to remove any foam which might have entered 

the lines at the tapping points as the manometer levels 

changed. This air adjustment and line purge was repeated 

until the manometers gave constant readings after subsequent 

cycles. 

The pressure difference between points A and B, and the 

absolute pressure could then be found. 

(PA - PB)  = Pe(hA 	hB)*g 	3.1) 

and 

P
A 

= P 	06h .g + D
w
.(h - hB) atm /Hg Hg / A 

3.2) 
where Hg ; mercury, Patm: atmospheric pressure. 
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The valves of hA  etc., tolett. measured from the datum with 

a metre rule. 

3.1.4.2) Tapping Points on Pipe  

The tapping points were drilled in the glass pipe using 

a 1" high speed diamond impregnated glass drill. The holes 

were drilled various distances apart on the pipe, the distance 

between holeCentres being subsequentially measured. Connect-

ions from the pipe to the manometer lines were made with a 

short length of I" copper cubing, set in a perspex rod, which 

was glued to the pipe. The end of the perspex rod was 

machined to be a close fit to the outside of the pipe, and 

glued using Araldite. A gap of 	cm was left between the 

copper and glass tubes, so the presence of any bubbles could 

be noted. 

S 	 

' Glass test pipe 

Perspex former 

copper manometer tube. 

Figure 3.4: Tapping point on test pipe. 

The copper tube was connected to the manometer lines with a 

length of clear P.V.C. tubing, so that checks on bubbles in 

the manometer lines could alsa be made. 
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3.1.4.3) Behaviour of System in Use  

The water manometer system depicted was easy to use once 

the order of manipulation of the - valves, for purging and 

manometer level control, was mastered. The large number of 

valves to operate when six tapping points were in use took 

great care, as the correct sequencing was necessary. The 

final adjustments of manometer levels and line purgings had 

normally to be done twice for each particular foam flow rate, 

the time taken to complete this for six tapping being about 

five minutes. 

The results obtained in the experiments gave a high degree 

of repeatability, and little difficulty was experienced in 

taking the readings. The pressure drops in foam flow are 

remarkably steady, only in the slug flow cases was any 

oscillation of manometer levels noticeable. 

The only main problem encountered was found to occur at 

the extremes of gas or liquid flow rates, when the generating 

devices were operating at their limits. The slight drift in 

flow rates which occurred caused problems in the manometer 

set up cycle, as it took so long to effect in relation to the 

flow rate changes. Under these conditions the number of 

correction cycles was reduced to two to speed up manometer 

adjustment. 

3.1.5) Tank Cleaning for Pure water experiments.  

The experiments in which pure water-air flows were 

investigated had first to be prepared for by a thorough 

cleaning of the complete rig to remove all traces of the 

detergent. 	After long use the equipment had detergent 

traces which were only removed after a long and very careful 

systematic cleaning procedure. 
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The old solution was drained away, fresh water added 

and pumped through all the water rotameters, pipework and 

liquid return line, while being run to drain. While this 

was continuing both the tanks were washed and scrubbed 

internally and all manometers and lines flushed with mains 

water. 	A water volume equivalent to about five water loads 

was used for washing, and the tanks scrubbed over twice, in 

rotation from the clean water inlet end. At the end of this 

cleaning the surface tension of a solution held for an hour 

in the rig was around 68 dynes/cm. and would give a transient 

surface foam on brisk agitation. The system was completely 

filled with water and left overnight. The system was then 

drained, and washed and scrubbed with another load of water. 

Most of the final detergent traces were removed by the long 

overnight soak, as adsorbed detergent leached out. The 

system was then flushed with clean water until no foam would 

form, and the surface tension of solution passing round the 

system was greater than 70 dyne/cm. 

If the sinter generator was to be used in the experimental 

runs it was back-washed during the cleaning, to remove traces_ 

of detergent in the pores of the disc, and then dried. 

The water used in these tests was changed continuously 

during the duration of the runs, as if left in the equipment 

for any length of time the detergent levels would slowly rise 

beyond a tolerable limit. The equipment was clean enough so 

that no tendency to form any foam, however transiently 

was apparent and the surface tension was always exactly similar 

to that of the pure mains supply. 



64 

3.2) 	Foam Generation Equipment  

A range of devices were investigated and employed for 

the generation of foams. The degree of phase interaction 

was altered to show the effects of bubble size, on the 

flow regimes and pressure drops of the air-detergent 

solutions. 

The degree of phase mixing varied greatly, from effect-

ively none with the T-piece mixer, via good mixing with a 

Sinter disc to give a fine air dispersion, to intense 

agitation in- a centrifugal pump. No dimensional dependence 

on the performance of any generator was investigated, as 

only foam of these general types was required. For any 

generating device there will be an optimum dimension for 

a particular foam flow rate. Due to the wide range of 

flow rates employed, and the lack of any meaningful defin7 

ition of the 'best' foam, the optimisation of the generators 

was not of importance in this work. 

3.2.1) 	T-piece Mixer  

The T-piece mixer was used to introduce the air and 

detergent solution into the pipe with the minimum of phase 

interaction. The mixer was devised to separate the effect 

of generator from that of pipe in creating foams and 

changes in flow regime. 

The mixer consisted of a standard QVF glass T-piece, 

used such that the arms were all in the horizontal plane. 

The air flow entered through the side arm, and flow in the 

T-piece was stratified, as shown in the Figure 3.5. The 

surface of the lower water layer was not disturbed in any 

way, no bubbles or waves being generated by the entry of 



disc positioned in the liquid, see Figure 3.6. 
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65 

either phase. This situation changed rapidly within several 

pipe diameters of entering the pipe, as a range of flow 

regimes were established. 

Air feed 

Water 
feed----tP 

\ 
Air upper layer 

1
\ 	

Water lower layer. 

Figure 3.5 : Arrangement of the T—piece Mixer. 

3.2.2) 	Sinter Generator  

The air was injected into the liquid via a Sintered 

Water • 
feed 

Figure 3.6 : Sinter generator, and pipe to test pipe. 
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The main vessel consisted of two 6" to 1" QVF reduction 

pieces, one with an arm fixed to take the Sinter. The 

sintered disc was sealed into a glass tube, and fe.-d from 

below with air. The surface of the Sinter was kept level 

and was just above the joint between the reduction pieces. 

A Sinter of porosity 1, pore size 100 — 120 microns, 

was used for the gas distribution. The diameter of the 

disc was such that oscillations or blanketing of the disc: 

would not occur at the highest air flow rates. This was 

to limit the_effect of the air injection method on the flow—

behaviour as any slugs of air being formed would set up dis-

turbances in the flow. 

It has been shown (68) that the foam column produced 

from a Sinter in a large water mass, free edges to the Sinter 

and a reasonable depth of liquid, will start to pulsate if 

Q > 1.3r kgi 	 3.4) 

and the disc blanket if 

Qb  > 7.3rs 	 3.5) 
 

The maximum air flow rate expected was 60 litres/min 

and the size of disc required to stop 

a) pulsation : rs  = 3.60 cms. 

b) blanketing : rs  = 1.81 cms. 

A disc of radius 4.5 cms was used,and sealed into a 

tube, giving a slightly smaller effective size of disc. 

At no time in the experimental work did the disc blanket, 

even when no surfactt_was present. Pulsation only occured 

when water flow rates were quickly changed when using the 

pump in line, this being caused by a hunting effect of the 

pump and was easily controlled. 
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No visual evidence suggested that slugs formed due to 

the action of the Sinter, slugs of air forming in the pipe 

in flow regime experiments did not originate from air flow 

variations from the Sinter. 

The Sinter was always operated so that liquid did not 

run back through below the Sinter. Whenever this happened 

the water was drained off, as it caused air flow fluctuat-

ions due to the liquid foaming below the Sinter. 

The bubbles coming off the Sinter varied slightly in 

size, depending on the air flow rate, pressure above Sinter 

and detergent concentration. Low air flow rates gave smaller 

bubble sizes, as did higher pressures and detergent concen-

trations. As the air rate increased the bubble size would 

also increase and more sites on the Sinter start bubbling. 

The number of sites working was increased at higher detergent 

concentrations. Photographs of the foam produced at constant 

water rate and increasing air rate are given in the Appendix. 

3.2.3) 	Valve Generator 

The valve generator was used to produce a fine bubbled 

foam by the intense mixing of the phases. The valve generator 

consisted of a standard QVF 1" glass valve, positioned at the 

start of the test pipe. The design of the valve was of the 

simple stop-cock pattern, as in Figure 3.7. 

r> Foam 

Figure 3.7: Valve generator, with tap in the operating 

position, giving small gaps for flow. 
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The generation of the foam occured due to the high 

shear forces acting on the air and water mixture passing 

through the valve. The tap of the valve was adjusted so 

that the gaps A and B between section 1 and 2, 2 and 3 

were sufficiently small that a high velocity occured. 

The shear forces acting were sufficient to break the air 

into many fine bubbles. The region 2 in the tap acted 

as a smoothing chamber, the jet of air and water coming 

into this section was broken into foam and the phases 

mixed in this region, this foam would pass out through 

gap B into the pipe. 

The valve depended for it's smooth operation on a 

constant supply of air and water, slugs of air could be 

turned into foam, but once the size of the slugs was such 

that the centre section could not smoothout the phase 

fluctuations, the quality of the foam deteriorated. To 

ensure an even supply of air and water the Sinter 

generator was used to inject the phases into the pipe 

leading to the valve, but this high degree of phase pre-

mixing was not essential to the operation of the device. 

The pressure drop over the valve was large, as high 

speed flow had to be attained in the valve gaps if good 

foams were to be produced. A pressure drop of approx-

imately 11 psi (.75 bar) over the valve was found to be 

adequate for uniform foam production. At any phase flow 

rate -  the valve tap was adjusted to give this value. 

The foam produced by this simple valve was found to have 

the same pressure drop V'S flow rate behaviour, and 

exhibit the same flow regimes,as that produced by the 

pump, and so was not extensively used. 
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3.2.4) 	Pump Generator  

The pump used as a foam generator was a No. 12 

Stuart Turner contrifugal pump. This was positioned 

in the line with suitable copper pipework, such that 

the outlet from the pump passed directly into the test 

piping. 

The pump was a high shear device, and produced a 

fine bubbled foam, a photograph of which can be seen in 

Figure E2 in the Appendix. The action of the impeller 

was to break up the air going into the pump and mix it 

intimately with the water. The pump speed changed as 

both the amounts and relative proportions of phases 

introduced varied, but the structure of foam produced 

appeared constant. The flow limitations of the pump were 

a) Minimum water rate of e-- 3 L/min, below this 

value the pump speed would start to hunt with 

rapid fluctuations, causing sudden changes in 

foam flow. 

b) Maximum air rates depended on the water rate 

as the pressure drop in the test pipe was a 

limiting factor at the high flow rates. However 

air to water volumes ratios in the pump of up to 

8 X were reached, even with relatively low water 

flow rates. 

c) Minimum air rate was limited by the rotameters, 

which were inaccurate below 1 L/min. 

d) Maximum water rate was purely a function of the 

pressure drop needed ior .the test pipe. A larger 

water feed pump, and air supply pressure would have 

been required for higher values. 



The air/detergent solution feed to the pump was 

generated either by the valve or Sinter generator. An 

even mixture gave better speed control of the pump, but 

was not essential for the production of a fine bubbled 

foam. 

The pump was used with an air/pure water feed, and' 

did not produce a fine dispersion, giving the normal 

regime flows for air-water mixtures. The presence of 

detergent was necessary for the operation of the pump 

as a foam generator. 
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3.3) 	Foam SaMpIe Production  

The provision of small quantities of a constant and 

uniform quality, of the foam, was required for initial 

testing and exploratory work. The use of foams in Theolog-

ical studies creates several problems of unusual nature, 

the fluid in the required state being of such an extremely 

transient nature that the fluid sample cannot be kept 

while experimental equipment is adjusted or allowed to 

settle into a steady state. The main test equipment was 

designed for the production of large quantities of foam, 

and was not suited for the generation of small samples. 

Techniques which would give a sample of foam, of variable 

gas-liquid ratio with an even bubble size, and having the 

same properties as that used in the flow experiments were 

investigated. 

3.3.1) 	Foam Condensation Method  

Samples of foam were produced by releasing from 

pressure a sample of carbon dioxide saturated detergent 

solution. The reduction of pressure causes the CO2 

present to condense out at nucleation sites in the bulk 

of the liquid. This method is akin tb the methods used 

for aersol can foams, where a low boiling point solvent 

is used to provide a gas phase. The foam was made with 

the use of a standard sparklets soda-water syphon, the 

required detergent solution being used in place of water 

(5). The CO2 was provided by the use of the CO2 cart-

ridges provided for the syphon, or by filling off a large 

CO2 bottle with reducing valve. Control of the foam 

quality, air-water ratio , was possible by either varying 
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the amount of solution in the syphon, when cartridges were 

employed, or by changing the pressure in the syphon. A 

pressure of 45 psig was adequate to give a gas-liquid ratio 

of 2:1. 

The foam produced by the syphon was of an extremely 

even and uniform consistency, with an even bubble size 

distribution. The gas bubbles formed were created in the 

bulk of the fluid, the bubble nucleation and growth taking 

place at the high velocity/low pressure region in the con-

trolling valve. The use of CO2 as the gas phase had very 

little effect on the initial properties of the foam, and so 

gave equivalent results to an air expanded foam. 

3.3.2) 	Small scale Air-foam Generator  

A method of producing a small quantity of uniform foam 

using air, or any other low solubility gas, as the gas phase 

was also developed. Not all gas/detergent solutions combin-

ations will be compatible or stable, and so an alternative 

method giving fluid choice flexibility is required to cover 

all possible phase combinations. One of the main factors 

governed by the gas phase is the diffusion between bubbles, 

giving bubble growth and coalescence (1,72). Many of the 

small scale methods employed by other workers have used 

combinations of heating or agitation to mix the phases, 

these methods tending to give comparatively large bubble-

sizes. 

The basis of the foam generation technique was a scaled 

down version of the large pump/valve generator used in the 

pipe tests. The use of a similar process resulted in 

closer properties of foams made by the large and small stale 
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equipment. The equipment is shown schematically in Figure 3.8 

and consists essentially of a closed pumping loop. The 

main parts of the equipment are the holding vessel, pump, 

cooler and valve. 

Valve 

Foam 
hold 
vessel 

Cooling 

water 

Recycle 

pump 

Figure 3.8: Schematic of the small scale air Foam generator 
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Foams of different air content can be generated by vary-

ing the amount of liquid in the vessel, then running until a 

uniform foam is produced. The foam was generated as the 

liquid, and after a short time the air as well, was pumped 

round the system. The action of the pump and valve break up 

any large bubbles that are carried round in the liquid, see 

Section 3.2for details on valve and pump generators. After 

about 10 minutes the foam in the vessel reaches a uniform 

consistency. The foam was cooled to remove the heat generat-

ed by the pump motor, which would cause temperature rises of 

about 3 °C in ten minutes. 

Turbulence in the vessel was high, the flow pattern 

being indicated on the figure. Soon after start up the 

cycle time for bubbles in the vessel was about 10, seconds, 

when the foam sample had reached equilibrium the cycle time 

was about 30 seconds, far faster than any bubble rise or 

drainage flows which occur in a static foam. The turbulence 

caused by the foam entering the vessel mixes the phases to-

gether, and then they are intensely mixing to give fine 

bubbles by the action of the pump and valve, the valve was 

adjusted to create high velocity flow through it. 

Tests on foam drainage of air-detergent solution foams 

were carried out in the holding vessel. The vessel was 

constructed to have similar dimension as that devised by the 

Fire Research establishment for foam drainage tests (16). 

Vessel diameter = 9.5 cms. 

-"•t— height 	= 20.0 cms. 

Total volume between valves ,= 1445.6 cm3  

A centimetre scale was fused into the glass to give a 

permanent marking and reference system. 
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Foam Expansion Measurement  

The measurement of the relative amounts of air-liquid in 

d foam sample was carried out by the use of a measuring 

cylinder. 

A sample of foam was run into a graduated cylinder and 

the foam volume noted. The amount of liquid in the foam was 

measured by either a) allowing the foam to collapse and reading 

the liquid volume off the scale. b) Weighing the foam sample 

in a tared cylinder. For dry long half-life foams the time 

taken to drain completely was so great that the•measurement 

of liquid volume by drainage was impractable in a 

series. A density of 1.00 gm/cm3  was assumed for the liquid, 

no correction being necessary for the mass of the gas present 

in the foam 

3.5) 	Foam Drainage Experiments  

Foam drainage experiments were carried out in a range of 

vessels of varying diameter and height. Vessels used being 

a) The small scale foam generator vessel 

Diameter = 	9.6 cms 

Height 	= 20.0 cms 

b) A series of measuring cylinders 

1) 1000 mis ; ht = 348 cms diameter = 6.05 cms 

2) 500 mis ; ht = 28.4 cms 	= 4.74 cms 

3) 250 mis ; ht = 22.5 cms 	= 3.76 cms 

Tests in vessel a) were carried out using the full height 

of the vessel, tests in vessels b) were carried out using a 

range of different initial foam heights in the cylinders. 
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3.6) 	Photographic Details  

Photographs were taken of the various types of foams 

flow in the pipe, to investigate bubble size and distribut-

ion, and also to show phase distribution and flow pattern 

existing in the pipe. All foam photographs were taken of 

the foam flowing in the pipe under the conditions of interest, 

so as to obtain information on the foam as it existed in the 

pipe, rather than taking photographs of static samples which 

were extracted from the pipe. 

3.6.1 ) 	Foam Appearance  

The foam appears visually to the naked eye as a white 

opaque fluid, and except for very dry foams only the bubbles 

in the outermost layer, next to the wall, can be distinguish-

ed. The close packing of this outside layer, and the reflect-

ions from it, mean that any view of bubbles in the interior 

of the foam is impossible. However with the dryer foams at 

low velocities, the movement of the next few layers into the 

foam could be seen under certain conditions, when it is 

obvious that the layers further away from the wall are moving 

more rapidly than the layers adjacent to the wall. The pre-

sence of air slugs in the foam, essential for regime indenti-

fication, was easily noticeable by eye as the change in 

optical density under back lighting as the slugs moved was 

very distinct. This effect however was not recorded by the 

photographic technique, which used the light reflected from 

the outer foam layer, which was not destroyed by the passage 

of the slug. 
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3.6.2) 
	

Lighting Method  

The mode of lighting employed was a high speed electronic 

flash, synchronised with the camera shutter. The light source 

orientation was as shown in 

Figure 3.9,the light direction 

being 90°  to that of the 

camera view. This position 

of side lighting of the foam 

was arrived at after tests 

Figure 3.9: Light orientation. 	on the effect of light orien- 

tation on the photographic record of the bubble. This arrange-

ment gave the best bubble definition, the shadows cast by the 

bubbles permitted good bubble size measurements, without 

causing excessive glare from reflections off the pipe and 

bubble surfaces. The difficulty in attaining adequate illum-

ination, was severe, and basically consisteciof overcoming the 

problems of reflections and the effect of the high bubble 

density. , Transmitted light, through the foam, gave very poor 

results due to the opacity of the foam, and the effect of 

multiple reflections in the bubbles. Front lighting at angles 

less than 90° reduced the shadow cast by the individual 

bubbles, and caused problems with reflections off the glass 

surfaces. 

	

3.6.3) 	Cameras Used  

Various cameras were used for taking the photographs, 

depending on the magnification necessary. 

a) A 4' x 5' plate camera, with extension bellows. 

This was used for taking photographs of the whole pipe for 

flow regime analysis. Polaroid High Speed film, 51 , with 

an ASA of 3000 was used, and the image size on the print 
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varied from life size to 2 x magnification. Because of film 

speed the aperture size was small enough that the whole pipe 

was in focus. 

b) A 35 mm Leica - coupled to extension bellows. This 

gave a magnification of 4 x on to the negative and was used 

for photographing sinter generated foams. Film used was.  

Kodak Tri-X, ASA 400. 

c) A 35 mm microscope camera, coupled to microscope. 

This gave a magnification of 10X on to the negative and was 

used for the valve/pump generated foams. -  

The plate and 35 mm camera viewed the pipe in the horizon-

tal plane, with light source either vertically above or below 

the pipe. The microscope camera was used to view vertically 

downwards, with the light in the horizontal plane, this being 

the only mode of employment possible with the particular 

equipment. All the photographs were taken under a black-out 

facility, consisting of a frame-work built around the pipe 

and camera system, and covered with heavy black cloth, to ex-

clude extraneous ambient light. 

3.6.4) 	Pipes Used  

Photographs of the foam were taken through the walls ,  of 

either a square sided tube, of the same cross-section as the 

pipe, for 17 and 11 mm pipes, or through the wall of the pipe, 

25 mm, when the curvature of the pipe wall was such not to 

cause excessive distortion. The photography of regime patterns 

were all taken of the whole pipe, with an optical system of 

adequate depth of focus to ensure the whole pipe was in 

focus. The square section tube for the 17 mm pipe was made 

up out of plate glass, cemented together and joined with 

smooth transition pieces to the round pipe to minimise flow 
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disturbance. The square section for the 11 mm pipe was con-

structed using a square drawn tube made with a suitably sized 

graphite former. 

3.6.5) 	Focusing Arrangement  

The focusing of the plate camera caused no problems, the 

extremely small aperture used, f64, gave a very deep field of 

focus, and once the enlargement required had been set with the 

bellows expansion adjustment, no other adjustment was necessary. 

The other two camera systems did however require careful 

setting up, if -a clear picture of the bubble layer next to the 

wall was to be obtained. The use of the systems with such 

large magnification, coupled with the low apertures used. f4 

to f3.5, gave an extremely small depth of focus, usually less 

than 0.5 mm, but at least smaller than the size of the larger 

bubbles present in the foam being photographed. Initial 

focusing was carried out by using a static dry foam in the 

pipe, and focusing on the layer of bubbles against the inside 

wall of the pipe. With a large bubble dry foam, bubbles greater 

than 3 mm, it was possible to focus on internal bubble walls, 

up to about a distance of two bubble diameters into the foam. 

The foam when flowing had a layer of water between the outer 

bubble layer and the wall, and this bubble layer was no longer 

in focus, as set up in the static test. The optical system 

was moved inwards in stages, using the micrometer adjustments 

on the microscope or bellows stand, and a series of photo- 

graphs taken at each position. 

The best focused set being used for further analysis. 

The foam flow was set at the start of each run and kept constant 

over the period of photographing the foam. 

An accurate scale was photographed with each camera set up 

.toallow the scaling on the prints to be determined. 
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3.7) 	Accurate Glass Venturi Nozzle Manufacture  

The venturi nozzles used for the initial foam nozzle 

experiments were made by the free-hand maniuplation of the 

glass pipe, the pipe being heated and drawn until an accept-

able shape with the approximate throat dimension was obtained. 

The resulting nozzle was adequate for qualitative tests, but 

due to it's non-uniformity and uncontrolled shape was not 

suitable for experimental work for the investigation of foam 

flow through a venturi nozzle. 

Hence the manufacture of a more precise venturi nozzle 

was undertaken, and the process finally devised was as follows:- 

i) The shape and size of the nozzle for the experimental 

work was first calculated, and the dimensions determined. 

Tapers of 200  on inlet, and 7° on outlet were used, and a 

throat diameter so as to give a velocity of over 20 m/s at 

the throat for a flow rate of 30 litres/minute, 0.45 cms. 

ii) Metal formers of the inside shape of the venturi 

were then fabricated out of stainless steel. The formers 

and dimensions were as shown in Figure 3.10. The peg and 

socket was used to locate the formers accurately together 

so that no lip was formed at the throat and the nozzle axis 

be kept true, the peg dimension being dictated by the throat 

diameter. The length of constant diameter former after the 

tapers was required to stop the formers 'slopping' about 

as the pipe is turned, about 3 pipe diameters are needed. 

The surface finish was good, but was not polished as a 

graphite release medium was used to coat the formers to 

allow easier removal once the glass had been shrunk on, 

this coating also gives the formers a smooth finish. 
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Upstream taper former 	Downstream taper former 

4.5 mm. Tapers, 200,7°. 

[not to scale] 

Nozzle. 

Throat Diameter 

) 70 20°  

socket peg 

17.o 	mm. Throat diameter, 

Former used to make Venturi 

Pipe diameter, 

Figure 3.10:  

r1 I 	I _ _ _I 
Lathe jaws 

[not to scald 

Figure 3.11: Formers in pipe ready for the start of the 

glass working process. 
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iii) The formers were then set up in the pipe, of slightly 

greater diameter than the formers so they would just slip in, 

as shown in Figure 3.11. The upstream former is butted against 

a stop, the down stream former positioned, taking care that 

the throat joint as a good fit. The two formers were held 

together by the spring behind the second former, used so good 

contact is made when heating causes expansion to take place. 

Facilities for applying a vacuum were arranged and the whole 

pipe and formers held in a glass working lathe..  

iv) The pipe was then heated while being turned in the lathe, 

heating starting from the far end to the vacuum tube. The 

glass melted and was sucked on to the former shape. This 

operation needed care and skill to obtain a smooth collapse 

of the glass on to the former so as not to leave any air pockets 

between the glass and former. The heat must not be excessive, 

or the metal formers would distort and the glass become opaque. 

v) When cold the metal formers were removed and the nozzle 

annealed to remove stresses. 

vi) Tapping points for pressure measurements were then 

drilled as required using an ultra-sonic diamond tipped drill 

piece, great care being taken to avoid any spalling as the 

drill broke through the nozzle wall. 

The nozzle so formed was reasonably strong due to the 

thickness of glass at the throat, and was placed in the test 

line without additional support, after the necessary end 

pieces for Q.V.F. piping had been fitted to the nozzle. The 

thickness of glass around the throat was several times that 

of the normal pipe wall, but observations of the foam flow 

could be made. 
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4 ) Foam Drainage 

The mixture of air and detergent solution in the foam 

will separate after a time, and the initial homogeneous 

structure of the foam lost. The foam drainage can therefore 

be used as a measure to define foam stability. 

The foams investigated had air/liquid volume ratios 

which did not give close packing of the bubbles. The liquid 

drainage in this first stage will be caused by hydrodynamic 

forces, the surface tension forces only coming into play 

when the water layers between bubbles is small. Many of the 

foams of interest to other workers have been comparatively 

dry foams, with drainage characteristics which depend on the 

surfactant and bubble size (1, 72, 74, 65). The character-

ization of high density fire fighting foams by the time 

taken for 25% of the liquid to drain is well established 

(16). The drainage characteristics, and parameters which 

can effect the 50% drainage time of CO2  expanded high 

density foams have been investigated (5). 

4.1) 	Foams Generated with Intense Phase Interaction. 

The drainage characteristics of foams produced with the 

valve/pump generators were investigated, using foams produced 

in the small scale air-foam generator and samples from the 

test pipe. 

Results of foam drainage for foams produced in the small 

scale generator are shown in Figure 4.1. The results have been 

normalised so that the general shape of the drainage curve 

can be seen. 

Volume drained at time t 	4.1 
Total volume of liquid 

time 
	

4.2 
tSo 	time for 50% of liquid to drain 
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Of note is the constant drainage rate, being constant until 

60% of the liquid has drained from the foam sample. Data 

plotted was obtained by measurement in the holding vessel, 

and also by removing a sample and draining in a measuring 

cylinder. The bottom interface between liquid and foam was 

cloudy over this initial drainage period, the small bubbles 

washed out of the foam having a rise velocity less than the 

interface rise velocity. Once drainage rate slowed these 

small bubbles could then catch up with the interface and 

rejoin the foam. 

Also indicated is the drainage curve for CO2 expanded 

foam, an initial slow rate of increase, followed by a 

constant rate until 70% of the liquid drained. No very 

small bubbles were present in this foam, and the interface 

was always sharply defined (5). 

Results for foam drainage of samples collected from the 

test pipe are also given in Figure4.1. The same general 

shape of curves result, with a period of time elapsing 

before drainage starts to occur. These curveSmatch those 

obtained with the CO2 
expanded foam, the discrepency at 

short times being due to the inability to define any inter-

face, as the small bubbles obscure the division between 

liquid and foam. The marked difference in amounts of 

liquid drained at long times, 2 x ts0  , for the air and CO2  

expanded foams was attributable to the difference in gas 

diffusion properties. CO2  diffuses between the bubbles 

more rapidly than air, and so bubbles will coalesce more 

rapidly, liquid films break• sooner, and liquid drain faster 

in the surface tension controlled regime (72). This 
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difference of long term drainage characteristics was 

further noted when the dry air foam overspilled the foam 

holding tank, the design of the tank being based on the 

behaviour of CO2 
expanded foam. 

The results shown on Figure4.lwere obtained when foam 

samples with an ititial height of approximately 20 ems 

were measured. As the foam drainage was in the hydrodynamic 

state the height and cross section area of a sample could be 

expected to have some effect on the drainage time for the 

foam (16). A range of vessels were used to measure ts0  

for a foam, the CO2 
foam being employed as a more exact 

control of air/liquid ratio and foam sample volume was 

possible (5). The results are shown in Figure4.2,and this 

particular type of behaviour could be expected to apply to 

any similar foam. 
160 
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Figure 4.2: Variation in Half-life with Foam sample height. 
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These results would suggest that a foam made with the pump 

generator would have a tso  of 0(10 secs) in the test pipes. 

The hazy interface between the liquid and foam layers 

was caused by the presence of small bubbles washed out of 

the foam being unable to rise as fast as the interface. 

The interface became sharp once the rise velocity of the 

interface was less than 0.03 cm/sec, this value being 

measured.in the graduated cylinder. The rise velocity of 

these small bubbles can be approximated by the use of 

V - g.  (A 	
2 	

4:3 
18 ./u, 

which gives a value of d of = 23 microns. Bubbles of this 

size were measured off the photographs, and the drainage 

experiments confirm the presence of these small bubbles. 

4.2) 	Foams Generated with the Sinter Generator  

The foams generated with the Sinter cannot be considered 

to be homogeneous. Flow regime investigation showed that 

stratified foam flow or slugging was the most likely regime, 

the dispersed and foam flow regimes being at the extremes 

of flow rate investigation. To measure the drainage character-

istics of the upper foam layer the effects of the water layer 

must be accounted for. The flow regime in stratfied foam 

will consist of two phases 

a) A foam phase, containing all the gas and some 

of the water 

b) A liquid phase, containing the remainder of the 

water. 

If a sample of this foam and liquid were collected from 

the pipe, idealy it would consist of a volume of foam, Qf  

and a volume of liquid, QL. As the sample ages, liquid 

from the foam drains, and the water volume increases. 

Stokes Law, 
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Let Rf  be the fraction of water feed in the foam, and 

RL the fraction in the water layer 

Qf = 	
Rf.QW 
	

4.4 

1, = Rf  + RL 	 4.5 

If the amount of liquid drained from the sample is 

V 
measured with time, and Tfoo V'S time plotted, the result 

would be given by the diagram below. 

The value of (V/Vm)t=o  can be found by extrapolating 

the volume measured back to t = 0. The amount of liquid 

present in the foam, and liquid layer can then be deduced. 

t=o__ 
(V 
	RL 

The drainage rate for the foam can also be found by 

plotting (V-RL.V30) 	" A line passing through the 

origin, similar to that obtained with the pump generated 

foams results. 

The amount of liquid contained in the foam will depend 

on the relative gas/liquid volume ratios. From the regime 

flow maps it is obvious that at any fixed water rate there 

is an air rate which is sufficient to include all the 

water in the foam, the stratified foam to foam flow boundary 

indicating the required ratio. 

When all the liquid is included in the foam the void 

fraction of the foam will equal that of feed to pipe, 

H
f 

= H
feed 	

at R
f 	4.7 

4.6 

So at any fixed water rate, with an increasing air rate, 
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there comes a point when Rf  = 1, and Hf =Hfeed. A plot of  

Rf v's QA/QW will have the form shown in the figure. 

1.0 
R
f 

A 

1) As QA—°0, foam volume goes to zero, Rf  —0- 0. 

2) QA increases, some liquid in foam, rest in 

stratified layer. 

3) When critical 	value reached, 	the foam 

contains all liquid , Rf  = 1. 

4) At greater QA/Qw,foam starts to break down and 

slug. 

The value of QA/Qw  needed to give Rf  = 1 would intuitively 

be the volume ratio needed for close packing of the bubbles. 

Results of sample drainage from the 39.1 mm pipe are 

shown in Figure4.3. A fixed water rate, with increasing air 

flows was used, values of R
L 

read off the plot, and drainage 

curves for the foams constructed. Tabulated data is given 

in the Appendix. 

The foam produced with a Sinter generator has a t5e15 

secs. Errors in measurement will be about 10% due to methods 

employed. This t50  was for a foam height of approximately 

200 mm, drainage time in the pipe will be of order 1 or 2 

seconds. 

The stability of these foams was low, and the rapid 

drainage indicates the reason for stratified flow being the 

primary flow regime. 

The fraction of liquid in the feed which is included 

in the undrained foam can be seen in Figure 4.4. 
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Figure 4.3  : Drainage of sinter generated foams, from 39.1 mm. 

showing effect of liquid layer, and drainage curves 

for the foam alone. 
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A QA/QW ratio of 3.6 was required to form a uniform 

mixture, this compares with the value of= 3.0 which would 

result if the foam consisted of mono-sized bubbles in 

close packing. 

The stratified foam to foam transition for flow in 

the 39.1 mm pipe, at a water rate of 10.4 1/min, can be 

estimated to occur at (VL  = o.15 m/s; VG  = 0.62 m/s) 

where QA/Qw  = 4.0. 
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Figure 4.4:Variation of RF  with phase ratio, in 39.1 mm. pipe. 



92 

5. 	Bubble Size Measurement Techniques  

The bubble size in a foam is an important parameter, and 

is one of the major factors in determining the foam properties 

and behaviour. The rheological properties of a foam could be 

expected to depend upon the average bubble size, and the degree 

of dispersion of the bubbles in the liquid, as well as the 

total number of bubbles present. This factor of the bubble 

size, and it's effects on the various foam properties, has 

been studied by many workers ( 10,15,55,70), some of which 

have used the average bubble size as a correlating factor to 

explain their results. 

The effects of bubble size on the flow properties of 

foams are not clear, but what information is available seems 

to indicate that at high flow rates the bubble size is not 

an important factor (62). Many workers have carried out 

foam flow experiments in pipes without attempting to measure 

and correlate bubble size ( 4, 63 ),this in fact is the 

norm for pure water/air in the dispersed region, where the 

degree of subdivision of the gas phase is not used in the 

correlation of results, attempts however being made to get 

good subdivision so an homogeneous approximation can be made 

( 7, 56 ). Hence it would appear that little work on effects 

of bubble size on flow properties has been carried out. 

The foams mainly of interest in this work were high 

density, where the air/water ratio was low, and in many cases 

the bubbles in the foam are separated by thick lamellaa,the 

bubble density often not being sufficient for close packing 

to occur. The pipe diameter to average bubble diameter ratio 

was always large,• a value of-4.1.50 for the sinter generator 

and 250 for pump generator, in the smallest pipe size. 
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Hence the effect of bubble diameter could be expected to be 

small% as the foam can be assumed homogeneous when considered 

on the scale of the pipe. 

This work involved looking at two main types of foams, 

produced with medium and intense interaction of the phases, 

which gave two distinct bubble size distributions. The 

generators used did not give a controlllable bubble size, 

but did produce an approximately constant average size and 

distribution over the operating ranges. The bubble sizes 

in the foam were not therefore an independent variable)to 

be adjusted at will over an exact range, only gross changes 

being possible by generator choice. Hence to have used the 

bubble size as a correlating factor would not have been 

justified. 

It is necessary,however,to have some idea of the typical 

bubble sizes which were present in the foam,in order to 

characterise and diferentiate the action of generators, the 

basic reasons for the'foam properties and flow behaviour. 

To this end a few spot values of foam bubble size,and size 

distribution,were made in order to give this information,and 

allow comparisons with other workers to be made. 

5.1) 	Methods of Bubble Size Determination 

The method used for most bubble size determination has 

been a photographic method. The foam or gas dispersion is 

photographed, the prints or negatives then analysed for  bubble 

size by direct measurement of the bubble images. The resultant 

data can then be handled to give the required information about 

the foam. This process suffers from many draw-backs. 

a) Foams are difficult subjects to photograph 

satisfactorily. The gas-liquid interface gives 
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rise to much light distortion,and clear and well-

defined prints for analysis are difficult to obtain. 

The magnification needed in taking plots of very 

small bubbles introduces it's own problems of depth 

of focus. 

b) The analysis of many prints is an extremely laborious 

manual task, requiring patience and skill if accurate 

and reproduceable results are to be obtained. Large 

numbers of bubbles have to be measured individually to 

determine the size distribution. The possible number 

of foams samples which can be produced,in even a small 

experiment runoneans a check on bubble size at more 

than a token number of points is beyond the capacity 

of any such investigation as was involved in this work. 

c) It is by no means clear that the bubble size observed 

at the wall, or even at the surface of any probe inserted 

into the flow stream, is a true representation of the 

bulk size distribution. Work on the freezing of foams  

and sampling layers through the frozen bulk,has 

indicated that such an approximation can be expected 

to hold for a static foam ( 70 	), the case for a 

moving foam is not conclusive however. The wall will 

impart some preferential phase movement to bubbles 

near the wall, not withstanding the inherent effects 

which must be present due to the non-symetry of the 

situation ( 72 	). 

Information on the range of bubble sizes, which the sinter 

and pump generaters produced,. was obtained by using a photo-

graphic and counting technique. Additional work and investi-

gation was carried out to develope a method of bubble size 
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estimation by methods which would avoid the use of any manual 

counting, and could be used to give readings of bubble sizes 

on a more readily available basis. The use of the excess pressure 

in the bubbles due to surface tension was investigated and found 

applicable. 

Methods which would involve the automatic counting of 

the foam sample were also suggested, a system using the 

coulter counter principle is discussed. The adaptation of 

the bubble in tube measuring method is also discussed. 

5.2) 	Bubble Sizing by photographic Method  

Photographs of the flowing foam in the 17.3 mm pipe were 

taken, and prints prepared. Each particular flow condition 

was photographed several times, in succession. and the analysis 

of bubble size taken off a number of prints to:- 

a) obtain a suffiently large sample to give a smoothed 

histogram 

b) reduce any effects of bubble size change with time 

off the generator 

c) determine the minimum sample required for good results. 

Each print was analysed using an X-Y digital analyser, 

with paper tape data output. Each side of the bubbles on the 

prints were measured using the cursor, which was coupled to a 

digital voltmeter to give co-ordinate readings. The scale of 

the prints could be used to calibrate the electrical system, 

date being obtained directly in microns. The data tape was 

then reduced via a program to bubble diameters and number 

distribution. 

The repeatability of individual bubble sizing off the 

prints was + 2 microns, the magnification on the prints being 

such that bubble wall shadows were approximately twice as 
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thick as the cursor mark. The magnification on to the prints 

were:- 

a) 116 x lifescale for the pump generated foams 

b) 30 x lifescale for the sinter generated foams 

5.2.1) 	Results for Sinter Generator  

Bubble size information at two foam flow rates were 

obtained, such that Q A  = 20%. The resultant histograms 

can be seen in Figure 5.1, for the case of foam produced by 

the sinter, in an 0.5% Teepol solution, flowing in the 17.3 mm 

pipe. The plots have many similar features normal of foams 

produced from such sinters. 

a) no bubbles smaller than 100 microns are present 

b) only a small fraction, less than 0.05, are 

greater than 650 microns. 

c) both histograms have the same general shape, the 

distribution being even about the mean with a tail 

extending to higher bubble sizes. 

d) The mean value, 15 is only 7.5% greater than the 

medium, showing the standard deviation as being a 

good indicator of size distribution. 

The data for each of these curves has been taken from 

three prints of each foam. The prints of the foam for the 

high gas rate can be seen in the Appendix in Figure E.1, 

and the individual histograms in Figure D.1.From these it 

can be seen that the sinter produces an even bubble size 

distribution, a sample of about 100 bubbles being sufficient 

to indicate the size distribution. The bubbles are evenly 

distributed about the mean and the generator shows no 

tendency to produce changes in bubble size at any fixed 
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condition. This behaviour was as expected for the sinter 

generator. 

A slight change in bubble size can be seen to occur as 

the gas rate increases. The number of pores on the sinter 

producing bubbles will depend on the pressure across the 

sinter, as the gas rate changes the pressure must increase 

and hence different pores come into operation. Results 

show that size and distribution do not change to any marked 

degree. A gross change in bubble size could be effected by 

a) a change in liquid properties. A change of 

detergent concentration to 0.05% detergent solution 

results in a larger bubble size, as can be seen in 

Figure ES 	in the appendix. 

b) a change in sinter material or pore size. The 

use of different porosity sinter discs could be 

used to alter bubble sizes. 

The average bubble size for foam produced with the sinter 

generator can be considered to be within the range 

300<15 <400 microns 

with a maximum size of 1,000 microns and a minimum of 100 

microns, 80% of the bubbles will be within the range 

200 ( 3 < 500 microns 

on an approximately bell shaped curve 

5.2.2) 	Results for Pump Generator 

The typical histograms of bubble size with frequency 

obtained for the case of the foam produced, in the 0.55 

detergent solution, by the pump generator are shown in Figure 

5.2. The figure shows the histrograms of foams produced with 

a constant amount of water, the air rate being IQ and Q 

respectively. 
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The pump generator was fed with a mixture of air and 

liquid from the sinter generator, the bubble size in the feed 

being that produced by the sinter generator. Points of note 

of the histograms are:- 

a) A few bubbles, C.: 1%, in each case were in the range 

250 to 500 microns, these have not been shown on the plots. 

b) the bubbles of diameter 10 microns and less were at 

the limits of measurement of this system. 

c) The histogram show a marked skin with a long tail. 

This makes the use of standard deviation a poor indicator 

of spread of data. 

d) In both cases C.= 65% of the total bubbles are within 

the range 10 to 60 microns, while the mean values, 5, lie 

outside this range, 61 and 70 microns respectively. 

The prints used to obtain the histogram when Q ua  was 

10.2 L/min are shown in the Appendix in Figure E.2. The 

individual histograms taken off each print are shown in 

Figure D.2.Inspection of these prints and histograms show 

that greater variation was obtained in the bubble distribut-

ion, for pump generation of foams, from each photograph, when 

compared to sinter generator results. A larger sample, about 

200, of bubbles was required to make the contribution of the 

large bubbles obvious. 

Inspection of the data at the two flow rates would suggest 

that there was no major change in bubble size with flow rate 

through the pump. The distributions have the same general 

shape, and the marked change in D is due to the effect of the 

few large bubbles present, a rather random selection. A 

reworking of the data, ignoring all bubbles greater than 250 

microns in size gives 

D1 = 56 microns and D2  = 61 microns 
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Significant changes in bubble size could occur if a 

different high intensity mixer was used. The effect of 

the degree of dispersion of feed to the pump was not found 

to be an important factor. Results for the pressure drop 

with different air feed arrangements were equivalent, the 

sinter air feed was used in all subsequent experiments. 

The presence of the very small bubbles, D <25 microns, 

could be alternatively observed in the drainage experiments. 

Rise velocities of these bubbles was less than the liquid 

drainage velocity, hence they would be washed out of the 

foam, and be unable to rise fast enough in the liquid to 

rejoin the foam, until the liquid drainage rate was 

sufficiently reduced. 

5.2.3) 	Comparison of Foam Made with Sinter and Pump  

Generaters 

The size ranges of bubbles in the sinter• and pump generat-

ed foams were such as to be nearly mutually exclusive. This 

can be clearly seen in Figure 5.3. 

The difference in flow behavior of the foams can be 

attributed to the markedly differing bubble size range which 

are present in the foam. The very fine bubbles in the pump 

generated foam result in a psuedo-homogeneous fluid which 

has a half time of 0 [21 minutes], and only flows in the 

dispersed regime. The sinter generated foam in contrast has 

a much larger bubble size, cannot be considered a homogeneous 

fluid, the half life being only 0 [i minute], and experiences 

a wide range of flow regimes due to bubble coalescence and 

liquid drainage. 
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5.3) Measurement of Excess Pressure in a Foam 

5.3.1) 	Equipment and Data Collection  

The 	excess pressure in a foam due to 

the surface tensions effects was measured using the small 

scale air-generation system, and the foam holding vessel as 

a constant volume system. 

The foam sample was generated in the vessel, the taps at 

top and bottom closed and the pressure at the bottom of the 

sample measured at the start and when the foam collapsed by 

means of a water manometer. The readings taken were hence 

PB1  and PB2 the pressures being at the bottom of foam,and not 

equal to Pi  or P2. 

Figure 5.4: Foam pressure 

measurement vessel. 

Let PT be the pressure at the 

top of the vessel, 

	

PB = PT 4- hf.ff. g 	 5.1) 

we 
henceLcan write, 

(PB2-PBl) ( P ) (h 	) 

	

= 'T2 Tl 	f 'Ff g' 

-(h L'PL'g) 
5.2) 

but if a foam of uniform density 

is present in the sample, 

(hr/of.g )  = ( hL.A.-g ) 
	

5.3) 

and therefore, 

APB =APT = (PT2 - PTl) 
	

5.4), 

Now PT2' 
pressure at top of vessel when foam collapsed, is P2, 

and 
	

PTl= T'sfoam 
	(hf •pf •g)/2 
	

5.5) 

hence, 
(P

2 
- P1

) = PT2 	 Ti-(P 	(hf.Pf.g)/2) 
	

5.6) 

/ P foam= APB - (hrjehf. g) 
 /2 = 2.10' 
	

5.7) 

hence from the difference in pressure, and the foam height of 
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the original sample, 1 can be calculated. 

In the experiments carried out, 813B  = Ahi.pi.g and 

typical values of 6hi  obtained were 10 to 15 cms, while 

h L was 5 to 8 cm. 	The effect was measurable with the 
2 
simple equipment used, and reasonable results obtained. The 

first reading of pressure must be made as soon as possible 

after the foam sample is stationary in the vessel as gas 

difussion and drainage occurs, which change both rand the 

values of hf and hi,. At a time t?0 when the foam has 

drained. 

5.8) 
P
B 

= P
T 

+ (h
f.  1 .g)t 	(hL./1*g)t 	Where values 

of h
f 
and h

L 
are 

changing with t. 

Hence it should also be possible to check the change in r 

with t if measurements of PB and hf  and hi,  are made, the value 

of /)f  will however not be constant in the foam, an assumption 

of constancy only being possible at t=0 due to agitation of 

sample prior to start. 

5.3.2) 	Results of Excess Pressure Measurements 

An experiment was carried out to check the feasibility 

of using the excess pressure effect of the gas in a foam to 

obtain a measure of the average bubble size. 

The experiment was carried out in the small scale air-

foam generater, using a fine bore tube connected to the bottom 

to measure the pressure difference, see Figure5.4. The vessel 

was filled to a depth of 18.2 ems with .5% Teepol solution, 

to give a pp  of .775 gm/cm3. A high density foam was employed 

for the tests so that good mixing and rapid generation would 

occur, the equipment producing a fine foam more rapidly at 

high density 	The heights on the manometer were read at 
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the start of the time when the foam sample was trapped in the 

vessel, and 40 minutes later when all the foam had collapsed. 

ht =0  . = 32.0 cms 

hL = 18.2 cms 
ht.4d 	= 47.0 cms 

The volume of gas at the end, V2  = 213.5 cm3, and the 

change in total volume due to liquid being forced up the 

manometer tube = .265 cm3. The value of the surface tension, 

30 dyne/cm. , was taken from Figure Al.. 

	

Hence from equation 5.7 the 	average radius can 

be found:- 

(47.0 - 32.0 ))0L.g - 18.2 P L.g = 2 x 3o  
2 / 

	

= 2 x 30 	= .0102 cms 

(15. - 9.1)10L.g 

hence 	r = 100 microns  

This value of r is large when compared to the values 

obtained for similar foams using a photographic technique, 

especially as it is obvious that a fair proportion of the 

bubbles have a radius of less than 15 microns. 

5.3.3) 	Corrections  

Corrections have to be made to the valve of PB. to 

account for certain inaccuracies in the equipment:- 

a) the gas is not held at constant volume t a slight 

change in volume of the system occurs due to change in 

height of manometer pressure measuring system 

213.5 cms3  ; V1  = V2  - (Volume of liquid forced into 

manometer) 

V1= 213.5 - .265 cm3  

% change =  .265  = 0.13 %  
213.5 



V2 

(P
2 - P1) 
	P2 (-1 	T1./7  

T 2 
V
1 

sub for nR.T2 
from 5.9b and rearrange 

= 2o' 
	

5.12) 

r 1 
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b) The vessel with the decaying foam might not be at a 

constant temperature, no attempt is made to control temper-

ature, which could change by a degree or two during the 40 

minutes that the foam takes to collapse. Ross (74) 

gives typical figure of about 4°C for the change in gas temp-

erature due to energy release as the surface area of the foam 

decreases to zero, but this amount of heat would be absorbed 

by the liquid which has a very large heat capacity. The most 

likely temperature changes are due to natural exchange with 

the air in the laboratory, as heat is produced by the pump 

it might be expected to cool down as this heat is disapated. 

Hence equation 2.79 should be more exactly s  

Pl.Vl  + 2a'A1 = DR.T1  
3 

5.9a) 

and P2'V2 
	= nR.T2 	 5. 9b) 

*** (P2 - P1) 	= nR.T2 - nR TI  

3 V1 	V2 	V
1  

(P2  - P1) - 20" = n11 T2( 	+ T1V2  

r
1 
	V2 	T

2
V
1 

5.10) 

5.11) 

hence a correct of P2(-1 + T1.  V2 ) must be made to account 
T2  V1  

for the non uniform volume and T. 

The value of (P2 - P1
) was measured in the experiment as 

(h2  - h1) and was 	6 x 10
-3 
 bar. 	For the correction factor, 

using the volume changesand an assumed change in temperature 

of 1°C, T1> T2' the result is :- 

294 
' 

P
2
( 1 - 

293 
1.0013 ) = 0.9953 P2 
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but P2 	
P
atm, 	P 	1-  0.0047 bar. 

correction 

which gives 

r
c 	

56 microns 

This can be seen to be a very large change in estimated 

15.etter 
radius, and compareyith that obtained by the photographic 

method. The excess pressure in the foam was only 	10
-2

bar, 

for a foam at atmospheric pressure ,this is ''="117,  of total 

pressure, hence both the volume and temperature control must 

be better than 0.1% if errors of approximately 50% are not 

to be made. 

5.3.4 	Conclusions  

The measurement of the excess pressure in a foam due to 

the surface tension effects can be used to measure the bubble 

size of fine bubbled foams. The equipment used to test the 

theory was adequate to indicate the suitability of the 

results, and the results for bubble radius obtained were of 

the same order as those obtained by photographic. 

Modifications to the equipment to obtain accurate results 

should aim to:- 

a) Use a more sophisticated pressure measuring system 

so that no volume change need occur to measure the pressure 

difference at start and end. 

b) Some precise temperature control or monitoring system 

is necessary, either to keep a constant temperature, or to be 

able to specify temperature changes. Correction for expans-

ion of vessel and liquid will also be needed if these are 

to be used in cancelling out errors of type a). 

c) Facilities to make photographic checks on the bubble 

sizes, to check on the accuracy of the method. 
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5.4) 	Bubble Counting Methods  

Alternative methods of obtaining bubble size and distri-

bution information were also investigated. The use of overall 

sampling such as the excess pressure technique, does not offer 

any size distribution information about the foam, a serious 

defect as the presence of only a few large bubbles can 

greatly alter the value of the mean bubble diameter. The 

photographic technique is extremely slow and tedious, involv-

ing the production of prints and manual data collections. 

Methods which could be employed on a semi-automatic basis, 

without direct operator intervention to collect the data•are 

suggested. The general feasability of the methods have been 

studied for practical use, but have not been experimentally 

verified. 

5.4.1) 	Bubble Sizing via Coulter Counter  

The use of a Coulter counter to give a measure of bubble 

size and distribution is suggested. The Coulter counter 

operates on the change in electrical characteristics across 

a small orifice as a particle passes through the orifice. 

The signal change as the particle goes through the orifice 

gives a measure of the size. Calibration of the system, and 

careful choice of liquids is needed for reliable operation. 

With a sufficient number of particles passing through the 

orifice, the output can be analysed to give a histogram of 

bubble sizes. Sample measurement time is of the order of 

10 seconds. 

Standard Coulter counters are only devised to be able 

to count the bubble number in a particular size range, the 

calibration being altered via electrical means for other. 

size -ranges. This means that any sample has to be measured 
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as many times as the number of size ranges in the required 

histogram. This for a foam sample would be inconvenient. 

Alternative equipment which will produce a histogram from a 

single cycle of sampling are available at additional expense. 

Problems of sampling a foam will arise due to the number 

of bubbles being so great that more than one will pass through 

the orifice at once. The analyser is designed to filter out 

non-perfect signals designed by such events, but threshold 

limits mean some dual particles will be treated as larger 

single particles. Foams investigated have bubbles which touch 

one another, and such samples could not be sampled. Dilution 

of the sample, a standard technique for use of the counter, 

so that individual bubbles would pass through the orifice,is 

required. For foams, of bubble size 20 -4-200 microns, a 

dilution of 103  is necessary. Carefully controlled dilution 

would be necessary to avoid size changes, but sample measure-

ment could be effected almost instantly using the spectrum 

analyser. 

The use of this system would result in foam bubbles size 

measurements literally on the spot, which would be of great 

use in equipment optimisation or factor change studies. 

5.4.2) 	Capillary Tube Counter  

A technique for measuring bubble size has been developed 

which consists of trapping the bubbles in a fine capillary, 

such that the capillary diameter is less than bubble diameter 

. The bubble is elongated in the capillary forming a 

cylindrical bubble, which can be measured. From the length of 

this bubble the size of the spherical bubble can be calculated, 

taking account of any correction necessary. 
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The minimum size of bubble which can be counted and 

measured in this way is equal to that of the capillary.. 

Provision of small diameter capillaries of uniform bore is 

difficult and would be an important part of the successful 

operation of the equipment. 

The length of bubble in the capillary can be measured 

by eye, using a Vernier microscope. Alternatively if a 

constant flow rate is maintained in the capillary the rate 

at which bubble walls pass a fixed point could be measured 

with an optical system coupled to an analyser to give auto-

matic readings. Bubbles which touch one another could be 

measured as the bubble wall could be used as a triggering 

device. This would mean samples directly from the bulk 

foam could be sampled via a probe, extracting the foam 

through the capillary at a known rate. 

Should dilution be required to sepo.rate the bubbles,so 

they were distinct in the capillary, this could be done on 

a continuous basis. 

This method of bubble measurement could result in a great 

flexibility of foam sampling. Foam near to, and far from, 

walls could be sampled to investigate stratification effects. 

The provision of constant bore capillaries would be unnecess-

ary if measurement of the moving bubble is used, the bore 

diameter at the measurement point only being required. 

5.5) 	Conclusions. 

Bubble sizes of foams are difficult to make accurately, 

and are often inconclusive once obtained. Typical values for 

the foams used in this work were obtained by photographic 

means for comparative use, no attempt being made to collect 
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extensive bubble size data. 

Alternative methods were investigated and discussed, with 

the view to simplifying the sizing procedure. Use of the 

excess pressure in the foam shows potential for further investi-

gation, although the technique does not give size distribution 

information. Automatic size counting techniquesswith sophisti-

cated equipment requirements, was also discussed and initial 

considerations are promising. 
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6. 	Flow Pattern Maps for Detergent Solutions. 

The flow regimes which would exist in a horizontal pipe 

with the simultaneous flow of air and detergent solution were 

investigated. 	The effects of pipe size, detergent concentration 

and phase mixing methods on the flow regimes and the transition 

boundaries were investigated, and results were obtained for a 

representative sample of conditions. 

6.1) 	Flow Regime Descriptions. 

Any study of flow regime pattern maps needs to be based • 

upon a universally agreed nomenclature, if meaningful comparisons 

between the maps of different workers and the flow systems they 

have investigated, are to be made. 	In the system under con- 

sideration the presence of the detergent gives rise to some 

marked changes in the typical flow regimes normally observed. 

Part of the work involved the investigation of pure liquid/ 

gas flows for comparative purposes, and the nomenclature used 

for these conditions, stratified, elongated bubble, slug and 

dispersed flow, follow the accepted definitions for these 

regimes, full descriptions of which can be found in the literature 

(28). 

In the flow pattern maps which were developed for the 

detergent solution/gas flow system, the phase velocities were 

such as to generate four major flow regimes: dispersed bubble, 

stratified foam, slug and foam flow regimes. These regimes will 

be defined in detail below. 	Superficial air velocities of 

sufficient magnitude to be within the annular flow regime were 

not attained in this work. 

6.1.1) 	Dispersed Bubble Flow  

At high superficial water velocities the gas bubbles are 
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dispersed throughout the liquid, with a higher concentration 

of bubbles in the upper part of the pipe. 	As the gas rate 

increases the bubble size remains approximately constant and 

the bubble density increases, until the flow becomes opaque. 

6.1.2) 	Stratified Foam Flow. 

The gas and detergent solution flow in stratified flow in 

the pipe, with the gas phase forming the upper foam layer and 

the bulk of the liquid the lower layer. 	The bubbles formed in 

the generating device fill the upper part of the pipe so that 

the bubbles are closely packed, forming a relatively dry foam, 

which travels down the pipe with little bubble coalescence or 

breakdown. 	The relative movement between the bubbles is low, 

the upper foam layer tending to move as a plug, especially at 

low velocities. 	The lower part of the pipe is filled with the 

remaining liquid, part of the liquid being included in the foam. 

The lower layer is essentially clear of bubbles, but as the 

phase velocities increase so does the quantity of bubbles in 

this liquid layer. 	The liquid layer flows faster than the 
r 

upper foam layer, with a velocity which can be many times greater 

than the foam flow velocity. 

The interface between the foam and liquid is well defined 

and can be either flat or wavy. 	At low superficial water 

velocities the interface is flat, although not totally smooth, 

as the bubble size tends to give it a certain inherent"rough-

ness , and only a few bubbles are being carried along in the 

lower water layer. These bubbles tend to travel along near 

the interface, but cannot leave the liquid and enter the foam, 

as the lower foam surface seems to have a certain rigidity 

which stops these few bubbles joining the main foam bulk. 

The bubbles on the interface are not moving with relation to 
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one another. 	As the water rate increases the interface 

becomes progressively more wavy, in a well defined manner with 

regularly spaced waves. 	The waves are initially 4rly static 

with regard to the foam, moving forward in the foam only 

slowly. 	More bubbles are present in the liquid layer, a 

function of the generation process, as the interface is not 

shedding bubbles. 	The waves continue to grow in both 

magnitude and relative velocity to the foam, but change their 

wave length only slightly, until the flow becomes broken up 

and the interface "churns" and dispersed flow occurs. 

These effects on the interface behaviour are most 

noticeable in the largest pipe (39 mm) and were not apparent 

in the smallest pipe (11 mm). 

6.1.3) Foam Flow  

The pipe is completely filled with a foam, in which the 

bubbles are closely packed and relative bubble motion is low. 

There is a thin water layer against the walls of the pipe. 

The bubble shape depends on the amounts of gas and liquid 

phases present; at the low gas/liquid ratios the bubbles are 

spherical, however once the close packing ratio has been 

reached the bubbles can start to become polyhedral. 	The 

bubbles next to the wall move together, and especially at 

high gas to liquid ratios it is apparent that the interior 

bubble layers are slipping past one another with progressively 

higher velocities the further into the foam the layer is from 

the wall 
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6.1.4) 	Slug Flow  

The slug flow regime consists of foam flowing in the pipe, 

with slugs of air flowing faster than the foam, passing along 

the pipe, in a manner analogous to that of gas-liquid slug 

flow. 	The air slugs are approximately the same diameter as 

the pipe and can be of varying length, from the diameter of 

the pipe upwards, as the gas flow rate increases. 	The slugs 

create much turbulence as they pass through the foam, a layer 

of foam being left on the pipe walls as each slug passes, and 

then swept up by the following plug of foam. 

The slugs are not formed by the action of the generating 

device, but from some break-down mechanism of the foam, since 

uniform flow in a larger pipe will become slug flow in a 

subsequent smaller pipe coupled in series, after about 50 

pipe diameters of flow in the pipe. 

6.1.5) 	Regime Transition Mechanism  

The flow patterns which result from the flow of air and 

detergent solution, could to a certain extent be considered 

to be those of three phases; i.e., gas, liquid and foam phases. 

The relative amounts of the gas and liquid phases will create 

in the pipe, either a mixture of gas-foam or foam-liquid or 

even gas-foam-liquid depending on flow rate, pipe size and 

detergent concentration. 	The changes from one regime to 

another will happen as the phase velocities are changed, 

eg., stratified foam flow will change to foam flow as water 

rate is reduced, the lower stratified water layer being slowly 

depleted until the upper layer descends and finally fills the 

pipe. 	The relationship between the various regimes, with the 

main factors involved in the transition is shown in Figure6.1. 
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6.2) Flow pattern Photographs.  

Photographs of the pipes were taken to aid in the regime 

definition and flow description. 	They were not used to 

establish transition boundary values, this being done by the 

visual estimation of the flow pattern in the pipe. 

Photographs of the foam produced with the sinter and 

pump generators can be seen in the Appendix E, Figures E.1 

and E.2. Photographs of the complete pipe to show flow 

regimes are given in Figure E.3 to E.5, and consist of, 

a) Figure E.3; 26.0 mm pipe, at a constant air rate with 

water rate increasing. 	This shows the Transition from 

smooth to wavy stratified foam flow, the regular form of the 

interface can be clearly seen. 

b) Figure E.4; 26.0 mm pipe, at a constant water rate with 

air rate increasing. 	This shows the transition from smooth 

stratified foam flow to foam flow as the QA/QW  increases. 

c) Figure E.5; 17.3 mm pipe, at a constant air rate with 

water rate increasing, at 0.05% and 0.5% Teepol concentrations. 

This again shows the smooth to wavy stratified transition, and 

also the dispersed regime at the maximum water rate. The 

effect on the bubble size due to the detergent concentration 

can be clearly seen. 

No regime photographs of the slugging regime could be 

obtained, the photographic technique not showing this regime. 

These few examples of flow regime indicate the difficulties 

involved inregime estimation. The static flow was often more 

difficult to place, as the flow patternsare essentially in a 

dynamic state,i  with behaviour more obvious to the naked eye. 

The dividing line between dispersed and stratified flows can 

be taken as a example of how difficult the definition of the 

transition point is to make. 
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6.3) 	Method of Regime Identification  

The flow regime identification was carried out in all 

experimental work by purely visual means during the course 

of the runs. 	The pipe was well lit to aid in flow regime 

estimation, and the flow regime which existed in the pipe 

was noted along with the relevant phase flow rates and 

pressure drop data. 	The full range of each set of condit- 

ions was covered quickly without recording data to establish 

the likely flow rates and regimes and help define regimes. 

All the data for each particular set of conditions was 

collected before any attempt was made to plot the results; 

this was done to reduce the likely-hood of regime misidentifi-

cation as a result of making the data fit the 'expected' 

pattern map. The data for all pattern maps, with very few 

minor exceptions, was collected over a comparatively short 

space of time, hence the regime descriptions and transition 

states can be considered to be internally self-consistent. 

This visual technique is by no means entirely satisfactory, 

and several workers ( 28,51 ) have stressed the need for 

additional aids, either via 'still' or cine photography, to 

allow subsequent checking and re-defining to be carried out, 

or via pressure drop or other parameter correlating techniques. 

6.3.1) 	Stratified Foam to Dispersed Bubble Regime  

The transition of stratified foam to dispersed bubble 

regime was the most difficult of the changes to define 

accurately. 	The velocity in the pipe is high, about 5 m/s, 

and the point at which turbulence of the lower water layer 

is sufficient to give an adequate 'uniformity' to the flow 

is a matter of arbitary definition. 	Few points were 
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recorded in the dispersed bubble region, due to pressure 

limitation of the equipment. 	This is however not uncommon 

in many similar works on flow pattern maps. 

6.3.2) 	Stratified Foam to Foam Flow Regime  

The stratified foam to foam flow regime transition was 

more easily defined. 	The velocity of mixture in the pipe is 

lower than that for transition to dispersed flow with a maximum 

of about 2.5 m/s, but was normally much less. The presence of 

the lower liquid layer in the pipe was always easily noted, in 

part due to it's greater velocity and the few bubbles in the 

layer, and this layer's disappearance was found to be a fair 

indication of regime change. 

6.3.3) 	Wavy or Smooth Stratified Foam Flow 

Different states of the interface during stratified foam 

flow were noted as either wavy, smooth or undefined, but no 

further accurate measurements of the structure were taken. 

Change was most noticeable in the large pipe, and was not 

recorded in the smallest pipe, a fact due mainly to the range 

of phase velocities covered in the pipes. 

6.3.4) 	Dispersed Flow to Foam Flow  

This regime change was met only in the case of the 11 mm 

pipe with detergent solution. 	The boundary has not been 

defined on the plots, but a symbol change on the data plots 

has been arbitrarily used, to occur at a water velocity of 

1 m/s. 

6.3.5) 	Transition to Slug Flow Regime  

The transition to and from the slug flow regime from the 

-dispersed, stratified or foam flow regimes was found to be 
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very well defined for the detergent solutions. The air slugs 

formed when slugging first starts to occur nearly fill the 

pipe,and so cause a noticeable change in the flow pattern, 

unlike the pure liquid/gas system where the difference between 

a large elongated bubble and a slug can give rise to many 

differing interpretations. This transition manifests itself 

in the foam as a slight flicker as the slugs move rapidily 

down the pipe. As the gas rate increases the flicker tends to 

continue at approximately the same rates but becomes more defin- 

ed as the slugs become larger. 	The repeatability of the slug 

transition boundaries using this flicker criteria was found to 

be+ 0.2m/s on the gas superficial velocity, a much clearer 

definition than is obtainable in similar runs with pure liquid-

gas, in which the slugging transition point for a large elongat-

ed bubble to a slug can be open to a fair degree of uncertainty 

and personal interpretation. 

6.3.6) 	Use of Photographs  

A few photographs were taken of the pipe to check on 

regime description and estimation. A typical selection can 

be seen in Figure E.3 and E.4 for flows in the 26.0 mm pipe at 

constant air and water rates, and in Figure E.5 for flow in the 

17.3 mm pipe at 0.05% and 0.5% Teepol concentration. These Figures 

were not used in the construction of the flow pattern maps, 

but can be seen to confirm the flow pattern descriptions and 

approximate boundaries. 	The difficulties involved in the 

visual identification of the various transition boundaries 

can be seen from these photographs, any criteria of transit-

ion is to a certain extent dependent on the precise definit-

ion of the flow patterns, in itself a rather arbritrary 

procedure. 
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The desirability of the use of photographs for regime 

indentification is to a certain extent limited by the scale 

of data collection necessary for flow pattern map preparation, 

and in this case was not carried out to any large extent due 

to the fortuitiously clear definition of the slug regime 

boundary. 

6.4) 	Range and Scope of Experiments  

The parameters which were varied in the experimental work 

were:- 

1) The pipe sizes in which the experiments were 
carried out 

2) The gas and liquid velocities 

3) The method of introduction of the gas and 
liquid to the pipe 

4) The concentration of the detergent in the 
liquid, ie., changes in surface tension 
and foaming characteristics of the liquid 
phase 

All experimental work was done using a test length 

of six metres, not including any pipework necessary for the 

gas/liquid mixing system. 	The mixing system used was coupled 

to the test pipework, with reduction or expansion pieces as 

required. 	No other changes were made to the mixing system 

to account for the varying gas and liquid requirements of the 

various pipe sizes. This tended to limit the maximum flow 

velocities in the larger pipe sizes. 

6.4.1) 	Pipe Size and Type  

The pipe sizes used in the experimental runs were all 

glass pipes and were:- 

1) 11.4 mm diameter 

2) 17.3 mm diameter 

3) 26.0 mm diameter 

4) 39.1 mm diameter 



122 

All except the 11.4 mm pipe were the standard QVF glass 

piping with the normal butt joints, the 11.4 was made up from 

glass tubing and flanges. 	See section 3.1 for pipe work and 

other details. 	The sections under test were six metres long, 

made up of several lenghts  of pipe. 

6.4.2) 	Phase velocities used in the experiments  

The maximum flow rate that the equipment was designed to 

give was 60 litres/min. 	The range of superficial velocities 

possible in the various pipes is shown in figure 6.2. 	The 

maximum value of water and air flow rates was not reached in 

the case of the 11 mm pipe due to pressure drop limitations. 

From the figure it can be seen that not all regions of interest 

could be covered with the equipment. 	The flow pattern map for 

air-water is included in the figure to give an indication of 

regimes covered. 

The lower superficial velocities are set by the minimum 

controlable and accurately measurable phase rates; 1 Litre/min. 

6.4.3) 	Mixing Method  

The flow patterns that might be obtained could be expected 

to depend on the mode of gas/liquid mixing, as the interaction 

between the phases will depend on the degree of initial contact 

between the gas and liquid. 	The methods of injection gave 

three ranges of gas/liquid interaction, primarily a function 

of the bubble size formed in the generation equipment. 

1) Very low mixing, a simple T-piece in which gas and 

liquid were introduced as an upper and lower layer 

with no bubbles being formed. 

2) Good mixing, the gas was blown into the liquid via 

a sinter disc, bubble sizes being in the range 

0.1 mm to 1 mm. 
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3) Intense mixing, the gas/liquid stream was 

passed through a mixing valve and centrifugal 

pump, bubble sizes being in the range 20 - 200 

microns. 

Typical bubble size distributions for method 2 and 3 can 

be seen in figure 5.3 in the discussion on bubble size deter-

mination. 

In all cases the flow pattern at any particular set of 

phase velocities and injection method was established after a 

short entrance length in the test pipe, typically 50 dia- 

meters. 	This has been found to be the case generally in two 

phase flow systems. 

6.4.4) Detergent Levels  

Four levels of the foaming agent, Teepol L, were investigat-

ed to find the effect on the flow patterns of varying surface 

tension and ease of bubble formation. 	All solutions were 

made up using mains water, the concentration being adjusted by 

addition of the required volume of detergent, the surface 

tension being measured by Ring Tensometer. 

1) Zero - pure water (see section 3.1 for discussion 

on preperation for pure water experiments). 

2) Trace of detergent - 0.002% by volume- surface 

tension = 59 	dynes/cm. The solution would form 

a slight foam of only a few seconds persistence. 

3) Below the C.M.C. - 0.05% by volume- surface tension 

= 36 	dynes/cm. A stable long lasting foam formed. 

4) Above C.M.C. - 0.5% by volume- surface tension = 

31 	dynes/cm. A stable long lasting foam formed. 

See Appendix A for full details on behaviour of surface 

tension with concentration of Teepol L. 
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6.5) 	Treatment of Data 

The experiments for the flow pattern maps were carried 

out in conjunction with pressure drop estimation in the test 

pipes, and the mode of control of the phase velocities was 

aimed mainly at the systematic collection of pressure drop 

data. 

The tests were carried out by fixing a water flow rate, 

and then varying the gas rate in approximately constant steps. 

Control of the gas rate to specific values was found to be 

impracticable, as the in-situ gas rate can only be calculated 

after the average pressure in the pipe was found. 	As no 

control of pipe mid-point pressure was carried out, the in-situ 

pressure varied as the flow rates changed. 	The complete 

cycle of runs at the required water rates were carried out, 

and then additional points taken, if required, to fill in any 

main areas of uncertainty. Hence, of the range of values 

obtained, only about 1/3 of the points are near, or on, the 

pattern transition boundaries. 

The flow patterns observed were categorised into two 

major groups. 

a) a definite flow pattern of one of the given types 

b) some intermediate Or undefinite pattern, not clearly 

of either type of flow pattern. 

The data was then plotted on to log/log graphs, with a 

series of symbols to denote the various flow patterns, and the 

intermediate cases. 	The gas velocities were calculated from 

a knowledge of the pressure in the pipe, and the standard flow 

rate, read off the rotameters. The full charts with the data 

plotted are given in the Appendix, FiguresF.1 toF.10. The 

tabulated valves used to plot these charts are given in 
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Tables 1.1 to 14 ; for the various flow conditions investigated. 

6.5.1 ) Example Flow Pattern Map 

An example plot is shown in Figure 6.3, and on this the 

transition lines have been superimposed. 	The symbols used are 

more fully explained in the Appendix. 

The transition lines have been plotted by taking the mid 

points between the definite flow pattern points (points 1,2 & 3) 

and the indeterminate points (points 4,5,6 & 7) and joining with 

the best straight lines. No attempt was made in boundary 

generation to include every regime point within the specified 

regime region, if the point seemed to fall outside the general 

area of the rest of the points. 	Where practical the lines are 

shown as curves if sufficient points are available to define 

the line, otherwise the boundary is given as a straight line. 

The pressure drop data has on occasion been used to help 

in estimation of the transition points, as Pressure drop 

versus flow rate plots can sometimes show sharp changes. 	See 

Section 7 for details. 

The boundaries are shown as lines on the plots, in fact 

they themselves are regions, maybe of quite wide and varying 

value, over which the regime changes take place. 	A fair  

degree of latitude in the interpretation of regime map data 

is necessary, if meaningful results are to be obtained from 

the use of such simple parometers as phase velocities for the 

description of the extremely complex flow situations actually 

existing in the pipe. 

6.6) 	Results of Flow Pattern Experiments  

The results from the range of experiments, with various 

detergent concentrations and pipe sizes can be most usefully 

looked at in relation to the detergent concentration, and 
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phase mixing methods. 	Full tabulated data and the plots used 

to obtain the regime boundaries are given in the Appendik 

For comparison and discussion purposes the flow pattern 

map of Mandhane, Gregory and Aziz ( 51  ) has been used, and is 

shown in Figure6.2, with a change of axes values from ft/sec 

to m/sec. 	The regime boundaries off this map are reproduced 

on many of the following experimental charts, to aid in the 

understanding of how the action of the detergent has changed 

the flow regimes. The regimes names on the various plots are 

those actually observed in the pipe, see Section 6.1 for full 

description of regimes. 

6.6.1 	Flow Pattern for Water-Air  

The flow pattern maps for pure water-air flow were con-

structed as a check on the equipment and for comparison 

purposes with the detergent flow pattern maps. 

The results for the 17 mm and 11 mm pipes for both sinter 

disc gas injection and intense mixing of the phases in the 

pump,,gave approximately equivalent flow patterns and transition 

boundaries, and were found to be as reported in the literature, 

within the experimental error and latitude of the various flow 

maps. The plots of the data points for the case of phase 

mixing via the sinter are given in the Appendix F in Figures 

F.1 and F.2 for the 17 mm and 11 mm pipes. 

The transition lines alone for these two pipes are given 

in Figure 6.4. 	The discrepency with the reference pattern map 

is within the normal expected limits for this type of work. 

The difference in the boundary at a water superficial velocity 

of over 2 m/s is partly an indication of the difficulty of 

definition between the elongated bubble and slug flow regimes 

for pure-water/air flows. 
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6.6.2) 	Trace of Detergent  

A few runs were carried out with a trace of detergent in 

the liquid, to check on the effect of a slight lowering of 

surface tension without giving the ability to form stable, 

long lasting bubbles. 	The runs were of a cursory nature,with 

only two liquid rates being used. 	The main point of interest 

was the elongated bubble to slug transition flow rate valves. 

The results for runs in the 17 mm pipe, with both sinter 

and pump mixers, were equivalent to those of the pure water. 

Few bubbles were produced, most breaking in the second or two 

it took to enter the test pipe. 	In the case of elongated 

bubble flow the long bubbles were often subdivided by several 

lamella as in Figure 6.5, which tended to drain and break as 

they went down the pipe. 

   

	tl Lcp.4 - A. 

  

    

Figure 6.5: Lamellae spanning elongated bubble, with trace of 

detergent in the water. 

In the transition and slug flow regimes there were more 

small bubbles present than in the case of pure water-air, but 

this did not alter the phase velocity necessary for transition 

from one regime to another. 

6.6.3) 	Detergent Solutions  

The major factor in the determination of the flow pattern 

maps which results from the various combinations of detergent 

concentration, pipe size and phase mixing methods investigated 

was found to be the generator used in phase mixing. 	The results 
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for the two detergent solutions, 0.05% and 0.5% were in each 

case similar, and hence are given together and compared in 

relation to the mixing method used. 

6.6.3:1) 	Intense Mixing - Pump Generator  

The intense mixing of the air and detergent solutions in 

the centrifugal pump and/or valve results in a very small 

bubble size, 20 to 200 microns, the foam produced being a 

white opaque mixture, with a long life time, having on average 

a t
50 

of over 2 minutes and bubble size of about 60 microns. 

See Sections 3.1 and 4 	for details of generators and foam 

lifetime characteristics. 

The pressure drop and flow regime results from the pump 

and the valve were found from initial experimental runs to be 

equivalent, and in all subsequent runs the pump was used, due 

to it's more flexible back pressure characteristics which 

allowed greater gas rate range and control. 

All experimental runs with both the 0.05% and 0.5% 

detergent solutions in the pipe were in the dispersed flow 

pattern. 	The intense mixing in the pump meant that no strati- 

fied foam flow took place as no drainage had occured in the 

time taken to pass through the pipe, 6 metres long. 	The 

initial turbulence from the pump had died away after about 1 

metre of pipe, and the foam passed down the pipe in dispersed 

flow. 	No slugging occured in the pipe even at the maximum 

gas rates, of about 5 m/s in the 17 mm, and about 10 m/s in 

the 11 mm pipe, even though these superficial velocities are 

on order of magnitude greater than the transition boundary to 

slug flow for pure water/air. 

The superficial velocities covered in the experiments for 

the two pipes were as shown in Figure 6.2. The maximum phase 



132 

velocities reached were due to equipment pressure limitations, 

the minimum water rate, of 2 litres/min, due to the inability 

of the pump to operate satisfactory once the liquid flow rate 

drops below this value, the hunting of the pump speed causes 

inherent flow instabilities.• 

6.6.3:2) 	Good Mixing - Sinter Generator  

The sinter generator results in a foam of larger bubble 

size, 0.1 to 1.0 mm, and when in the dispersed flow regime is 

a white opaque mixture. 	The foam coming from the generator 

was usually flowing in the stratified flow made as it came 

round the top bend, details of precise generator configuration 

are given in Section 3.2. The foam flow regime was then 

established as the foam flowed down the pipe. 

The effects of the two detergent concentrations investi-

gated, 0.05% and 0.5%, are similar and the flow patterns are 

discussed with relation to the pipe size. The extent of the 

lines on the various plots is an indication of the areas 

covered in the experiments. 

I. 39 mm and 26 mm 

The range of flow velocities which could be reached with 

these pipes was comparatively low. In the case of the 39 mm 

pipe flow only in the stratified region was obtained, the plot 

in Figure 6.6 giving the transition boundary from wavy to 

smooth interface. 	The transition from stratified flow to 

foam flow was based on only a few data points, and was con-

structed with the aid of the 26 mm pipe flow pattern map. 

The flow regimes which were obtained for the 26 mm pipe 

are given in Figure 6.6 and cover a far wider range of regimes, 

slug, foam and stratified flow regimes being observed. 
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Included on the map for the 26 mm pipe is the wavy to smooth 

stratified flow transition boundary for the 39 mm pipe, these 

lines can be seen to be identical within the experimental 

errors. 

The full data plots are given in the Appendix in Figures 

F.3 and F.4. 

2. 17 mm Pipe  

The flow pattern maps for flow in the 17 mm pipe, with 

0.05% and 0.5% detergent solution, are given in Figure 6.7. 

The regimes covered by these plots cover the full range of 

slug, dispersed, stratified foam and foam flow and the data 

plots are given in the Appendix in FiguresF.5 and F.6. 

The plots for the different detergent concentrations can 

be seen to be of the same form, the only major difference being 

a shift to slightly high gas velocities of the slugging transit- 

ion line at the higher detergent concentration. 	The lack of 

the transition line from wavy to smooth stratified flow in the 

case of the 0.05% solution was due to the fact that this minor 

regime change was not differentiated in the data collection for 

this particular set of conditions, rather than the non-appearance 

of this regime. 

The slug to stratified flow transition for the 26 mm pipe 

is shown on the map for the 0.5% solution, of note is the shift 

to higher gas velocities for this transition in the 17 mm pipe.. 

• The stratified foam to foam flow transition boundary is found 

to be coincident for the 26 mm and 17 mm pipes. 
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3. 	11 mm Pipe  

The flow pattern maps for flow in the 11 mm pipe, with 

0.05% and 0.5% detergent solutions, are given in Figure 6.8. 

The regime covered by these plots are the slug, 'dispersed, 

stratified foam and foam flow regimes. 	The presence of the 

distinct change from wavy to smooth interface was not noted 

in the stratified flow regime, the interface never taking on 

a definite wavy or smooth structure at any flow velocities. 

The full data plots for these conditions are given in the 

Appendix in Figures•F.7 and F.8. 

The main points of interest from these plots when 

compared to those of the 17 mm pipe are:— 

a) The change in the slug flow transition line 

to higher gas rates, it has moved to a gas 

superficial velocity that is approximately 

twice that of the 17 mm pipe velocities. This 

change is most apparent at the high liquid 

rates, at the lowest liquid rates the trans-

itional values are approximately equal. 

b) The shift to lower gas, or high liquid rates 

for the stratified foam to foam transition. 

c) Because of the gross shift of slug transition 

boundary, the dispersed flow regime now can 

change to the foam'flow regime without passing 

through any other regime. 	Any division between 

these two regimes was unobservable, and would 

depend on an arbitary definition of when 

bubbles in a liquid become the case of liquid 

lamella in a gas, the two extremes. 

d) The stratified foam to dispersed flow transition 

remained approximately constant, with relation to 

the 17 mm pipe transition boundary. 
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6.6.3:3) 	Poor Mixing - T Piece  

The flow regimes that are produced when the various 

detergent solutions, 0.05% and 0.5% are flowing in a pipe 

was investigated for the case when there is no initial 

mixing of the gas and liquid phases. The introduction of 

the gas and liquid phases was carried out using a simple 

T- piece, which allowed stratified introduction of the 

phases with little or no interphase mixing, see Section 

for details on T- piece. 

The experiments were carried out in the 11 mm pipe as 

an initial test, and because of the indicated results were 

not repeated with other pipe sizes. 

The flow regimes, and transition flow rates between 

them, were found to be the same within experimental errors 

for both solutions, and to correspond to those reported in 

the literature for pure water/air flows. 	This fact of 

correspondence could be expected as the effect of surface-

tension, the only factor changed in these runs has been 

shown to be small in non-foaming systems. The phase intro-

duction method was designed to eliminate bubble formation 

and hence the detergent solutions would act as liquids with 

low surface tensions but no foaming would take place, which 

would give the results obtained. However reported work has 

been for intrinsically non-foaming liquids, usually of high 

purity to limit any tendency to foam, and the effect of the 

detergent solutions in the slugging regime could have been 

expected to change the flow regimes. 

The plots for the cases of 0.05% and 0.5% solution in 

the 11 mm pipe are given in Figure 6.9 , the full data being 

given in the Appendix in Figures F.9 and F.10. 
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6.6.4) Regime Boundary Co-ordinates  

The co-ordinates for the regime boundaries of the flow 

patterns shown on the various maps is given in the tables 

below. 	Where a line consists of several ,straight sections 

the copordinates of each turning point are given. 	If a 

line has a curved section in the line the end points of the 

curve are given as 

(xl, yi), curve, (x2, y2) 

which means that point (xl, yi) and point (x2, y2) are joined 

with a curved section, inspection of the relevant figure giving 

the general shape of the curved boundary. 	A full description 

of the flow regime abreviations is given in the appendix. 

The first figure given in the bracket is the superficial gas 

velocity, the second the superficial liquid velocity, in M/S 

ie., (VG, VL). 

1) 39.1 mm. pipe.  

Sinter generator, 0.5% Teepol solution. 

St-W to St-S 	(0.06,0.13),(0.5,0.28) 

St-S to F 	(0.2,0.02),(0.4,0.06) 

2) 26.0 mm. pipe. 

Sinter generator, 0.5% Teepol solution. 

S1 	to 	(St or F) (1.06,1.0),(1.72,0.06) 

St to F 	(1.20,0.57),(0.42,0.06) 

St-W to St-S 	(0.16,0.2),(0.98,0.39) 

3) 17.3 mm. pipe.  

a) Sinter generator, 0.5% Teepol solution. 

S1 	to (St or F) (1.24,2.1),(2.55,0.3) 

Si to D 	(1.6,2.8),(4.2,4.0) 

D 	to St-W 	(0.3,3.1),(1.25,2.1) 

F 	to St 
	

(0.4,0.1),(1.75,0.8) 

St-W to St-S 
	

(0.4,0.3),(1.0,0.4) 



' 141 

b) Sinter generator, 0.05% Teepol 	solution. 

S1 to St (1.1,2.22),(2.3,0.3) 

S1 to D (1.1,2.22),curve,(1.9,3.9) 

D to St (0.33,3.2),(1.1,2.22) 

St to F (0.48,0.1),(1.58,0.9) 

c) Sinter generator, Water. 

EB to D 
	

(0.15,2.6),(1.2,2.6) 

EB to S1 
	

(0.6,0.3),(0.8,1.5),curve,(1.2,2.6) 

4) 11.4 mm. pipe.  

a) Sinter generator, 0.5% Teepol solution. 

S1 	to 	(F or D) 	(2.3,0.13),(3.5,0.7),(3.4,1.9), 
(3.0,3.0) 

St 	to 	(F or D) 	(0.3,0.115),(0.85,0.32),(1.32,1.9), 
(0.4,3.0) 

b) Sinter generator, 0.05% Teepol solution. 

S1 to F 	(1.83,0.2),(2.2,1.2) 

S1 to D 	(2.2,1.2),(1.85,2.0),curve,(2.7,2.9) 

St 	to 	(F or D) 	(0.46,0.2),(1.25,1.6),(0.5,0.3) 

c) Sinter generator, Water. 

EB to S1 
	

(0.68,0.3),(0.92,1.6),(0.45,3.0) 

d) T-piece generator, 0.5% Teepol solution.• 

EB to S1 	(0.76,0.2),(0.81,3.0) 

e) T-piece generator, 0.05% Teepol solution. 

EB to S1 	(0.7,0.2),(1.02,3.0) 
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6.7) 	Discussion and Conclusions  

6.7.1) Water Alone  

The results for flow pattern maps for the water flowing 

alone with air were as reported in the literature, and confirm 

the operation of the equipment. 	The work showed the difficulty 

in establishing the elongated bubble to slug transition for pure 

water at high liquid rates, a factor which is brought out in the 

many flow maps given in the literature. The type of generator 

used to mix the phases was not found to effect the flow 

patterns, although detailed checks were only carried out with 

the sinter generator. 

The many differences brought out by the use of the foaming 

solutions were highlighted to a much greater extent by their 

comparison' with these pure water-air runs, and this type of 

comparison should be made in all such experimental work. The 

problem of cleaning the equipment to remove detergent traces 

should however be investigated, as repeated water to detergent 

solution changes can cause problems. 

6.7.2) 	Trace of Detergent  

The results of flow regimes for the case of a trace of 

detergent in the water, 0.002% Teepol by volume, were found to 

be similar to those of the pure water-air flow. 	The experi- 

ments were however only of a very cursory nature and by no 

means exhaustive. The experiments were carried out when it 

was found to be a problem cleaning the equipment for the pure 

water tests, see Section 3.1 for details of this preparation. 

The amount of detergent gave a lowering of surface tension to 

59 dynes/cm without allowing the formation of any stable foam. 
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Even under intense agitation bubble sizes were as large as 

for pure water, and they broke within seconds of reaching 

the free air surface in the holding tank. 

Hence the reported conclus-ion that surface tension has 

little major effect on flow regimes has been borne out, and 

also that excessive care to exclude any slight impurities to 

limit foaming has been shown to be unnecessary, if foam 

stability is extremely low. However the case of flow in long 

pipe lines in which any initially small effect could grow to 

dominate is still unclear, but the "degree" of foaminess of 

the solution will be the important factor, rather than it's 

intrinsic surface tension. 

6.7.3) 	Detergent Solutions 

The effect of the various parameters of pipe size, 

generator type and detergent concentration, on the flow 

regime maps is a complex matter. 	The following discussion 

attempts to isolate each variable in turn, and indicate it's 

effect on the regime maps. 

6.7.3:1) 	Generator Effects  

The type of generator used for phase mixing plays a very 

important part in determining the flow regimes which exist in 

the pipe with the detergent flows. Any discussion of foam 

flow regimes will need to include detailed information of the 

generator, and the type of bubble size produced by it. The 

three generator types used in this work gave a wide range of 

bubble sizes. 

1) Intense mixing - very. small bubble size, possibly 

the smallest bubble size that can exist for any time 

was produced by the pump. 
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2) Good mixing - small bubbles of a fairly uniform 

size were produced, but for the type of sinter used 

many other bubble sizes and size ranges are possible 

by quite minor design changes. 

3) Low mixing - effectively no bubbles were produced 

by the generator, and any bubbles formed in the pipe 

will be a function of fluid properties and flow rates. 

1) Intense Mixing  

The flow was always dispersed, as could only be expected 

with the short in-pipe lines used. 	Samples of this type of 

foam in a static test condition show no seperation of bubbles 

and liquid in the first 10 to 20 seconds, and hence the 

effect of shear in the pipe will help to keep a uniform foam 

with only a single 'phase' for a significantly longer time 

period in the pipe. 	This foam can be considered as the 

nearest approach possible to a homogeneous fluid for a gas/ 

liquid mixture, and the presence of only one flow regime over 

the test range is not unexpected. The possibility of bubble 

breakdown and coalescence must however be borne in mind at 

much higher shear rates, but in these cases pressure drops 

will be high, and hence expansion effects as the foam passes 

down the pipe may be the predominate factor in it's behaviour, 

rather than surface tension effects. 

2) Good Mixing  

The flow regimes obtained with the sinter generated 

foams showed the widest range of regimes, with marked 

changes from the normal water-air flows. The main factor 

in these changes was the formation of large numbers of 

stable bubbles to form a stable foam. The stable foam 

then takes the place of the gas phase in normal liquid/ 

gas flows, and the differences are due to the properties 
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of this new pseudo-phase. 

The stratified foam flow region can be explained with 

relation to the foam and water properties. The situation 

being comparable to that of an oil and water mixture flowing_ in 

stratified flow, a system with very similar regime and 

pressure drop properties. The transition to and from the wavy 

and smooth stratified flow regimes is a function of the 

turbulence set up in the lower liquid layer. 

The foam flow regime exists because of the inherent 

arrangement necessary to provide the water to suround the 

bubbles in the foam. The transition from stratified flow 

occurs when the water/air ratio is only just sufficient to 

fill the spaces between the bubbles, and hence no liquid 

layer is present. 

The reason for the water rate for the dispersed flow 

region boundary being approximately half that of the pure 

water/air case is due to the small bubble sizes produced 

by the detergent. 	The smaller bubbles require less 

turbulence to create a flow sufficiently homogeneous to 

be described as disperse. 

The slug transition boundary is shifted significantly 

to high gas rates. Slugging occurs at a point when large 

air slugs can be formed, the small bubble size requires 

greater shear forces to generate these conditions. The 

dependence of the transitional valves on the pipe size is 

however an additional complication, and is in marked 

contrast to results from pure liquid-gas flow systems. 
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3 
	

Low Mixing  

The flow regimes observed with the low mixing of the phases 

were identical to those for the pure-water/air system. Hence, 

this further emphasises that the major factor in regime 

determination for detergent solution flow is the bubble size 

and number. In the case of very low detergent concentrations, 

bubbles will not form even with agitation 3  in the low mixing 

case no bubbles are generated within the test system by 

careful phase introduction. 

This similarity however is unlikely to be the case when 

the pipe system involved is much longer than the 6 metres 

used in these experiments. Any bubbles that form in the pipe. 

via flow disturbances or turbulence, will not coalesce 

rapidly, due to the detergent present. If a sufficient 

number of bubbles are formed the flow regimes could change, 

to match those obtained with the sinter generator. 

The transition from the elongated bubble to the slug 

flow regime, with detergent present, occured at the same 

superficial phase velocities as the pure liquid/air flows, 

but it was apparent that there was a larger number of small 

bubbles present in the bulk liquid between the elongated 

bubbles or slugs. These small bubbles were being formed at 

the rear of the large air bubbles, breaking off, and passing 

into the bulk of the liquid. The following elongated bubble 

which travels faster than the liquid, then tended to catch up 

these bubbles, carry some along with it, and allow the rest 

to pass around it with the bulk liquid. The small bubbles 

tended to gather in the upper part of the pipe and hence 

much interaction occured, resulting in the formation of 

additional small bubbles and a reduction in the elongated 
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bubble size. 

Hence at the higher gas and liquid flow rates, the gas, 

although still present mainly in the elongated bubbles, starts 

to travel as small bubbles at the front and rear of the larger 

elongated bubbles. This change in the mode of gas tranport 

with position in the pipe was noted in the 6 metre pipe, but 

was not of sufficient magnitude to cause any regime changes, 

but does mean that the flow pattern can change along the pipe. 

The initial flow pattern is established quickly, within 

approximately 50 pipe diameters, as is normal for gas/liquid 

flows. Further' down the pipe the elongated bubbles are start-

ing to break up, and with sufficient pipe length at high 

enough velocities to produce total bubble breakup, the flow 

regime could change to stratified foam flow. The ultimate 

flow regime, in a very long pipe, for a foaming solution, with 

phase velocities which would be within the elongated bubble 

region for pure liquid-gas flows could be expected to depend 

on a balance between the forces causing bubble generation in 

the bubble wakes, and the bubble coalescence due to the surface 

active properties. The effect of generation method on the 

ultimate flow regime might be unimportant for very long pipe-

lines. If bubble coalescence or drainage factors are controll- 

ing, in-situ pipe times of may be order [10 x 	might be 

needed to stabilise the flow, times of order [200 secs] or pipe 

lengths of order [300 m] under the conditions used in these 

experiments. These pipe lengths are well beyond any reported 

experimental pipe lengths, but are well within the scale of 

industrial situations, particularly for long pipe lines for 

oil transportation. 

Recent work by Aziz et al (53 ) has indicated that the 
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elongated bubble region can be sub-divided into several sub-

regions, and they discuss the mechanism of small bubble 

generation in the wake of elongated bubbles. Their system 

involved pure liquid, and bubble coalescence was the same 

order of time as the elongated bubble transit time, so small 

bubble build up was not noted. The detergent solution in this 

work results in a 'fixing' of any bubbles formed, and hence the 

effect on the flow pattern in long pipe is greatly enhanced. 

Their work also pointed out the need for photographic techniques 

on a large scale, to aid in consistent pattern identification 

when looking for such fine detail and also stressed the need to 

use relatively long test pipes, in their case 80 ft., if these 

types of flow pattern effects are to be identified and 

adequately investigated. 

6.7.3:2) 	Detergent Concentration Effects  

The effect of very low detergent concentrations at which 

the liquid cannot be considered to form a foam, have been 

discussed in the previous section. 

The effect of varying detergent concentrations when the 

solutions formed are capable of forming a stable long lasting 

foam, can be seen in the comparison of plots for 0.05% 

solution in the 17 mm and 11 mm pipes, Figures 6.7and 6.8. 

The change in detergent concentration from 0.05% to 0.5% 

could be expected to give some marked change. The solution 

at 0.05% Teepol by volume is below the critical miscelle 

concentration (C.M.C) while at 0.5% it is well above it. 

This change would be expected to manifest itself in some 

measureof the foam stability. 

The changes in flow regimes and their boundaries that 

occured for this detergent concentration variation are small 
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for the case of the 17 mm pipe. Only the slugging transition 

boundary has been effected, there being a shift of approxim-

ately 1.1 x VG at constant VL, for the 0.5% solution when 

compared to the 0.05% solution. This comparatively small 

shift especially when compared to the boundary identification 

errors involved when using pure liquids, is however a real 

and significant change. The slugging transition for foam 

flows is very clear, and gives a better reproducability 

than this difference. However the transitions from strati-

fied foam flow to dispersed and foam flow are not to distinct, 

and hence these transition boundaries must be considered to 

be identical, the discrepency on the plots being due to 

experimental and identification errors. These lines are 

shown in figure 6.10. 

The differences for the 11 mm pipe with the two detergent 

solutions are again mainly in the slugging transition line, 

but there is a very marked shift to high gas velocities, 

1.5 x VG at VL constant. The differences in the other trans-

ition boundaries can again be attributable to identification 

problems. These lines are shown in Figure 6.10. 

This shift to higher gas velocities, or greater gas/ 

liquid ratios before slugging occurs can be attributed to 

the detergent concentration effect. The strength of the 

bubble depends on the surface tension properties of the 

liquid bubbles in 0.5% solution could be expected to resist 

breakdown to slugs better than in the 0.05% solution. The 

forces causing breakdown will be the shear forces acting on 

the foam, and these are capable of causing breakdown of the 

bubbles when phase velocities reach a certain magnitude. 

This point is reached at a lower velocity for the less 
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concentrated solution. 

The effect of different concentrations all beyond the 

C.M.0 was not investigated, but would not be expected to 

change the slugging transition boundary, that was obtained 

for the 0.5% solutions. 

All detergent solutionNtested in a mode which gave a 

'good' foam, caused a marked shift to higher gas velocities 

when compared with the pure water case. The shift varied 

from about 1.5 x for the large pipe to over 4 x for the 

smallest pipe. This shift is hightly significant and the 

detergent causes a marked change in the transition to the 

slugging regime. 

6.7.3:3) 	Pipe Size Effects  

The effect of reducing pipe size on the flow regime maps 

was to cause a progressive shift to higher gas superficial 

velocities of the slug flow regime. The effect of the various 

pipe sizes can be seen in Figure 6.11. 

The other transition boundarys for the pipes, the dis-

persed to stratified foam, and stratified foam to foam flow, 

are approximately identical, allowing for identification 

errors. The wavy to smooth stratified flow transition, for 

the cases in which it was observed, that is all but the 11 mm 

pipe, was found to be coincident. These lines are also given 

in Figure 6.11. 

The change in the slug transition boundary, as pipe size 

decreases, shows that the mechanism for air slug formation 

with a foam present is partly controlled by the pipe dimens-

ions, unlike the pure water-air flow systems, where pipe size 

has been shown t.o be unimportant. The precise mechanism 

involved is not clear, the foam flow situation being in itself 
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difficult to model. The way the flow could generate sufficient 

shear or stress forces to change small bubbles to large air 

slugs 	iS beyond the scope of this work. 

6.7.4) 	General Foam Flow Map  

A general foam flow map was prepared from all the pipe data' 

and is shown in Figure 6.12. 

The transition boundaries for the dispersed, stratified 

foam (wavy and smooth) and the foam flow regimes are the same 

for each pipe size, and are indicated with solid lines. The 

transition boundary for the slug regime depends on the pipe 

diameter and is given for the cases of 26, 17 and 11 mm pipes. 

This flow map could be expected to apply to any 'good' 

foam flowing in a horizontal pipe of similar dimensions to the 

pipes used in this work. 
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7) 	Pressure Drop Results  

7.1) 	Pressure Drop for Single Phase Flows  

The pressure drop for detergent solution flowing alone 

in the pipe was found for the range of values covered in the 

foam flow experiments. The results were obtained over a 

large number of experiments, and were carried out to 

a) calibrate the rotameters, flow rates being 

calculated both by rotameter chart reading, and 

by direct sample collection and measurement. 

The rotameters were found to be accurate within 

+ 1.5% over that range. 

b) check the operation of the pressure measurement 

system, and compare with calculated pressure drops. 

c) to obtain data for use in foam flow chart 

construction, and modelling purposes. 

No pressure drop data for air flowing alone in the test 

pipes was obtained, the manometer system being unsuitable 

for the measurement of such low pressure drops. Values 

required were calculated by the use of fluid properties 

and the friction factor/Reynolds number correlation. 

The results for the 17.3 and 11.4 mm pipes are given 

in Figure 7.l,and compared with the line used in the 

Lockhart-Martinelli correlation, which was based on properties 

of water. The pressure measurement system was found to work 

well, giving accurate and reproducable results. The manometer 

system, when using air-liquid flow in the test pipe, was 

checked at the completion of each series of runs by use of 

a water only flow check. 
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7.2) 	Pressure Drop for Air-pure Water Flows  

The results for the pure water-air flows in the 17.3 and 

11.4 mm pipes are shown in Figures7.2 and 7.31for a range of air 

to liquid ratios. The increase in pressure drop with mixture 

flow rate, for any particular phase ratio, is clearly shown. 

The data and plots used to construct these figures are 

given in the Appendix. The results for the 11.4 mm pipe were 

obtained at ambient pressures of 1.10 + 0.10 bar and 1.30 + 

0.20 bar, and were found to give slightly different pressure 

drops. The values for the lower ambient pressure are given in 

Figure 7.3,the difference between results being small. 

At any given water flow rate in the pipes the pressure 

drop increases linearly, from the water alone value, as the 

air rate increases. A change of shape occurs when the flow 

regime changes. This change, when apparent, always occurs at 

the regime transition flow rate, and results in a reduction in 

the slope. Pressure drops at the higher gas flow rates, when 

slugging flow occured, were found to oscillate with slug 

passage in the test length. Variations were approximately + 1 

cm. water/metre, the length of manometer lines causing a reason-

able degree of smoothing. When taking readings in the slug 

flow regime the taps on the relevant manometer lines were 

closed simultaneously, so that the readings would be an 

instantaneous measurement of the pressure drop. 

The results of pressure drop V'S flow rate at constant 

phase ratio showed no evidence of any yield stress. The 

pressure drop at any volumetric flow rate depended on the 

mixture density, reducing density giving reduced pressure drops. 

At any particular water flow rate the presence of the air 

increased the pressure drop. The results compare favourably 

with similar results reported (27, 28), and correlate well 

with the Lockhart-Martinelli model. 
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7.3) 	Pressure Drop for Air-detergent Solutions with  

Low Phase Interaction  

The pressure drop, and flow regimes, obtained using 

the detergent solutions with the T-piece mixing, were 

identical to those obtained for the pure water-air flows. 

Results for the flow of 0.05% and 0.5% detergent 

solutions in the 11.4 mm pipe are given in Figure 7.4, 

along with the results for the case of pure water at the 

same water flow rates. The data can be seen to fall on 

to identical curves, the error for these three different 

flow conditions being comparable to that obtained within 

any one set of data points. 

The detergent solutions showed the pressure drop, at 

any liquid flow rate, going to that of water alone as QA= 0. 

The change in slope of the line on the transition to the 

slugging regime can again be noted, this can be seen more 

clearly in the plots in the Appendix, where the data for 

each detergent concentration is given separately. 
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7.4) 	Pressure Drop for Air-detergent Solutions 

with Sinter Generator 

The pressure drop results for foams generated by the 

Sinter indicate a complex behaviour. The flow regime 

depends on the phase velocities, which for the Sinter 

generator foams include the stratified foam flow regime. 

Flow mechanisms in this regime are complex, depending to 

a major extent on the rheological properties of the upper 

foam layer (75, 76). 

The foam in the pipe cannot be considered a homogeneous 

mixture, and the application of normal fluid equations to the 

flow is not strictly possible. Results indicate however 

that for any constant gas/detergent volume ratio the 

mixture behaves as a Bingham type fluid. 

Pressure drop V'S mixture flow rate for flow in the 

11.4, 17.3, 26.0 and 39.1 pipes with a 0.5% detergent 

solution are given in Figures 7.5,7.6 and 7.7.The pipe size 

range, and equipment flow rate restrictions3  mean not all 

regions were investigated, but comparison of results 

indicate that the results for the 11.4 mm would apply 

for all the pipes at sufficiently large flow rates. 

The data used to construct these charts was obtained 

from the original data by plotting AP V's QA  at constant 

water rates. Straight lines result, with slope changes 

on flow regime transition. From these plots tables of 

AP at fixed QA/QW ratios were prepared. These plots and 

tables are given in the Appendix, as is the basic data. 

The case of foam flow with a 0.05% detergent solution, 

in the 11.4 mm. pipe, is given in Figure 7.8. The curves 

show many similarities, the Bingham properties being 

present. 
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7.5) 	Pressure Drop for Air-detergent Solutions  

with Pump Generator  

Results for the pressure drop V'S phase flow rates 

were collected for the case of foams produced by the pump 

generator, these foams were always in the dispersed phase. 

The results of the experiments at constant water flow rate•  

and varying air rate are given in the Appendix. Charts 

constructed from this data, for flows of constant air-

liquid ratio, are shown in Figures 7.9 and 7.10, for flowof 

the 0.5% solution in the 11.4 and 17.3 mm pipes. No 

experiments were carried out with the larger pipe sizes 

using the pump generator. 

The plots show the same type of rheological behaviour 

that was obtained with the Sinter generator. The fluid 

has a yield stress, and the foams of various densities 

indicate the same behaviour. Data for the 11.4 mm pipe 

falls into a regular pattern, that for the 17.3 mm pipe 

is however not so uniform. Experiments with the pump 

generator with the larger size pipes was impossible, the 

flow regime which was obtained was a static upper dry 

foam layer with the foam produced by the pump flowing as 

a lower layer, in a manner similar to that met in the 

stratified foam flow regime, with the very fine bubbled 

foam taking the place of the water layer. 

Additional experiments were carried out with 17.3 mm 

pipe by using a pair of pipes. The pump generator was set 

to produce a constant quality foam at a high flow rate, and 

this flow was then divided by a T-piece into two streams by 

suitable valving. The pressure drop in one of the lines 

was then measured. Foam composition was constant and no 
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Figure 7.10:Pressure drop v's Foam flowrate in the 17.3 mm. pipe. 

P mp generator, 0.5% solution. 
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intermediate charts had to be constructed. Every foam 

flow rate was sampled to measure gas/liquid ratio, although 

reported work on division of pseudo-homogeneous two-phase 

flows had indicated that no phase splitting at the flow 

division point would occur (83). Results are shown in 

Figure 7.11, where the Bingham fluid characteristics are 

more clearly brought out. 

Results for flow with the 0.05% detergent solutions 

were similar, slightly lower yield stresses being noted. 

The plots are not given, inspection of the Lockhart-

Martinelli correlation however show the trend. 
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7.6) 	Comparison of Pressure Drops  

The pressure drop V'S flow rate curves for all the 

detergent solutions with both pump and Sinter generators 

are similar, for flows with the same air/liquid volume 

ratio. All show a yield stress at zero flow, the value 

of the initial yield stress being dependent on the air/ 

liquid ratio, the greater the amount of air the higher 

the yield stress. Curves for the similar conditions are 

in many cases coincident within experimental errors. 

At high flow rates, where the flow regime was slugging 

in the case of pure water and the 0.5% solution with Sinter, 

and dispersed for the pump, the curves for all three flow 

conditions are approximately identical. This fact is 

further indicated in the Lockhart-Martinelli correlation 

for the flows. This behavious can be seen on Figure 7.12 

for flows at constant QA/QW 
in the 11.4 mm pipe. Similar 

curves for each QA/Qw could be constructed, and would all 

show the same general behaviour. 

The presence of detergent hence causes a marked change 

at low flow rates, imparting Bingham fluid properties to 

the foam. At high flow rates, when turbulence and slugging 

forces predominate, the surface forces play a smaller part 

in the flow regime mechanism, and results tend to those of 

air/pure water flows. 
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7.7) Pressure Drop reduction at constant Air flowrate.  

There was an apparent pressure drop reduction noted for 

certain flow conditions with the sinter generated foams. 

At any fixed air flowrate, with increasing water rate, 

the pressure drop was found to pass through a minimum value. 

This effect can be seen in Figure 7.13, for a QA=6.0 L/min. 

Results for the 17.3 and 26.0 mm pipes show the minimum, the 

water flowrate was not sufficient for the minimum to be 

reached in the 39.1 mm pipe. Similar curves can be drawn at 

different QA. 

The model used to explain this flow behaviour was that 

of Stratified flow of a viscous liquid and water (75.76), and 

the flow mechanism is more fully discussed in section 9. 
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Figure 7.13: Pressure drop reduction in Sinter generated foam, 

at constant air flow rate. 
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7.8)Bingham Model Parameters  

The value of the parameters in the Bingham fluid equation, 

1; 

 

and/_ were calculated for the different flow conditions 

investigated. 

_ 	A  
= /-01-- F 	- C-  4 kL Jo S Qs  

AP\ (AP \ -rr e 

Values of AP ,etc, were read off the relevant charts. The 
L_ 0  

results are given in Table 7.1. 

Table 7.1;Biligham model paramaters for the Foam flows. Values of 

yield stress and apparent viscosity at constant QA/QW.  

QA 
Qw  

39.1 - sinter 
-._ 

26.0 - sinter 17.3 - sinter 11.4 - sinter 

17; ilk To ./4111 -I-; ,444 to A 
0.5 5.05 .032 4.35 .095 4.90 .045 2.86 .060 

1.0 5.69 .033 4.74 .108 5.07 .058 3.62 .063 

1.5 6.03 .026 5.18 .108 5.15 .080 4.21 .066 

2.0 6.46 .035 5.44 .113 5.28 .091 4.91 .068 

QA Q 11.4 - pump 11.4  17.3 - pump - pump 
flow division. w -to  ,u0. -to  ,lam `1L-0 	/4 6 

0.5 1.91 .050 2.34 .052 2.52 .064 

1.0 3.98 .052 5.66 .029 4.65 .062 

1.5 5.61 .061 6.17 .055 

2.0 7.15 .065 

Yield Stress,to, Nm 2. Apparent Viscosity, Ak, poise. 
/4 

These results are plotted in Figure 7.14, using the void 

fraction,c = QAMA+Q0, to relate the factors. 

The 	values for the foams in each pipe show an increase 

with increasing oL, an average of approximately 20%, over the 

range investigated. The pump generated foam have a /00. = 0.06 

poise, and both pipes give the same general result. 	The 

sinter generated foams show a much wider range of/tia, from 

and 
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0.03 to 0.11 poise, indicating the complex behaviour of what 

is essentially two different liquids in stratified flow, the 

averaged properties of which depend on the flow geometry and 

pipe size. 

The yield stress for the pump generated foam tends to 

zero as c)4.-00.- 0. 	This was as expected for a bubble dispersion, 

when voidage is low no interactions occur, and the yield 

stress propeties of the fluid are lost. 	The sinter generated 

foams indicate that at low oc the yield stress was not zero. 

The stratified structure always gave a foam layer, as 

decreased this layer was smaller, but as long as sufficient 

bubbles were present to form a layer,the yield stress properties 

of the flow would persist. 

These results, coupled with the regime maps, show that 

the pump generated foams can be considered a good approximation 

to a Bingham fluid, where170 was a function of voidage, and it.t.0  

being approximately 6 centipoise in the range, 0.3<c<< 0.7. 

Results for the two pipes show an identical behaviour, little 

effect of pipe size on the flow properties being noted. 

The sinter generated foams however had a far more complex 

flow structure. The lumping of parameters into an average 

value gives poor results, the flow behaviour of the liquid 

and foam layers needing to be analysed separately to give 

meaningful overall results. 
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7.9)Friction Factor Correlation  

The results of the flow experiments in the pipes with 0,5% 

detergent solution were correlated by use of a friction factor/ 

Reynolds number plot. 

where 	= 	and 	Re = Ctsfs-b  
2 .S 	 /(Aa 

Data from the charts of constant air/detergent solution 

flows were used to give pressure drop and flow rate information. 

The value used for 	was that calculated for the relevant flow 

for the Bingham model. 

The results for the foams produced by the pump are shown 

in Figure 7.15.Lines for a range of QA/Qw  ratios are shown. 

The results for the foams produced by the Sinter are shown 

in Figure 7.16. Lines for all the pipes are given for QA/Qw  = 1, 

other lines at different QA/QW  values would give equivalent 

results. 

Indicated on each line is the Hedstrom number for that 

particular flow, 

He = 	VyS  

r)‘ak 
The friction factor plot shows the typical result obtained 

with Bingham fluids (59). The lines are ordered in relation to 

their Hedstrom numbers. At the high Reynolds numbers the curves 

are tending to a single line, below the line for single phase 

flows. This is most obvious for pump generated foams, the values 

of He being in the range 1.6 to 6 x 10
3. Other workers report 

this line to be parallel with the single phase curve, insufficient 

data at higher Re meant that nothing can be deduced in this case. 

Of note is the result for the Sinter produced foams in 

regard to He number for the various pipe flows. An increase 

of He with diameter might be expected to be the rule for this 
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Figure 7.16: Friction factor/Reynolds number plot for the sinter 

generated fomms, in the 11.4,17.3,26.0 and 39.1 mm 

pipes, at a 4A/Qw=1.0, 0.5% Teepol solution. 
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foam, but the value of He for the pipes are 

N-Q, 

39.1 

17.3 

26.0 

11.4 

4 x 10
5 

2.2 x 104 

1.4 x 104 

6 x 103 

The values of i v's Re however are such to follow the 

usual pattern required for the He... value. 
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7.10) Slip at Wall Investigation 

The pump generated foam was a homogeneous mixture, and 

the theory developed in Section 3.1 could be expected to apply. 

Wall slip has been reported for foams, but not as yet quantified. 

The theory as postulated is applicable only for laminar 

flow. The friction factor, Reynolds number correlations indicat-

es that only a few data points are available in the true laminar 

region, the bulk of the data being collected in the intermediate 

and turbulent region. This aspect will always be present in 

foam studies, for the restrictions previously mentioned. 

Data at Q
A
/QW 

= 1 and 1.5 for pump generated foams in the 

11.4 and 17.3 mm pipes has been used to prepare a plot of 1.1.1 

v's Q /lc 0,3   . 

Theory indicates that for each fluid the data from the 

different pipe sizes should fall on the same curve. Results 

are given in Figure 7.17,whereit can be seen that 	for each 

fluid the shear stress at low shear rates tends to the same 

line. At high shear rates the curves diverge,and the results 

for each pipe tend to fall on to the same curve,not withstanding 

the differing QA /Q w. ratios investigated. 

Hence experiments do not support the presence of wall slip 

in the laminar flow regime, but some effect of pipe was present 

at higher flows, which must be considered turbulent due to Re 

values. The use of the theory for slip is thus inapplicable, 

trials using the theory showing that values of Q could be 

obtained which were greater than QT. 

Alternative theories to quantify and measure the slip are 

needed for foams, to take account of the turbulent foam flow, 

which will be the normal flow mode due to inherent restrictions 

which apply if a uniform foam system is to be maintained in 

the pipe. 
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7.11) Foam Flow in Nozzle  

Flow of two-phase mixtures in a nozzle is of an extremely 

complex nature. Most experimental investigations have used 

the dipsersed flow regime, or some method of injecting the 

gas into the liquid stream just before the nozzle, so as to 

obtain an approximation to a homogeneous mixture. Equations 

describing such a flow system have been developed, but the 

experimental problems and errors have made the confirmation 

of certain details of the model difficult. Measurement of 

the pressure drop, air/water ratios and velocities all being 

subject to a high degree of error, due to the presence of 

the two phases. 

The foams produced in the pump generator have an 

extremely uniform structure, with a reasonable degree of 

control on phase ratios, and so would be ideal for use in 

two-phase nozzle experiments. The presence of the detergent 

might cause some changes, but surface forces are likely to 

play only a small part in the rapidly changing pressure field. 

Initial experiments with a hand drawn venturi nozzle showed 

that a shock wave, indicating 'sonic' flow, could be obtained 

in the expansion side of the nozzle. An accurate glass 

venturi nozzle, of a known size, was then made. Many problems 

were experienced in it's manufacture, the final method used 

being given in section 3.7. Only a few cursory runs were 

made with the nozzle, due to time limitations. 

Experiments were carried out with the nozzle in the test 

pipe, looking at the foam flow in the contracting region of 

the nozzle. 	Foam generated by the pump was used, and the 

pressure just before the nozzle, P1, and at the throat, p2, 

measured. At high air rates a discontinuity in the foam in 
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the expansion section after the throat was observed. This 

'shock front' was very distinct, oscilating back and forth 

over several millimetres, and spanned the pipe: The front 

would move towards and away from the throat as the air rate 

was lowered and raised. 

The pressure drop for the foam flow in the contracting 

section was measured for a range of liquid water flowrates, 

with increasing air rates, and compared to the pressure drop 

for water flowing alone. The results are given in the 

Appemdix, and the results of 
APf/APL v's 

QA/QW 
shown in 

Figure 7.18. -The presence of the gas can be seen to increase 

the pressure drop, compared to water alone. The equations 

describing the flow are complex, and are not developed in 

this work due to lack of experimental work to test them. 

Inspection of the results indicate that there is a 

relationship between AP  f/APL 
and QA/Q of the form, 

	

Pf 	QA  
- A + B.— 

	

APL 	QW 

for QA/Qw<0.8 ; A=1.0 	and B = 0.75. 

Visual indications of flow in the nozzle suggested 

sonic flow was reached in the nozzle. The velocity at the 

throat was calculated from the value of QA0 and P2 
and 

compared with the sonic velocity given by equation 2.89. 

Values of the Mach number of up to 0.98 were calculated for 

the throat, no flows which gave /0 1 were recorded. Res lilts 

can be seen in the data in the Appendix. Sonic velocity at 

the throat was therefore reached, the error in the measurement 

of pressure and phase ratio and flow rate being such that 

error in M calculated 
 would be about 5%. The equipment was 

limited in the maximum pressure which could be obtained, a 
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more detailed experimental investigation would require that 

the equipment be modified to provide greater pressures. 

These few experiments showed that foams are an ideal 

two-phase fluid for high speed nozzle investigation, the 

presence of the shock wave being easily maintained due to 

the high degree of homogeneity of the mixture. 
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	Lockhart and Martinelli Correlation Results  

8. 1) 	Water Alone  

The results of the Lockhart Martinelli correlation for 

the cases with pure water-air flows are as shown in Figure 8.1 

for the cases of 

1) 11.4 mm pipe with sinter and pump generators 

2) 17.3 mm pipe with sinter generator 

The agreement with the original correlation can be seen 

to be excellent, a comparison with the scatter obtained in 

the original work can be seen in the figure below, taken from 

the paper(45). This close agreement is as might be expected 

as the phases, pipe size and material and phase velocities 

are all within the range used for the derivation of the 

correlation. 

The tabulated results for these conditions are given 

in the Appendix, as well as more detailed plots of the charts, 

upon which is indicated the data grouped with the 

rate indicated. 

liquid flow 
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Figure 8.1:  Lockhart-Kartinelli correlation for the flows of 

pure water, in 17.3 and 11.4 mm. pipes 
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No difference can be noted on these charts for the 

various mass flow rates, other workers (46,47) on similar 

fluid systems have found that each particular mass flow 

rate can be best correlated with a single line, the average 

of which however is the Lockhart-Martinelli curve. 

The lack of effect of a change in phase mixing method 

is shown by the comparison with the sinter and pump results 

for the 11.4 mm pipe. This is in accord with the findings 

of the flow regime pattern work which showed the phase 

mixing methods to have no effect on transition boundaries. 

The agreement shown in the pressure drop results also 

indicate this point. 

	

8.2) 	Detergent Solutions  

The effect of detergent solutions of both the flow 

regime patterns and pressure drop results was to a large 

degree dependent on the phase mixing method used. The 

results of the pressure drop experiments are in marked 

contrast to those of pure water and this coupled with the 

change in flow regimes and major shift of transition bound- . 

aries could be expected to give a poor fit to the correlation. 

	

8.3) 	Detergent Solution with Low Mixing  

The results of the pressure drop and flow regime experi-

ments with the low mixing in the 11 mm pipe via T piece, of 

the air and Teepol solution were found to be equivalent to 

those of the pure water-air system. When plotted for the 

Lockhart-Martinelli correlation the results were again 

similar to those of the pure water case, and were a reasonable 

fit to the curve as shown in Figure 8.2 for the 0.05% and 0.5% 

solution. 
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The tabulated results and full detailed charts are 

given in the Appendix in Tables 1.3 and 1.4, and Figure 

H.3 and H.4. 

8.4) 	Detergent Solutions with Medium Mixing  

The results for the pressure drop and flow regime experi-

ments for medium mixing, via sinter disc, of the detergent 

solution and air were markedly different to those of pure 

water-air. See sections 6 and 7 for details. 

	

8.4.1) 	11 mm Pipe  

When data for the 11.4 mm pipe at two detergent concen-

trations is plotted for the Lockhart-Martinelli correlation 

the results are as shown in Figure 8.3. There is a marked 

shift of the curve for each liquid flow rate in the pipe. 

A selection of the liquid flow rates investigated is shown 

on the figure, at the two different detergent concentrations, 

.05% and .5%, the agreement of each set of data is clear, 

as is the general shape of the curves. At higher liquid 

rates the curve approaches that of the case for pure-water-

air and the Lockhart and Martinelli correlation. A full plot 

of these curves, with mass fluxes indicated is given in 

Figure 8.4. 

	

8.4.2) 	17.3 mm Pipe  

The results for the flow in the 17.3 mm pipe was found 

to be equivalent to the case of the 11.4 mm pipe. Results 

at a series of liquid flow rates for the 0.05% and 0.5% 

detergent concentration are shown in Figure 8.5.The agree-

ment for each concentration can be clearly seen. At high 
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liquid flow rate, Qw> 25 L/min, the curve coincides with 

that obtained for the pure water/air flow. At the low flow 

rates the curves are again displaced, 	the data for the 11.4 

mm pipe and that of the 17.3 mm pipe falling on the same curves 

if the mass flux is used as a correlating factor. 

The curves at low liquid rates tend however to approach 

the pure water/air curves at small values of X, when the flow 

pattern is in the slug regime. This can be cearly seen in 

Figure 8.5, for the data for flow rates of 6,10 and 20 L/min. 

8.4.3) 26.0 and 39.1 mm pipes  

The results for the correlation for flow of 0.5% solution 

in the 26.0 and 39.1 mm pipes was again equivalent to the 

results obtained with the other pipes. These can be seen in 

Figure 8.7, where the lines have been plotted with the mass 

fluxes indicated. 	The curves for the 11.4 mm pipe are also 

given, the correspondence of the various mas flux curves being 

obvious. Results again tend to the pure water line at high 

water flow rates, the equipment restrictions being such that 

only comparatively low mass fluxes could be reached in the 26.0 

and 39.1 mm pipes. 
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8.5) 	Detergent Solution with Intense Mixing  

The pressure drop results for the intense mixing method, 

using either a pump or valve generator are given in Section 

7 . At low gas to liquid rates, such that X is large, the 

pressure drop went smoothly to the water alone pressure drop 

as the gas rate went to zero in a similar manner as the 

results for air-pure water and unlike the results obtained 

with the Sinter generator. The flow regime was at all times 

dispersed, there being no stratified or slugging regime. 

8.5.1) 	11.4 mm Pipe  

The results for the correlation with the 0.5% solution 

in the 11.4 mm pipe is given in Figure 8.8 The discrete 

curves for each liquid rate are again present, but there is 

a tendency for the curves to converge at low air-water 

rates. At high liquid rates the curves tends to the over-

all Lockhart and Martinelli correlation curve. 

8.5.2) 	17.3 	mm Pipe  

The results for the case of flow in the 17.3 mm pipe 

with pump generator are shown in Figure 8.9 and are identi-

cal to those of the 11.4 mm pipe, with the curves being 

coincident if similar mass fluxes are considered for each 

pipe size. 

There is however at the lower mass rates a distinct 

tendency of the curves to approach the overall curve for 

high flow rates, in a manner analogous to the case of the 

17.3 mm pipe with Sinter generator. This occurs at low X 

values, where air-liquid ratios are high. 
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8.6) 	Discuss'io'n and Conclusions  

8.6.1) 	Water-Air Flow in Pipes  

The results of the correlation for the pure water-air 

case, in both pipe sizes and phase mixing methods can be seen 

in Figure 8.1. The data falls on to a distinct curve which 

lies just above the original Lockhart-Martinelli correlat-

ion. The fit to this correlation can be considered adequate 

however, as the data scatter is less than that used in the 

original correlation which included a wider range of fluids 

and pipe sizes. 

The best line through the data was constructed, and is 

given in the table below, with the co-ordinates of the 

Lockhart- Martinelli correlation for comparison. 

X 

L-M curve 

OCki (45) 

This work 

ok.tt 
4.0 2.38 2.95 

7.0 1.96 2.29 

10.0 1.75, 1.98 

20.0 1.48 1.60 

40.0 1.29 1.36 

70.0 1.17 1.23 

100.0 1.11 1.15 

200.0 -- 1.06 

The error in pressure drop for the best line through 

the data for the two pipes gives an average error of approx- 

imately 5% for 4311-2 	. 	, while only a few points have an 

error of greater than 15%. These errors are within those 

acceptable for normal, design purposes with two phase systems, 

and indicate the use of such a correlation for two phase flow 

situations. 
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8.6.2) 	Detergent Solutions with Low Mixing  

The use of the T-piece as mixer in which the gas 

and detergent solution are introduced as seperate strati-

fied layers with no phase turbulence has been shown to 

give equivalent results for the pressure drop and flow 

pattern maps as the cases with pure water in the pipe. 

The results when plotted on the correlation are as expect-

ed, the points of both detergent dolutions in the 11 mm 

pipe falling on the line obtained with the pure water-

air flow system, see Figure 8.2. 

Hence it could be expected that any solution capable 

of foaming which is flowing in a pipe in such a way as to 

stop the generation of foam, either by virtue of phase 

velocities, phase input to pipe, or insufficient length 

of pipe to cause significant foaming to occur over the 

length of interest, will give pressure drop results which 

can be correlated by the Lockhart-Martinelli technique. 

	

8.6.3) 	Detergent Solution with Medium Mixing  

The use of the Sinter as phase mixer, in which the 

gas is dispersed as many small bubbles in the liquid give 

many changes in the flow regimes, and pressure drop. The 

resultant foam is non-Newtonian in character, and has a 

yield stress. This might be expected to result in a 

poor fit to the correlation as the initial fluids used 

did not have this property. 

The results are typified by Figure8.4, which shows 

that each mass flux forms a seperate and distinct curve. 

The data for all the pipes falls approximately on the 

same curves, and at high mass flux, ML> 2000 Kg.m
-3.s-1., 
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the curve is coincident with that of the pure water/air 

correlation. The curves are approximately parallel, there 

being only a slight tendency for the curves at high ML  to 

converge to the pure-water/air line at high X values. 

The gross shift of the curves to higher cillot  values must 

be attributed to the non-Newtonian behaviour of the 

system, and particularly the yield stress. The following 

case will be used to illustrate the point. 

A foam of equal volumes of gas and liquid is flowing 

in the pipe. From the worked data it can be seen that for 

the case when C4 a Qt... X a 28.o 

      

	

\I 

 ANL 	$O0  	40144SC 	11.1\  
Z-W5C,‘" 

If the total flow rate is reduced such that the foam 

is now flowing in it's laminar mode, although ReG  and ReL 

may still be? 1000, due to the Bingham plastic rheolog-

ical properties of the foam, the pressure drop is still 

high. The extreme case is when gFoam = 0,at this point 

the pressure drop is due almost entirely to the yield 

strength l to  . ButLik will tend to zero by the model, 

as 	0. 

... ALA c>0 
4-kt. 

At low mass fluxes the curve will be displaced up-

wards. The position of the curves for each ML could also 

be expected to be a function of the yield stress of the 

foam, in itself possibly a function of foaming agent, 

bubble size and pipe size. 
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At the higher ML values the foam can be assumed to 

be fully turbulent and the effect of the yield stress 

small in relation to the total forces acting, and the 

results should approximate to the model, which made no 

assumptions on the rheological properties of the mixture. 

This is in fact the case, ML> 2000 falling upon the pure 

water-air correlation line. 

At low air-liquid ratios at low mass fluxes the 

bubbles form a stratified layer of foam at the top of 

the pipe. This layer maintains the yield stress properties 

at the very low mass flux, but the amount of data is 

not sufficient to make any conclusions on it's effect. 

The use of Figure 8.4 for the estimation of pressure drop 

for a large bubbled form, 200-800 micron size, is recomm-

ended, and can be expected to account for the case of 

stratified foam flow. However changes to the mass flux 

curves would be expected if the foam properties, yidld 

stress, drainage times and bubbles size were different 

from the foam used in the experiments. 

8.6.4) 	Detergent Solution with Intense Mixing  

The use of a pump or valve to create intense mixing 

of the phases and very small bubbles gives an air-liquid 

mixture which was always in a dispersed state, over the 

flow rates investigated. The foam produced is non-Newton-

ian in character and has a yield stress. 

The results of the experiments in the 11 mm pipe are 

given in Figure 8.8, the 17 mm results in Figure8.9. Once 

again a family of curves for each mass flux results, but 

with certain differences to the case of Sinter generated 
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foams. The general agrument used to account for the 

gross shift in curves is still applicable however. 

The curves are no longer parallel but cTerage to 

the water-air line at high values of X, ie., low air-

water ratios. As the air-water ratio is reduced less 

bubbles are formed, any bubbles formed are however small 

enough to be dispersed in the liquid and not form an 

upper foam layer as in the case of the Sinter generated 

foams. There comes a point when the bubbles in the 

liquid are far enough apart that they no longer interact, 

and the mixture loses it's yield stres properties, which 

are due to the bubble interactions. The results then 

tend to that of pure water-air, as the effects of the 

detergent can no longer change the flow mechanism. 

At high air-water rates, ie., low X, the curves for 

low Mass flux, ML  ( 900,.in the 17 mm pipe show a tendency 

to move back towards the water-air curve. This would in-

dicate that the effect of any yield stress was starting 

to become unimportant as the gas bubbles started to fill 

the pipe. At sufficiently high air-water rates the bubbles 

are no longer spherical and the water present in the 

lamella between bubbles. In this case bubble wall rupture 

would occur at high velocities,breakdown of the bubble 

structure would mean that any yield stress effects of the 

static foam are reduced in importance and the system 

approximates to the pure water-air system as the effect 

of the detergent is no longer significant. 

The difference in the curves for the mixing methods 

at various mass fluxes can be seen in Figure 8.10 where 
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Figure 8.10: Comparison of curves obtained in the Correlation 

with the detergent solutions, for the Sinter and 

pump generator. The line for pure water included. 
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the data from the 11 mm pipe for Sinter and pump generators 

is shown along with pure water-air curve. The convergence 

at large X to the overall curve for the pump generator can 

be clearly seen. At X> 40, the curves for the pump are 

equivalent to the overall curve at ML > 	1600, while 

curves for the Sinter are only equivalent at M02000. 

The use of Figure8.8 is recommended for the estimation 

of as  for very fine bubbled foams which have a high 

degree of uniformity. At high gas to liquid ratios the 

curves for the various mass flow rates will tend to the 

air-water curve, insufficient data being available to 

indicate the likely behaviour. 
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9. Foam Flow Mechanisms  

• 9.1) Stratified Foam Flow  

The stratified foam flow pattern with the gas-detergent 

solution, using the Sinter disc air injection system, occurs 

over a wide range of gas and liquid superficial velocities, 

and approximately covers the range of the elongated bubble 

regime in gas-pure liquid flows. 

The stratified foam regime corresponds in many ways 

more to the typical stratified flow regime of normal liquid-

liquid systems rather than a gas-liquid system, with the 

difference between the foam phase and liquid phase account-

ing for the flow diferences. 

The foam acts as a psuedo-phase, with definable 

properties, a density less than that of the liquid phase 

but of comparable magnitude, and non-Newtonian rheological 

properties with an apparent viscosity about an order of 

magnitude greater than the liquid. The system which 

results from these differing properties can be compared 

most closely with that of the simultaneous flow of light 

oil and water phases flowing in stratified flow in a pipe. 

The situation of two phases flowing in laminar stratified 

flow, with the upper layer having a greater viscosity, 

has been studied both theoretically and experimentally 

and the behaviour of the system adequately explained in 

relation to the rheological properties of the liquids 

and the flow geometry, (75, 76). 

The theoretical statement of the problem is that of 

two immiscible liquids flowing in a horizontal pipe. 

Exact solutions to' the problem have been restricted to 

the case of laminar stratified flow of incompressible 
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Newtonian liquids in smooth, uniform pipes. With these 

restrictions the Navier Stokes equations can be employed 

to describe the behaviour of the fluids, for the situation' 

under discussion, ie., steady uni-directional parallel 

flow in a horizontal pipe the equations reduce to 

m  altA. +  
) 

9.1) 

for fluids 1,2. 

The boundary conditions which apply are 

1) No slip at the pipe or interface between the two 

liquids 

U = 0 at wall 	and 	U1  = U2  at interface 

2) The shear forces which each liquid exerts on the 

other must be equal at the interface 

9.2) 

The exact analytical solution of this problem for pipe 

flow has been carried out by several workers, Teletov (77) 

and Dumitrescu et al (78), but solutions have only been 

obtained for the case of the interface on the pipe mid-

point due to the complexity of the problem. 

To overcome the analytical problems the approximate 

solution of the equations for two phase stratified flow 

of Newtonia fluids has been calculated by the use of 

appropriate numerical techniques for the solution of the 

equations. Charles and Redberger (75) and Gemmell and 

Epstein (76) have presented results for the solution of 

the equations, based on a finite difference approximation 

over a square mesh superimposed on the pipe, with the use 

of relaxation techniques and certain boundary approximation 
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assumptions to speed up solution convergence. They show 

that for a constant flow rate of the less dense, more 

viscous phase, ie., upper stratified layer, there is a 

reduction in pressure drop with addition of the less 

viscous phase. This reduction going through a maximum 

at a certain phase ratio. Results from both works are 

equivalent and diagrams from Gemmel and Epstein are 

shown which indicate the pressure reduction with less 

.viscous fluid addition, along with the change in the 

maximum value of this reduction with viscosity ratio, 

Figure 9.1: Typical results of the volumetric ratio and viscosity 

ratio of the water phase on the pressure gradient in 

the pipe,for constant flow of more viscous phase (76). 

The difference of the velocity profiles which arise 

between the two layers is also shown in Figure9.2for a 

particular interface position. 
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a 

	

2.0 	 3.0 

	

VELOCITY — 	dimensionless 

Figure 4—Final vertical velocity profiles for the interface 
at y, = R/2 and a viscosity ratio of 10. 

Figure9.2:  Typical velocity profiles for the upper and 

lower layers, showing the variation of velocity 

caused by the phase property differences(76). 

Work by Yu et al (79) on the same system but employing 

a more sophisticated closed form solution, and using more 

powerful computer techniques has given equivalent results. 

However all these solutions have been restricted to the 

case of laminar flows, with a smooth interface. Conditions 

of more practical interest include the cases when one or 

the other phase is turbulent and the interface is no 

longer smooth. Recent work (80, 81) on gas-liquid flow 

sys,tems in stratified flow has indicated that the solution 

of the problem, in the case of turbulent flows, can be 

adequately tackled by the use of a mechanistic model 

approach, and that results can be extended by these 
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analysis methods to cover liquid-liquid situations of 

practical interest. 

No attempt has been made in this work to solve the 

case using the foam as the upper stratified layer, 

although sufficient investigation into the necessary 

techniques has indicated that the non-Newtonian nature 

and nonhomogeneity of the foam will increase the complex-

ity of solution to a major extent. The rheological para-

meters necessary to describe the foam flow will to a 

certain degree depend upon the precise flow situation, 

in a real case the drainage of foam, and hence change 

in foam properties, will occur along the pipe, and the 

assumption of constancy of foam properties in both the 

axial and vertical directions may not be justified,un-

less short sections are being investigated. The wavy 

interface formed when the flow was turbulent has a very 

ordered structure, particularly in the larger pipe dia-

meters, and must depend to a large extent on the foam 

properties. Waves on the interface were evenly spaced 

and appeared to move at approximately the same velocity 

as the lower foam surface. The water velocity was far 

greater than that of the foam, and hence the mechanistic 

model approach which is based on the flow in a conduit, 

consisting of part of the pipe, could be reasonably 

expected to apply to the liquid layer. The precise 

boundary conditions necessary to describe the surface 

will be complicated by the presence of waves, the 

roughness of the final bubble layer and the inter bubble 

attractive forces which tend to give any bubble mat an 

inherent 'strength'. 
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9.2) Foam Flow  

The foam flow pattern which can exist at certain gas 

and liquid superficial velocities, is a homogeneous 

mixture of liquid and gas bubbles that fills the pipe. 

The foam, a psuedo-homogeneous phase, exists in it's 

precise state due to the mode of generation, the bubble 

size and distribution depending on the air injection 

method. Bubble sizes will only change due to foam decay 

and coalescence mechanisms, which are substantially long 

term effects when compared with the life-time of the foams 

investigated in this work. 

When forces within the foam are sufficient to cause 

mechanical breakdown of the bubble the regime will have 

become slug flow. 

The foam can exist in several states with varying 

degree of stability and homogenety. 

9.2.1) 	Foam Produced by Intense Mixing Method  

The foam produced by the intense mixing either in the 

valve or centrifugal pump, consisted essentially of a 

very fine dispersion of bubbles which are generated in 

the liquid and the properties of the mixture measured 

before the mechanical seperation of the two phases has --

proceeded to any great extent. The relative amounts of 

gas and liquid are to a certain extent dictated by the 

generating process, high liquid/gas ratios being possible 

with the intense mixers used, but not high gas/liquid 

ratios. The foam then consists of fine bubbles which are 

slowly seperating from the liquid, however rise velocities -a-

for the bubbles are slow, and hindered rising occurs due 
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to the bubble density. The generation process creates 

high turbulence which dies away leaving an initially 

random spacial distribution of bubbles through the bulk 

of the foam. Because high water to gas ratios are obtain-

able bubble seperation can be large, and hence the foam 

properties will to a large extent depend on the bulk 

liquid properties. The foam next to the wall has a more 

ordered structure, a thin layer of water against the wall 

means that few.if any,bubbles will actually touch the 

wall, and the presence of this anisotropic layer will 

have a large effect upon the apparent rheological 

properties of the foam. 

9.2.2) 	Foam Produced by Sinter Disc  

The foam produced by the Sinter disc generator consists 

essentially of a mass of more evenly sized bubbles seperated 

by liquid films. The bubbles have not undergone any size 

changes due to coalescence, and have the same size dis-

tribution as generated by the Sinter. The film thickness 

between the bubbles may be varying as the foam ages, but 

the thickness is less than that of the bubble size. 

Movement of bubbles is low and a static foam has an ordered 

structure, due to the close packing of the bubbles. Next 

to the wall there is a liquid layer, but at high gas to 

liquid ratios, when the bubble size is large and bubbles 

are deformable, the layer can consist of one wall of the 

bubble, of comparable thickness to the other water layer 

thickness between bubbles in the bulk. 

If more water is present in the mixture, than can be 

accomodated in the lamellae between the bubbles, it will 

drain out and form a lower liquid layer, giving stratified 
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foam. In the general flow map for Sinter generated foams 

the foam-stratified layer transition boundary was found 

to be identical for all pipe sizes, the air-water ratio 

being a function of mixture velocity. 
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10. 	Conclusions. 

Foam is a complex mixture of air and detergent solution, 

with non-Newtonian properties. Foam properties depend on the 

degree of dispersion of the gas phase in the liquid. Foams 

with sufficiently small bubbles sizes can be assumed to be a 

homogeneous fluid. The theory developed for two phase flow 

systems, with non-foaming liquids, have been found to be 

applicable for many of the foam properties. 

10.1. Pump generated Foams. 

	

This foani has 	very small bubbles, average diameter of 

60 microns, and a long lifetime, ts0  in the order of several 

minutes are possible. The foam can be considered homogeneous, 

and to have a definable set of fluid properties which do not 

depend on the flow system. 

a) The foam behaves as a Bingham fluid, with the yield 

stress being a function of the gas content, and an apparent 

viscosity of about 6 centipoise in the voidage range 0.3 to 

0.7. 

b) No evidence of wall slip due to the two phase nature 

of the foam was noted. Results were rather inconclusive 

as insufficient data in the laminar region was available. 

c) The foam exhibits a shock wave in high speed venturi 

flows, and should be an ideal fluid for the detailed exam-

ination of such phenomena in two phase mixtures. 

10.2. Sinter generated Foams.  

This foam had a much larger bubble size, average dia-

meter being about 300 microns, with a very short lifetime, 

only in the order of seconds. The gas tended to separate out 

of the mixture, into a dry foam and liquid phases. 
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a) Fluid properties on the Bingham model were again found, 

but results were due to the 'lumped' properties of the foam 

and liquid phases flowing together in the pipe. Any full 

analysis will require a consideration of the properties of 

the two layers seperately, to determine what the effects of 

pipe size and phase ratio would be on the total flow. 

b) This foam exhibited a complex flow regime pattern map, 

depending on the detergent concentration, degree of dispersion 

of the gas phase, and the pipe size. The main changes, to 

that of pure liquid/air flow, were due to the foam effectively 

replacing the'gas phase. The major effects were to extend 

the stratified region over the elongated bubble regime, and to 

suppress the formation of air slugs, greater gas phase velocity 

being needed to break down the foam bubbles. 

Both foams could be correlated by the Lockhart-Martinelli 

model at high mass flowrates. At low mass flowrates the 

Bingham fluid properties predominateyand create a family of 

curves. Each foam investigated gave unique curves for each 

mass flux, results for all the pipes being equivalent. 

Bubble size measurement by photographic methods was used, 

and the use of the excess pressure in the bubble to obtain 

an estimate of the bubble size for the pump generated foam 

indicated promise. 

10.3. Suggestions for further work. 

1) Additional experimental work with a range of smaller 

sized pipes with the pump generated foam, to check on the 

fluid properties, and determine if wall slip effects are 

present in the foam 

2) Experimental work with equipment capable of greater 
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foam input pressures for nozzle flow investigations. The 

few results obtained in nozzle flow were hindered by the 

rather low pressure capability of the designed equipment. 

The use of foam in the investigation of two phase critical' 

flows is ideal due to the homogeneous nature of the foam. 

3) Theoretical and further experimental work on the 

stratified foam flow regime. This particular flow pattern 

is the most likely mode of flow in very long pipes, and a 

better understanding of the flow mechanics will be needed 

for design purposes. 

4) Certain.aspectSof the work, especially in the flow 

regime experiments, should be repeated with a different 

surface active agents, to determine if the results are 

generally applicable to any system capable of foaming. 

The field of two phase flow investigation is made doubly 

difficult by the wide range of fluid properties which can be 

choosen for the phases, as well as the extremely difficult 

problems involved in the description of the general problem. 

This work on foam flow in pipes, and the investigation into 

the factors which might be used to characterise the foams, 

has touched on a topic which up to now has been relatively 

unexplored. So many aspects of the problem of foam flows, 

notwithstanding the general case, are as yet so little under-

stood that almost any avenue of investigation will yield 

new and novel information. 
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Appendix A;  

Teepol L; Properties and Composition  

The detergent used in the experimental work was Teepol 

L, a general purpose cleaning agent manufactured by Shell 

Chemicals Ltd. Detergent used in the experiments was 

obtained from the standard four gallon drums supplied 

for industrial use, many different drums over a period 

of time were used to provide the detergent. 

Teepol L is comprised of a solution of secondary alky 

sulphate, of average molecular weight 305, in water. The 

detergent used had a 27% active component (84). The 

volume percentage of Teepol used in the experiments was 

for the liquid as provided in the drums. 

Density of the Teepol L used was 1.035 gm/cm3. The 

viscosity and density of the detergent solutions were 

taken as equal to the values for water. 

The effect on surface tension of the concentration 

is given in Figure A.l,data collected by use of a Ring 

Tensometer, and from the literature (73). 

Figure A.1:  Variation of surface tension with Teepol L 
concentration, vol/vol. 
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Appendix B; 

Tapping points. 
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Figure 3.1: Full manometer pipework for six tapping points. 

Manometers , glass tubing. Lines , 1" copper. 



h 

cm. 

t 

sec. 

h/h 

0.9* 32 0.07 
1.5* 50 0.12 
1.9* 70 0.15 
2.4* 90 0.19 
2.9* 110 0.23 
3.5* 125 0.28 
4.1* 150 0.32 
4.8* 175 0.38 
5.6* 205 0.44 
6.9* 240 0.54 
7.7* 270 0.61 
8.6 300 0.68 
9.1 340 0.72 
9.8 395 0.77 

Total height = 20.0 cm. 

water height, h = 12.3 cm. 

air/ water ratio = 0.625 

Foam half-life,t = 220 s. 

t
/t 

0.15 
0.23 
0.32 
0.41 
0.50 
0.57 
0.68 
0.80 
0.93 
1.09 
1.23 
1.37 
1.55 
1.80 
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Appendix C: 
TableC.1: Foam Drainage results for pump generated foams. 

1) Foams produced iri the small scale generator. 

a) sample measured in vessel b) sample measured in graduated 

cylinder. 

Total volume = 250 cm3. 

water volume,V = 18.0 cm3. 

air/water ratio = 0.583 

Foam half-life,t = 195 s. 

V V 	/V 	t/t 

cm3 sec. 

25* 	60 	.16 	.31 

	

46* 120 .29 	.61 

	

70* 180. .44 	.92 
97* 240 .62 1.23 
115 300 .73 1.54 
123 360 .78 1.89 
132 480 .83 2.46 
140 600 .88 3.08 
142 660 .90 3.39 
144 720 .91 3.69 
146 780 .93 4.00 
148 840 .94 4.31 
151 900 .95 4.62 
152 960 .96 4.92 

* : Interface between liquid and foam layers indistinct. 

2) Foams produced in the test pipe, samples measured in 

1000 cm3  graduated cylinder. 

Toatal volume = 1000 cm3 
	

Total volume. = 1000 cm3 

Water volume,V = 475 cm3 

air/water ratio = 1.10 

Foam half-life,t = 172 s. 

V 	t 	V /V 	t/t 
cm3 sec. 

100* 90 0.21 
210* 154 0.44 
300* 215 0.63 
350 253 0.73 
380 318 0.80 

Water volume,V = 374 cm3 

air/water ratio = 1.70 

Foam half-life,t = 140 s. 

V 	t 	V/V 	t/t 

70* 77 0.19 0.55 
100* 100 	0.27 	0.71 
210* 155 	0.56 	1.11 
240* 173 	0.64 	1.24 
250 195 0.67 1.39 
270 240 0.72 1.71 
280 265 0.75 1.89 
300 325 0.80 2.32 
325 440 0.87 3.14 

0.52 
0.89 
1.25 
1.47 
1.85 
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Table C.2: Foam Drainage results for Stratified Foam flow . 

Foam flowing in the 39.1 mm. pipe in the stratified flow 

regime, generated with the sinter disc, was collected and the 

volume drained from the sample with time measured. 

A constant water flow of 10.4 L/min. was used. 

Foam sample = 1000 cm3. 

QA 
L/min 

V 

cm
3 

t 

sec. 

v
A,, R 

L 
g . 

cm3 

. V-R 
L  V 

 
*b  

R 
 F. 

 IL 
.V V-RL 
	0 R 

F 
QA 

RF.V.. Q L 

8.1 480 10 0.84 0.72 572 52 162 0.32 0.28 0.78 
510 15 0.89 82 0.51 
530 21 0.93 102 0.63 
540 27 0.94 112 0.69 
550 37 0.96 122 0.75 
560 60 0.98 132 0.82 

16.3 300 10 0.77 0.65 390 46 136 0.34 0.35 1.57 
330 17 0.85 76 0.56 
350 26 0.90 96 0.71 
360 32 0.92 106 0.78 
370 44 0.95 116 0.85 

23.4 150 5 0.49 0.34 307 45 202 0.22 0.66 2.25 
190 10 0.62 85 0.42 
220 16 0.72 105 0.52 
240 22 0.78 135 0.66 
250 27 0.81 145 0.72 
260 32 0.85 155 0.77 
270 42 0.88 165 0.82 
280 56 0.91 175 0.86 

30.3 100 5 0.36 0.22 282 38 220 0.17 0.78 2.91 
140 10 0.50 78 0.35 
170 15 0.60 108 0.49 
190 20 0.67 128 0.58 
210 27 0.75 148 0.67 
220 30 0.78 158 0.72 
230 37 0.82 168 0.76 
240 43 0.85 178 0.81 
250 54 0.89 188 0.85 
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Appendix D:  

Typical bubble Histogram for Sinter generated foams 
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Figure D.1: 	Histograms taken from the photographs of Sinter 

generated foams, Prints used to obtain these histograms 

are given in Figure E.I. 
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Figure D.2.: Histograms taken from the Photographs of Pump 

generated foams, prints used to obtain these histograms 

are given in Figure E.2. 



Figure E.1: Photographs of typical Sinter generated foam in the 

17.3 mm pipe. QA=15.4 L/min, Q w= 7.4 L/min. 0.5" Teepol. 
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Bubbles inside circles measured. 

Figure E.2:  Photographs of typical Pump generated foam in the 

17.3 mm pipe. QA =10.2 L/min, Qw= 10.2 L/min. 0.5% Teepol. 



k =0.34 m/s. 

V =0.19 m/s. 

V =0.08 m/s. 

VL  0.03 m/s. 

Flow Regime changing from Smooth stratified foam flow to 

Wavy stratified foam flow as the superficial liquid velocity 

increases. Photograph of complete 26.0 mm pipe, scale .c x 1.3. 

Figure E.3: Photograph of 26.0 mm pipe, with a constant air 

flowrate, VA= 0.19 m/s, Sinter generator, 0.5% Teepol. 



VA
=1.80 m/s. 
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V
A
=1.40 m/s. 

V
A
=0.99 m/s. 

V
A
=0.58 m/s. 

V
A
=0.19 m/s. 

Flow regime changing from Smooth stratified foam flow to 

foam flow as the superficial &as velocity increases. 

Photograph of complete 26.0 mm pipe, scale = x 1.3. 

Figure E.4: Photograph of 26.0 mm pipe, with a constant water 

flowrate, VL= 0.19 m/s. Sinter generator, 0.5% Teepol. 



V = 1.15 m/s. 

V = 0.55 m/s. 

V
L
= 0.13 m/s. 

0.05 7 Teepol solution 	0.57 Teepol solution 

Photographs of the 17.3 mm pipe, showing the Stratified foam 

to Dispersed flow regimes, for 0.05% and 0.57, Teepol solutions. 

Change in bubble sizes are due to detergent effect, the same 

sinter generator and pipe layout being employed.Scale = x 1.3 

Figure E.5: Photographs of 17.3 mm pipe, with a constant air 

flowrate, V
A
= 0.59 m/s. Sinter generator, 0.05% and 0.5% 

Teepol solutions. 
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Appendix F:  

Flow regime pattern maps, Data symbol notation. 

A range of symbols were used on the flow regime maps to 

represent the various flow patterns which could exist in the 

pipe. The symbols were of two main types, 

a) A solid symbol, which indicated that the particular 

flow pattern had been definitely identified at that point. 

b) An open symbol, which indicated that the flow 

pattern which had been defined at that point was of some 

intermediate regime. The symbol used is that of the prime 

regime, if the flow was defined as stratified with slugging 

tendency, the open symbol for the stratified regime is 

plotted. 

Flow regime 	Abbreviation 	Symbol employed.  

Definite Indeterminate  

Dispersed 	DS 

Stratified-wavy ST-W 

Stratified-smooth ST-S 

Foam 	FM 

Slug 	SL 

Elongated bubble EB 

A 	A 
0 

The abbreviations are used in the tabulated data in 

Appendix I, were the flow regime at the various phase flowrate 

are indicated. 

The accuracy of the flow regime identification depends 

on the particular flow conditions. Identification of the Slug 

regime with detergent solutions was positive, the case with 

pure water flows was subject to a much greater degree of 

uncertainty. The stratified to dispersed regimes was also 

similarly difficult to define uniquely . 
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Figure F.3:  Flow regime map for 39.1 mm pipe, with 0.5% Teepol 

solution, Sinter generator. 
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Figure G.1: Pressure drop results at constant water flowrate 
•• 

for the 17.3 mm pipe, with pure water/air flows. 
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Figure G.3: Pressure drop results at constant water flowrate, 

for the 11.4 mm pipe, with 0.05% and 0.5% Teepol solutions, 

Using the T—piece' generator. 
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TableG.1: Air-pure water flows in 17.3 and 11.4 mm. pipes, 

at constant air/water ratios. Data taken from 

Figures G.1 and G.2 . ( * : exprapolated value.) 

1) Data for 17.3 mm. pipe, pure water, sinter generator. 

Water flowrate 

1/min. 	cm3/s. 

Pressure Drop, 	cm. 	water/metre. 

at Air flowrates of, 

iQw  1Qw  11QN  2Q 
__ 

6.1 101.6 3.0 3.5 4.3 5.0 

10.4 173.5 7.5 9.4 11.5 13.3 

16.3 272. 17.6 22.5 25.7 28.8 
* 

22.5 375. 30.8 38.9 47.6 55.8 

27.0 450. 40.4 54.8 69.7
*  

il.i 518. 52.4 73.9 100.4* 

37.0 617. 71.2 101.3
* 

2) Data for 11.4 mm. pipe, pure water, sinter generator. 

Water flowrate 

1/min. 	cm3/s. 

, 
Pressure Drop, 	cm. 	water/metre. 

at Air 	flowrates of, 

iQw  1Qw  liQw  2Qw  

2.0 	33.3 3.6* 5.3* 7.0* 8.8 

4.0 	66.7 13.1 15.5 17.9 20.4
*  

6.0 	100.0 23.9 30.4 37.1 43.7 

7.5 	125. 34.8 45.2 54.1 64.2
*  

* 
10.0 	167. 56.6 77.4 93.5 

12.0 	200. 78.0 108.8 

14.0 	233. 102.8 

3) Data for 11.4 mm. pipe pure water, sinter generator. 

Water floerate 

1/min. 	cm3/s. 

Pressure Drop, 	cm. 	water/metre. 

at Air flowrates of, 

iQw  1Q 11Q w 2Q
w 

4.0 66.6 13.6 16.0 18.4 20.9* 

6.0 100.0 24.4 31.8 37.3 42.1 
* 7.5 125. 35.8 45.4 54.3 63.0 

10.0 167. 60.3 75.0 87.6A  

12.0 200. 80.4 106.6 

14.0 233. 105.7 

Ambient pressures in pipe at midpoint of tappings were, 

1.10 + 0.10 bar for 1) and 2). 

1.30 + 0.20 bar for 3). 



257 

Table G.2: Air-Detergent flows in pipes, at constant air/liquid 

ratios. 	Sinter generated foams, 0.5% Teepol solution. 

(* : extrapolated value). 

1) Data for 11.4 mm pipe, 0.5% solution, sinter generator. 

Water flowrate 

1/min. 	cm3/s. 

Pressure drop, 	cm. water/metre 

at Air 	flowrates of, 

iQw 1Q
W  

liQui  2QW  

1 16.7 13.5 17.6 20.8 	( 25.0 

2 33.3 18.2 22.9 28.7 34.3 

4 66.7 24.5 35.8 47.2 57.6 

6 100. 36.9 51.8 67.1 84.8 

7.5 125.0 42.1 64.3 86.0 107.6 

10.0 167.0 61.2 87.1 113.2 139.6 

12.0 200. 77.4 103.9 131.7 160.4 

16.0 267. 122.0 157. 195.6 241.3 

Value of 0 10.2 12.9 17.5 15.0 
6.? 	@ QE  80 22.0 25.2 30.8 28.0 

2) Data for 17.3 mm pipe; 0.5% solution, sinter generator. 

Water flowrate 

1/min. 	cm3/s. 

Pressure drop, 	cm.water[metre 

at Air flowrates of, 

i Qw  Q liQw  2Qw  

2.0 33.3 12.7 13.8 15.1 16.3 

6.1 102. 15.5 18.6 21.6 24.6 
* * * * 

8.0 133.3 16.8 21.4 26.2 30.8 

11.5 192 19.8 26.7 34.1 41.5 
* 

20.5 342 32.1 46.9 61.8 76.6 
* 

38.5 642 76.8 92.5 - - 

Value of 0 11.5 11.9 12.1 12.4 
LIP 
	QF 160 15.8 17.2 18.0 19.1 



Pressure drop, cm.water/metre 

at Air flowrates of, 

iQw  lQw  11Q/4  2Qw  

Water flowrate 

1/min. cm3/s 

2 

4 

6 

8.2 

10.0 

11.5 

16.0 

20.0 

38.5 

7.7 

8.2
+  

8.7 

9.4 

10.5 

11.2 

12.1 

13.8 

9.3 

9.5 

10.4 

11.3 

12.1 

13.4 

13.0 

16.5 

9.5 

10.2 

11.5 

34 

67 

100 

137 

167 

192 

267 

334 

642 

13.0 

14.5 

19.0 
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3) Data for 26.0 mm pipe, 0.5% solution, sinter generator. 

Value of 	0 	6.8 	7.4 	8.1 	8.5 

" QF 500 	11.1 12.3 13.0 	13.6 

4) Data for 39.1 mm pipe; 0.5% solution; sinter generator. 

Air flowrate 

1/min cm3/s. 

Pressure drop, 	cm of water/metrz. 

at water flow of, 

IQA  .66QA  1QA 
2Q

A  

6 100 6.45 6.3 6.0 5.4 

11.5 192 6.65 6.5 6.15 5.9 
* 

30.0 500 6.90 6.70 6.45 

Value 	 0 

6 	

of? 

1)  @ (4, 500 

6.40 6.27 5.91 5.25 

6.71 6.50 6.20 5.53 

Note: data was plotted 	Pv's Q for 39.1 mm pipe, results 

have been quoted at constant QA.  

To obtain values of QF at any 9A ratio, 

Q = Q + QA.QW  F W Qw   

and the corresponding AP value read off the chart at Qw;QA.Q  

Qw 

Qw  
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Table G.3: Air detergent flows in pipes at constant air/liquid 

ratios. Sinter generated foams, 0.05% Teepol 

solution. 

Data for 11.4 mm pipe- 0.05% solution- sinter generated. 

Qw 	Qw  

1/min 	cm3/ 	. 

Pressure drop, 	at QA  equal 	to 

iQW Qw  liQ W 2QW 

2 33.3 14.0 19.4 24.9 30.4 

4 66.7 22.7 33.9 44.1 55.3 

6 100. 33.0 50.1 67.9 94.1 

7.5 125. 43.5 64.8 87.1 88.8 
* 

10.0 167. 63.9 93.8 102.5 108 
* 

12.0 200. 82.6 109.2 127.5 - 

14.0 233. 103.8 142.1 - 

16.0 267. 130. 178.2 - - 

Value of 

Ap 	@ 	(IF  ... 

0 

100 

5.1 

22.1 

6.4 

26.5 

7.9 

28.9 

10.0 

30.5 
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Table0.4: 	Air detergent flows in pipes, at constant 

air/liquid ratios. Pump generated foams, 

0.5% Teepol solution. 

(* extrapolated value). 

1) Data for 11.4 mm pipe, 0.5% solution, pump generator. 

Water flowrate 

1/min. 	cm3/s. 

Pressure drop, 	cm. 	water/metre 

at Air flow rates of 

iQw  Qw 	liQw 2Qw  
1  - *  

3 50.0 15.8
*  

27.0 	38.5 49.5 

4 66.7 19.1 31.9 44.7 57.2 
* 

5 83.5 23.2 39.7 56.4 73 

6 100. 28.4 47.9 67.4 86.8 

7.5 125. 39.0 60.3 82.7 
* 

10.0 167. 60.3 86.4 115. 150 
* 

12.0 200. 79.5 110.7 142.5 - 
* 

16.0 267. 122. 165 - - 

	

Value 	0 
	

6.8 	14.2 
	

20.0 	25.5 

	

AP @ QF 	100 
	

19.1 	27.0 
	

35.0 	41.5 

2) Data for 17.3 mm pipe; 0.5% solution, pump generator. 

Qw  

1/min. 	cm3/s. 

Pressure 

IQW  

drop, 	at QA equal 	to 

QW  1iQW  

5.0 83.3 8.3 15.5 19.6 

8.2 137 10.2 17.2 23.6 

10.3 172. 11.6 18.0 35.0 

13.1 218. 16.4 25.6 34.5 
* 

16.0 267. 20.8 32.2 43.4 

20.0 333. 25.4 38.3 51.4 
** 

30.1 502 49.0 67.0 85.1 

Value of 0 5.5 13.3 14.5 

ZIP @ 	QF  200 10.3 16.0 19.6 
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3) Foam flow in 17.3 mm pipe, flow division at T-piece, 

0.5% solution, pump generator. 

QA 	) 	QA 
Q F 

ap 
/L 

 QWfeed 	QWexit 

.50 .57 76.7 8.1 

.51 .42 82.6 8.8 

.51 .51 115. 9.3 

.50 .48 160. 10.1 

.50 .51 157. 10.5 

.50 .49 232. 12.7 

.52 .50 330. 16.0 

1.00 1.00 93.4 13.5 

1.01 .97 110. 14.3 

1.01 .95 168 15.4 

1.04 .99 172 15.8 

1.03 .99 214. 17.4 

1.04 .97 251. 17.5 

1.03 .98 292. 19.2 

1.03 .98 300. 19.5 

1.02 .96 318 19.7 

Value 

LIP 	at 

-/-1 

of 

QF  

.5 

.5 

1.0 

1.0 

0 

200 

0 

200 

5.9 

11.8 

10.9 

16.6 

r 



Q f  A P iL f Re 

75 15.8 .0249 1106 

100 19.1 .0169 1474 

125 23.2 .0131 1843 

150 28.4 10112 2211 

183 39.0 .0101 2698 

250 60.3 .00854 3686 

300 79.5 .00782 4423 

400 122. .00675 5897 

Qf 	4P/L 
Re 

100 27.0 .0316 1074 

133 31.9 .0211 1428 

167 39.7 .0166 1793 

200 47.9 .0140 2148 

250 60.3 .0113 2685 

333 86.4 .00911 3576 

400 110.7 .00809 4297 

533 165.0 .00679 5724 
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Table C.5: Friction factor v's Reynolds number for foams. 

    

in (cm. of water) / metre. 

 

Qf in cm3/s. °PIL 

A) Pump generated foams. 

1) 11.4 mm pipe,  0.5% detergent solution. i 

a)  QA = 0.5; 	A = 0.67 g.cm-3 	b) QA = 1.0; /9 = D.5 
Qw 	 Qw 

= 
0.050 poise; t= 1.91 Nm 2 "a= 0.052 poise; t = 3.98 Nm 2  

He = 1663 He = 2391 

g.cm -3 

c) QA = 1.5; 	= 0.4 g.cm 3  
Qw  
pa = 0.061 poise; to= 5.61 

He = 1960  

d) QA =2.0;)401 = 0.33 g.cm-3  
Qw  

Nm 2 /Oa= 0.065 poise;1:= 7.15 Nm-2 

He = 1814 

Qf 4P/L  

125 38.5 .0360 915 

167 44.7 .0234 1223 

209 56.4 .0189 1531 

250 67.4 .0158 1831 

313 82.7 .0123 2292 

417 115. .00964 3058 

500 142.5 .00833 3662 

Qf 4P/L 
Re 

150 49.5 .0390 850 

200 57.2 .0253 113 
250 73 .0207 1418 

300 86.8 .0171 1701 

500 150 .0106 2835 



Q f 	AP/L 
167 	15.5 	.0523 	991 
274 	17.2 	.0215 	1626 
344 	18.0 	.0143 	2042 
436 	25.6 	.0127 	2588 
535 	32.2 	.0106 	3175 
667 	38.3 	.00810 	3959 

1004 	67.0 	.0063 	5959 

Re 

263 

2) 	17.3 mm Rip...91 0.5% detergent solution. 

a) QA = 0.5; 	/..,= 0.67 g.cm-3  

w.<<,= 0.052 poise;17,= 2.34 Nm-2  

He = 4338 

Qf Lpf f Re 

125 8.3 .0373 1185 
205 10.2 .0170 1949 
258 11.6 .0122 2447 
324 16.4 .0110 3072 
400 20.8 .00913 3793 
500 25.4 .00713 4741 
753 49.0 .00607 7140 

b) QA = 1.0; p,. 0.50 g.cm 3 _2  
(411,= 0.062 poise; t0 5.66Nm 

He = 5509 

c)6.,1= 1.5; /31 = 0.4 g.cm-3 

/on= 0.055 poise;10= 6.17 g.cm 2  

He = 6105 

Qf A P/L  Re  
208 19.6 .0533 1113 
342 23.6. .0237 1830 
430 25.0 .0159 2302 
542 34.5 .0138 2901 
668 43.5 .0115 3576 
833 51.4 .00871 4459 

1255 85.1 .00635 6717 



AP/Lf 	Re 

17.6 	.186 	296 

22.9 	.0596 	593 

35.8 	.0237 	1179 

51.8 	.0151 	1773 

64.3 	.0120 	2216 

87.1 	.00919 	2952 

103.9 	.00759 	3546 

157. 	.00646 	4725 

34 

67 

133 

200 

250 

333 

400 

533 

Q f  

67 13.8 .289 425 

204 18.6 .0421 1294 

267 21.4 .0283 1694 

384 26.7 .0170 2436 

684 46.9 .00943 4340 

1284 92.5 .00528 8146 

200 	6.0 	.833 	987 

384 	6.15 	.232 	1895 

800 	6.35 	.0551 	3947 

1000 	6.45 	.0358 	4934 

Q 4  ITL 	f 	Re f 
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.Table G.6: Friction factor V's Reynolds Number for foams 

B) Sinter generated foams; QA  = 1.0; 	 . =0.5 g.cm3. 
Qw  

/la= 0.063 poise; to= 3.62 Nm
-2 

He = 5927 

3) 26.0 mm pipe.  

//Ax = 0.108 poise; to= 4.74 Nm-2  

He = 13,740 

AP/L  f RE 

133 8.7 .355 301 

200 9.4 .170 453 

333 10.5 .0683 755 

384 11.2 .0548 871 

534 12.1 .0306 1211 

668 13.8 .0223 1514 

2) 17.3 mm pipe. 

/11a= 0.058 poise;1-0= 5.07 Nm-2  

He = 22,550 

4) 39.1 mm pipe. 

/rAx= 0.033 poise;t= 5.69 Nm 2  

He = 393,400 

1) 11.4 mm pipe.  



re 

0 

rD 
U) 
U) 

CD 

0 

qi
  -F

m
  s

i  
u

au
rp

.a
  d

xa
  

QAo 	QW 

L/min L/min 

P
1 

bar 

P
2 

bar 

AP 
f 

bar 

,41,  
L 

bar 

QA2 

Omin 

Q A2/Q
W  

QP 
f/LP L U

2 

m/s 

a 

m/s 

M 
 

CD 
0 
re 

3.2 6 1.16 0.95 0.21 0.146 3.35 0.56 1.43 9.8 20.3 0.48 H 
H 

5.7 6 1.25 1.00 0.25 5.7 0.95 1.71 12.3 20.0 0.62 
rt 

8.7 6 1.34 1.06 0.28 8.2 1.34 1.92 14.9 20.8 0.72 0 
G 
re 

11.8 6 1.41 1.10 0.31 10.75 1.80 2.12 17.5 21.9 0.80 

1-• 
3.2 8 1.27 0.92 0.35 0.259 3.7 0.46 1.35 12.3 20.6 0.60 

5 
5.0 8 1.34 0.95 0.39 5.25 0.66 1.51 13.9 1919 0.70 

7.1 8 1.44 1.02 0.42 6.95 0.87 1.62 15.7 20.3 0.77 

10.7 8 1.59 1.12 0.47 9.5 1.19 1.81 18.3 21.2 0.86 

3.7 10 1.36 0.81 0.55 0.405 4.6 0.46 1.36 15.3 19.3 0.79 

5.6 10 1.53 0.90 0.63 6.25 0.63 1.56 17.0 19.5 0.87 9 
5 

8.1 10 1.69 1.05 0.64 7.75 0.78 1.58 18.6 20.6 0.90 

10.7 10 1.83 1.16 0.67 9.4 0.94 1.65 20.3 21.6 0.94 

12.7 10 1.93 1.24 0.69 10.3 1.03 1.71 21.3 22.3 0.96 

2.3 12 1.38 0.68 0.70 0.579 3.4 0.28 1.21 16.1 19.9 0.81 

3.9 12 1.58 0.82 0.76 4.8 0.40 1.31 17.6 20.0 0.93 

6.8 12 1.84 1.02 0.82 6.7' 0.56 1.42 19.6 21.0 0.93 

9.4 12 1.98 1.14 0.84 8.3 0.69 1.45 21.3 21.7 0.98 

10.2 12 2.15 1.27 0.88 8.1 0.68 1.52 21.1 23.0 0.92 

H 
V 

M 

0 
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Appendix H; Lockhart—Martinelli Charts for the flow in the 

11.4,17.3,26.0 and 39.1 mm pipes, at 0.5% and 0.05% Teepol. 

Foams generated with the sinter and pump. 

11.4 mm pipe 

Pure water. 

Sinter rencrator. 

.3334+00-1 
1 

3 
34 433 

I 
I 
I 

0-1* 
-1 	 

.6653r+00,4 

I 
kip 011(w_ t 

1 

.33/brf ou-I 

I 
I. 

1 2 

  

11.2. 
17.3 mm. pipe 

Pure Water. 

Sinter generator. 

 

 

1 	2 3 

1 4 
'2 3* 5 

1 	46 35 
*2* 7 

563 43 
1 	25 	4 3 

0 
2 
	1- 	 

 

I 
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7 

     

.6000E+00 .loociE+nt 	.1400E+01 	.1400E+01 L 

* 
5 6* • 

6 4211..45 	22 
65 *3,4* *3 

651,54.4*30, 5 
fir • 	7 7 

.6000E4410 	.1000E+01 	.1400E+01 	.10anc.w1 1 	v 	.2Z,O(P+41 

.666bc+00-1 

1 

Lett° 4fictt 

1 

.3335r.0o-1 

1 
I 
1 
1 

1 

0-1* 

.couocsop 

11.4 mm pipe 

Pure water 

Pump generator. 

1 

1 1. 
1 

• • 	1 
1 1 	1 1 	1 

1 	* 1 

I 	 1 
.1000E+01 	.14n0i+u1 	.1kinne.kul 1.041,0 	a.,001.4,11 
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2 32 34 
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4 2 
S 4 3 

S. 

11.4 mm Pipe 

0.5% Teepol L 

T-picce mixer. 

4. 23 	1-4 

I 
I 
I 

L'Cc'sto 

1 

1 	1 

1 
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0-14 

-1 
I + I 
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.1ounc+01 .60OU L+00 

I 
.14(10E+01 .1600 L+01 l_telto X 

I 

.6W:T+00-I 
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kt (4.6.7). 
11.4 mm pipe, 

0.0571 Teepol L 

T-piece mixer. 

...5333v+00-I 
1 	 1 
I 	 1 



• sb.s.a, 41,1. 

. 

	

1 	11 1 	 11.4 ro pipe 

	

1 	I 

	

 
I 	 0.51. Ieegul 

	

1 	I 	 Sinter generator. 

	

1 	 1 1 

	

1 	2 	1 	 SYMBOL FLOWRATE 

	

.1000F401-I 	2 	1 

	

I 	 2 2 	1 	 1 	I,n Limin 

	

1 	 1 

	

I 	 • 	 1 	 2 	2.0 L/min 

	

Let1041111 	
2 2 	II' 

2 2 2 	 3 	4.0 L/min 

	

I 	 • 	2 	11 

	

I 	 • 	3 	2 	 4 	6.0 L/min 

	

1 	 3 	2 	 1 

	

1 	 3 	 5 	7.5 4/min 
.6666F+00-1 	 •a 	 2 

	

1 	 3 	2 	 6 	10.0 L/min 

	

1 	 4 4 	3 

	

1 	 4 4 3 * 	22 	7 	12.0 L/min 

	

1 	 4 3 3 3 	22 

	

1 	 4 4 	3 	 8 	16.0 L/min 

	

1 	 6 	4 44 	3 	 22 

	

I 	 4 444 4 	3 

	

1 	 6 	5 4 4 	 3 

	

I 	 7 6 	* 444 4 	3 
.3334r4004 	 * 	6 55 4 * 	3 

	

I 	 6 	55 	3 

	

I 	 87 6 5 	44* 	 3 

	

1 	 8 I 66 	 3 

	

I 	78 7 6 	55 	44 

	

I 	 87 7 

	

I 	 • 	87 7 7 6 6 

	

I 	 8 7 77 7 

	

I 	 7 • 
I 

0-1* 
-1 	r 	 1 	 I 	7 	 
.3080E+00 	.7000E+00 	.11001+81 L 	x 	.15U0E+Ul 	.1')00..4e1 CV 
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• 

.133nr401-I 

I 
I 
I 

H.` 
11.4 mm pipe 

0.057. Teepol 

Sinter generator. 

SYMBOL FLOWRATE 

1 	2.0 L/nin 

2 	4.0 L/min 

3 	6.0 L/min 

4 	7.5 L/min 

5 	10.0 L/min 

6 	12.0 L/min 

7 	14.0 L/min 

8 	16.0 L/min 

6 

1 

1 

1 

1 

2 
	1 
2 

2 
	

1 

3 3 	2 
3 

4 4 3 	2 

5 5 	4 3 
5 5 
86 • 5 4 3 

8 * • 
5 6 

-1 

 

1 	 
.18081+01 

     

   

01,0 x .1401)1.81 

 

.2Ponc.ol .60001400 

 

.14001401 

 

• .............■•••••••••••••• TOTtei..74-1•1: 



17.3 mm pipe 
0.52 Teepol 
Sinter generator. 

SYMBOL FLOWRATE 

1 
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1 
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0-I. 
.1 
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77 67 

7 

I 	 I 	 
Innr+s1-041%0 

, 6 7 
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1 .14 111. ..monE4on 
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1 
1 
1 

1 
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ICI" (Li 

1 

.3336m.400-1 
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1 
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1 
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9-14,  
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I 

1 

1 
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2 
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Teepol 
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6.0 	L/min 

	

10.4 	L/min 

16.3 L/r1n 

17.3 	rem 
0.05Z 
Sinter 
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1 

2 

3 

3 4 22.5 L/min 
3 

3 6 5 27.0 L/min 

5 	4 	b7 4 6 31.1 L/min 
6 	75 

8 	a 	7 7 37.0 L/rin 
8 

8 41.1 L/min 
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:1000E4.01 .14nocon L%10X •11309E401 
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.2111 +01 
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1 
1 

men FLOWATE 
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6.2 Urfa 

8.0 Wean 
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7 	38.0 L/rin 

.1354-.01- 
2 

3 	3 
3 
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Le5%0 4* 

.66A6r.00,. 
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1.k.ko 
s1'rvo4 ELOWNATE 

1.0 LinIn 

2 	2.0 L/mIn 

6.0 L/rin 

A 	10.0 L/mIn 

S 	15.2 L/rin 

6 	20.0 L/r1n 

7 	26.5 Wmin 
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0.51 Terpol 
Sinter generator. 

2 
2 

2 
2 

2 
.15536'011. 	2 
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2 
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5 5 • 11 
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4% 4 
• 44 
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7 7 67 7 7 7 	7 

6 
.5334400. 

6 

6 
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4 

I 
I 

I 

I 	. 
0-It 

-1 	 
.6000E400 

11.4 mm pipe 

0.5% Teepol 

Pump venerator 

SYMBOL FLOWRATE 

1 	3.0 L/min 

2 	4.0 L/rin 

3 	3.0'L/min 

4 	6.0 L/min 

5 	7.5 L/min 

6 	10.0 L/min 

7 	.12.0 L/min 

* 2 2 2 
2 	2 	11 	

8 	16.0 L/min 

4 	* 	4 2 322 
6 	2*2 
6 	443 4 	2 	1 

	

6 	4 4 3 2 22 
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6 6 5 4 
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17.3 tam pipe 

0.5% Teepol 

Pump generator 

SYMBOL FLOWRATE 

1 	5.0 L/min 

2 	8.2 L/min 

3 	10.2 L/min 

4 	13.1 L/min 

5 	16.01./min 

6 	20.0 L/min 

7 	30.2 L/nin 

67 
7 	65 

5 	7 

1 
.21474 4.L1 
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TABLE 1.1. PIPE DIA=17.5 

PHID 	DPTOT 	WA 

OLTEHGENT= 	0 

DPW 	X 

	

GENERATOR, 	SINTER 

te 	SVW 	SVA ItEGIME OW OA 
6.1 3.0 1.00 2.7 50.0 1.87' 50.90 1.20 .433 .213 ER 
6.1 8.4 1.01 4.0 139,1 1.87 20.75 1.46 .433 .592 CB SL 
6.1 16.1 1.01 5.8 265.2 1.87 11.71 1.76 .433 1.128 SL 
6.1 23.4 1.01 7.6 684,9 1.87 8.49 2.02 .453 1,637 SL 
6.1 33.1 1.01 10.2 546.9 1.87 6.26 2.34 .436 2.327 SL 
6.2 49.7 1.02 14,9 812,7 1.92 4.47 2.79 .440 3.457 SL 
10.4 3.0 1.01 4.7 49.8 4.75 81.35 .99 .737 .212 EV 
10.4 3,2 1,01 6.9 52,8 4.75 77.17 1.21 .737 .224 ER 
10.4 7,8 1,00 8.9 129.9 4.75 35.22 1.37 .737 .552 EB 
10.3 8.4 1.01. 8.9 138.2 4.67 32.92 1.38 .730 .588 ER SL 
10.3 16.3 1.02 11.8 266.6 4.67 18.49 1.59 .730 1,134 SL 
10.3 20.5 1.02 13.1 335.1 4.67 15.13 1.68 .730 1.426 SL 
10.5 33.1 1.03 17.2 538.7 4.67 9.97 1.92 .73o 2,292 SL 
10.3 4e.0 1.03 26.9 774.0 4.67 7.24 2.40 .730 3,293 SL 
16.6 3.1 1.02 33.0 51.1 10.42 117.61 1.12 1.156 .217 EU 
16.3 6.4 1.02 16.2'104.7 10.42 62.60 1.25 1.156 .445 Fri 
16.3 8.3 1.03 17.6 135.1 10.42 49.98 1.30 1.156 .575 LB 
16.3 14.8 1.03 21.4 239.4 10.42 30.22 1.43 1.156 1.019 SL ER 
16.3 23.5 1.04 25,4 377.1 10.42 20,25 1.56 1.156 1.604 Si. 
16.2 33.1 1.05 28.1 527.9  10.31 14.97 1.65 1.149 2.246 SL 
16.3 46.9 1.07 40.1 736,4 10.42 11.18 1.96 1.156 3.133 SL 
22.6 4.9 1.02 23,8 80.3 18.47 105.17 1.14 1.602 ,341 E13 
23.4 9.9 1.04 30.4 158,7 19.62 59.23 1.24 1,659 .675 SL 
22.8 16.1 1.00 34.1 267.8 18.75 37.13 1.35 1.617 1.139 ER SL 
22.9 16.3 1.00 34.2 271.1 18.90 36.88 1.35 1.624 1.153 SL EU 
22,6 24.2 1.00 40.0 402.3 18.47 25,80 1.47 1,602 1.712 SL 
22.9 31.0 1.01 46.3 513.5 18.90 21.05 1.57 1.624 2.185 SL 
22.4 31.1 1.06 46,3 489,2 18.18 21.13 1.60 1.588 2.081 SL 
22.6 32.8 1.08 44,0 5n8,1 18.47 20.49 1.54 1.602 2,162 SL 
22.6 50,5 1,01 52.9 833,7 18.47 15.60 1.69 1.602 3.547 SL 
26.9 3.0 1.04 27.8 48,4 25.05 189.59 1.05 1,907 .206 LB 
27.0 8,2 1.06 34.9 129.8 25.21 79.66 1.18 1.914 .552 LB 
26.9 15.7 1.07 41,5 245,2 25.05 45.28 1.29 1,907 1.043 SL CB 
26.7 23.9 1.08 49,1 370,7 24.72 31.25 1.41 1.893 1,577 SL ER 
26.9 34.0 1.10  59.5 515.9 25.05 23.36 1.54 1.907 2.195 SL 
31.1 2.9 1.05 34,8 46.3 32.29 222.89 1.04 2,205 .197 ER 
31.1 6.6 1.06 39.2 103,3 32.29 109.58 1.10 2,205 .440 EWSL 
31.1 17.5 1.09 53,5 266,9 32.29 47.30 1.29 2.205 1.136 SL 
31,6 27.2 1.12 64,6 406,4 33,2U 32.94 1.39 2,241 1.729 SL 
31.1 32.8 1.13 72,4 466,5 32.29 27.68 1.50 2,205 2.070 SL 
31.1 46.9 1.15 82.7 681.7 32.29 20.44 1.60 2.205 2.900  SL 
37.3 3.0 1.06 45.8 47,2 44.38 255.59 1.02 2.645 .201 Ds 
36.8 23.8 1.14 75.3 349,2 43.34 42.69 1.32 2.609 1,486 OS SL 
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TABLE 1.2. 118E DIA=11.4 MV, DETERGENT= 	0 GENERATOR, SINTER 

OW OA RMID URTOT OA DPW 	X 
	

(Ad- 
2.0 3.4 .99 7.8 56.9 1.92 17.17 2.01 
4,u 2.0 1.04 13.7 31,8 6,47 51.37 1.46 
4,0 2.0 .99 13,4 33.3 6.47 517.16 1,44 
4.0 3,5 1.05 14.9 X5.3 6,47 31.57 1.52 
4,0 3.5 .99 14.4 58.8 6,47 30,65 1.49 
4,0 5.6 1.06 17.8 87,2 6.47 21.08 1.66 
4.0 5.6 1.00 17.6 96,0 6,47 20.42 1.65 
6.0 2.0 1.06 20.8 30.8 13,15 74.47 1,26 
6.0 2.0 .99 21.0 33.4  13.15 71.41 1.26 
6.0 2.7 1.09 23,6 41.1 13.15 57.60 1.34 
6.0 2.7 .99 23.4 45.1 13.15 54.96 1,33 
6.0 3.8 1.10 25.7 57.3 13.15 42.89 1.40 
6.0 3,8 1.00 25,4 63,0 13,15 40,91 1.39 
6,0 5.2 1.12 28.4 77,3 13.15 32,84 1.47 
6.0 5.2 1.0(1 28.4 86.2 13.15 31.11 1.47 
6.0 6.9 1.13 31.7 101.1 13.15 25.82 1.55 
6.0 6.9 1.00 32.6 114.0 13.15 24,32 1.57 
6.0 9.7 1.16 36.3 138,8 13,15 19.39 1.66 
6.0 9.7 1.01 38.4 159,9 13.15 18.07 1.71 
6.0 13.2 1.18 40.5 184.9  13.15 14.97 1.76 
6.0 13.2 1.02 43.8 214.0 13.15 13.92 1.83 
7.5 2.1 1.10 26,7 31,6 19.43 87.75 1.17 
7.5 2.1 1.00 28.8 34.8 19.43 83.57 1.22 
7.5 2.6 1.11 30.6 38.8 19.43 73.09 1.25 
7,5 2.6 1.00 31.0 43.0 19.43 69.38 1.26 
7.5 4.3 1.14 35.9 62,6 19.43 47.62 1,36 
7.5 4,3 1.00 36,0 71.1 19,43 44,69 1.36 
7,5 5.9 1.16 39,9 84,2 19,43 36.48 1.43 
7,5 5.9 1.01 41.0 97,0 19.43 33.98 1.45 
7.5 8.0 1.19 43.9 111.6 19.43 28.26 1.50 
7.5 8.0 1.02 45.4 129,6 19.43 26,23 1.53 
7.5  14,5 1.26 55.1 190,4 19.43 17,31 1,68 
7.5 14.5 1.05 61.0 228,4 19,43 15,81 1,77 

10,0 2,8 1.21 47.2 38,2 32,14 92.13 1,21 
10.0 2,8 1.02 47,2 45,3 32,14 84,60 1,21 
10.0 4.3 1,22 53.2 58,2 32,14 63;53 1.29 
10.0 4.3 1.05 53,4 67,8 32.14 58,87 1.29 
10.0 5.1 1.26 55,3 67.0 32.14 55.54 1.32 
10,0 5.1 1.03 56.4 61,6 32.14 50.35 L32 
10,0 7.1 1.04 63,8 112.9 32,14 37.80 1,41 
10,0 7.1 1.27 57.8 92,9 32,14 41.66 1.34 
10.0 7.8 1.29 64.2 99.8 32.14 38.80 1.41 
10,0 7.8 1.03 68.8 124,7 32.14 34,73 1.46 
10.0 9.0 1.32 66.3 112,4 32,14 34.66 1.44 
10.0 9.0 1.09 71.6 136.3 32.14 31.48 1.49 
10,U 13.9 1.06 85.0 217,8 32.14 21.15 1.63 
10.0 13.9 1.36 75,8 169,7 32.14 23.96 1,54 
10.0 14.2 1.37 75.1 170.8 32,14 23.69 1.53 
10.0 14.2 1.05 89.2 223.5 32,14- 20,72 1.67 
12.0 3.2 1.29 62,6 41,0 44,22 99,18 1.19 
12,U 3.2 1.07 62,6 49,6 44,22 90,24 1.19 
12.0 4.2 1.31 66.6 52.9 44.22 78,89 1.23 
12,0 4,2 1.07 67,0 64,9 44,22 71.18 1.23 
12,0 5.1 1.33 70.1 63.4 44,22 66.99 1.26 
12,0 5.1 1.08 71,2 78.0 44.22 60.39 1.27 
12,0 6.3 1.36 74,2 76,9 44,22 56.19 1.30 
12.0 6,3 1.09 77.4 95.4 44,22 50,46 1.32 

531/ SVA REGIdE 
.327 .557 ER 
.653 .312 ER 
.653 .327 ER 
.653 .542 F.; 
.653 .576 ER 
.653 .855 SL EN 
,653 .911 SL ER 
.980 .302 CR 
.980 .328 E8 
.980 .402 FR 
.980 .442 Eli 
,981[) .562 ER 
.980 .617 EH 

	

,980 	.757 ER SL 
,980 .m44 F_H sL 
.900 .991 SL 
.980 1.117 SL E-13 
.980 1.360 SL 
.961) 1,566 SL 
.960 1.611 SL 
,980 2.097 SL 

1.225 .309 ER 
1.225 .341 ER 
1,225 .360 EB 
1.225 .422 ER 
1,225 .614 EU 
1.225 .697 EB 
1.225 .825 ER SL 
1,225 .951 ER SL 
1.225 1.094 SL 
1.225 1.270 SL 
1,225 1,865 SL 
1,225 2,238 SL 

	

1.633 	.374 EB 
1,633 .444 E13 
1.633 .570 EB. 
1,633 .664 ER 
1.633 .656 E 
1.633 .799 ER 
1.833 1.106 EP SL 
1.633 .911 ER SL 
1.633 .978 SL ER 
1,633 1.221 SL ER 
1.633 1.101 SL 
1.633 1.335 SL 
1.633 2.134 SL 
1.633 1.663 SL 
1.633 1.674 SL 
1.633 2.190 SL 
1,959 .402 ER 
1.959 .485 En 
1.959 .518 ER 
1,959 ,636 En 
1.959 .621 En SL 
1,959 .764 EU 
1.959 .753 EU SL 
1.959 .934 En SL 
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TABLE 1.2. PIPE 

PMID 

DIA=11'.4 	MM. 

OPTOT 	OA 

DEFERGENT= 

npw 	X 

0 	(AINERATOR, 

giae 	SVW 

SINTER 

SVA REGImE Ow OA 
12.0 10.6 1.44 86.6 121.8 44.22 36.72 1.40 1,958 1.193 SL 
12,0 10.6 1.15 95.0 152,2 44,22 32,86 1.47 1.959 1,491 SL 
12.0 16,4 1.54 100,0 176,6 44,22 29,89 1.'10 1,959 1,731 SL 
12,0 16,4 3.19 116,0 227,9 44,22 22,,10 1.62 1,959 2.233 SL 
14,0 2.7 1.35 74.8 33.2 .37,92 134,49 1.14 2.286 .325 Hi 
14,0 2.7 1.11 74.8 40,3 57,92 122.('2 1.14 2.286 .395 
14.0 3,8 1,39 79,9 45,4 57.92 101.16 1.17 2.286 ,445 
14,0 3,6 1.12 81,0 56,2 57,92 90,92 1,18 2,286 .55o vt3 
14,0 5,6 1.43 87,2 64,9 57.92 73.15 1.23 2,286 ,636 Erg 	SL 
14,U 5.6 1.13 90.6 81,7 57,92 65,21 1.25 2,286 .800 SL 
14.0 9,7 1.52 102.0 105,4 57,92 46,69 1.33 2,296 1,033 SL 
14,U 9.7 1,17 110,2 137,4 57.92 40,92 1,38 2,286 1,346 SL 

TABLE 1.3, PIPE 	DIA=11,4 MM, 

PMIn 	OPTOT 	0A 

DETERGENT= 

DPW 	X 

0 	GENERATOR, 	PUiVIP 

Lft 	SVW 	SVA RE61ME OW OA 
10.0 3.0 1.21 52.0 41,2 32.14 86.39 1.27 1.633 .404 DS 
10.0 3.0 1.04 52.8 48,2 32.14 79.93 1.28 1.633 .472 DS 
10.0 3.1 1.19 46,9 43,2 32.14 86.64 1,21 1,663 .424 DS EB 
10.0 3.1 1.04 47.4 49.6 32.14 77.86 1.21 1.633 .485 EB 
10.0 4.6 1.22 54.4 62.6 32,14 59,73 1.30 1.663 .616 DS EB 
10,u 4.6 1.05 51.8 73.0 32,14 55.33 1.27 1.653 .715 EB 
10.0 4.6 1.23 56.4 62.3 32,14 59.89 1,32 1.633 .610 EB 
10.0 4.6 1.05 52,0 73,0 32.14 55.31 1.27 1.633 .716 DS EB 
10.9 5.8 1.26 63.5 76.9  32,14 49.41 1.41 1,636 .755 DS 
10,0 5.8 1.05 64.8 92,1 32,14 45.15 1.42 1,633 .902 DS 
10.0 6.3 1.24 59.1 84,7 32.14 45.65 1.36 1.633 .829 EB 
10.0 6.3 1.05 54.6 99.5 32,14 42.12 1.30 1.635 .9.74 EB SL 
10.0 8.0 1.31 75,2 101,9 32.14 38.05 1.53 1.633 ,996 DS 
10.0 8.0 1.06 74.4 125,8 32,14 34.25 1.52 1.633 1.232 SL 
10.0 8.3 1.26 62.1 109.6 32.14 36.17 1.39 1.633 1.074 EB SL 
10,0 8,3 1,06 61,4 130.1 32,14 33.21 1.38 1.633 1,274 SL. 
10,0 8,8 1.27 65,5 114,9 32,14 54.57 1.43 .1.633 1.125 SL 
10.0 8.8 1.06 64.8 137.3 32,14 31.63 1.42 1.633 1.345 SL 
10.0 9.7 1.28 65.1 126,3 32,14 31.79 1.42 1.633 1.267 SL 
10.0 9.7 1.06 66.4 151,5 32.14 29.03 1.44 1.633 1.484 SL 
10.0 10.0 1.29 67.4 129,1 32,14 31.09 1.45 1.633 1.265 SL 
10.0 10.0 1.07 66,6 155,2 32,14 28.66 1,46 1.633 1,520 SL 
10.0 11.2 1.37 90.6 136.7 32,14 28.95 1.68 1.633 1.369 SL DS 
10.0 11.2 1.07 87.2 174.0 32.14 25.66 1.65 1,633 1.705 SI,  
10.0 11.6 1.30 70.2 147.9 32.14 27,47 1,48 1.633 1.449 SL 
10,0 11,6 1.08 71.0 179.3 32,14 24.95 1.49 1.633 1.757 SL 
10,0 13.4 1.37 99.6 162.7 32.14 24.81 1.76 1.633 1.594 SL EB 
10.0 13.4 1.08 85.8 206.2 32.14 22.04 1.63 1.633 2.020 SL 
10.0 16.8 1.40 105,5 199,5 32.14 20.58 1.81 1.633 1.955 SL 
10.0 16,8 1.09 93,8 257,2 32,14 18.13 1,71 1,636 2,520 SL 
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TARLEI.4. P1PC 	D1A=11.4 	MM, 

PMID 	DPTOT 	QA 

OLTERGEI;JT= 	.50 

DPW 	. 	X 

GrNERATOR, 

chtt 	SVW 

T-PIECE 

SVA RE('TicIF. OW QA 
2.0 2,4 1.02 	5.8 39.0 1.92 23.61 1.74 .327 .383 FR 
2.0 3,7 1.02 	7.2 60.1 1.92 16.16 1.94 .327 .'_)b9 
2,0 4.9 1,02 	7.8 79.6 1,92 12.65 2.01 .327 .780 ER SL 
2.0 6,9 1,02 	7,6 112,3 1.92 9,37 1.99 .327 1.100 St. 
6.0 2.4 1.03 	22.0 38,6 13.15 62.10 1.29 .980 .370 ER 
6,0 3.8 1.03 	26,4 60.9 13.15 41.60 1.42 .980 .597 ER 
6,0 5.3 1,04 	29.0 84,7 13.15 *61.14 1.49 .980 .830 SL 
6.0 6.9 1.04 	32,2 109.7 13,15 24.79 1.56 .980 1,075 SL 
6.0 8.8 1.05 	35.2 139.7 13.15 20.06 1.64 .960 1.38b SL 
6,0 11.8 1,05 	39,0 187.3 13.15 15.52 1.72 .980 1.835 SL 
10.0 2.5 1.04 	46.8 39.8 32.14 94.18 1.21 1.633 .390 EB 
10.0 3.7 1.05 	53.0 58.5 32.14 67.06 1.28 1.633 .573 ER 
10,0 5,2 1,05 	59,0 81,9 32.14 49,87 1.35 1.633 .803 SL ER 
10.0 6.9 1.06 	63.6 108,3 32.14 39.02 1.41 1.633 1.061 SL 
10.0 8.7 1.06 	69.6 136.1 32.14 31.90 1.47 1.633 1.333 SL 
10,U 10,6 1.06 	75.2 165,4 32.14 26,87 1,53 1.633 1.620 SL 
14.0 2.9 1,05 	78,8 45,7 57.92 111.58 1,17 2,286 .448 EB 
14,u 4,4 1.06 	88.2 68,8 57.92 77,75 1.26 2.286 .674 E9 SL 
14.0 6,1 1,07 	96,6 94,9 57,92 58.58 1,29 2.286 .930 ER SL 
14.0 8.3 1.07 	106.8 128.6 57.92 44.84 1.36 2,286 1.260 SE 
14.0 10.6 1,08 	117,4 163.1 57.92 36.52 1,42 2,286 1.599 SL 
14.0 12.8 1.08 	124,6 196,1 57.92 30.86 1.47 2,236 1.921 SL 

TABLE 1.5, PIPE DIA=11.4 MM, DETERGENT= 	.05 GENERATOR, T-PTECE 

QW QA PMID 	DPTOT OA DPW X (tat SVw SVA REGIME 
2,0 2.0 1.02 	5.0 32.5 1.92 27.72 1.61 .327 .318 LB 
2,U 3.2 1.02 	5,8 52.0 1.92 18.37 1.74 .327 .509 ER 
2.0 4,4 1,02 	6,2 71,5 1.92 13,91 1.80 .327 .700 ER SL 
2.0 6,5 1.02 	7,4 105,5 1.92 9,68 1.96 .327 1.034 SL 
6.0 2.3 1.03 	22.2 37.1 13.15 64.37 1.30 .980 .363 ER 
6,0 3.2 1.03 	24,0 51,6 13.15 48,21 1.35 .980 .506 ER 
6,0 4,1 1,03 	26,0 66,1 13,15 38,82 1,41 .990 ,648 ER 
6,0 5,4 1.03 	28,8 87,0 13,15 30.53 1.48 .980 .852 ER SL 
6.0 6,4 1,03 	30.0 102,9 13.15 26.33 1.51  .980 1.008 SL 
6.0 8.1 1.03 	33.0 129.9 13.15 21.45 1.58 .980 1.273 SL 
10.0 2.6 1.04 	47,4 41,5 32.14 90.96 1.21 1,633 .406 ER 
10,0 4,0 1.04 	53.6 63,7 32,14 62,42 1.29 1,633 .624  ER 
10,0 5,6 1.04 	59,4 88,9 32.14 46,56 1.36 1,633 .871 EB SL 
10,0 7,0 1.'04 	63,4 111,0 32,14 38,33 1.40 1,633 1.087 SL 
10.0 8.3 1.05 	67.6 131.2 32.14 33.07 1.45 1.633 1.285 SL 
10.0 9.9 1.05 	73,0 156,0 32.14 28,39 1.51 1,633 1.529 SL 
14.0 2.5 1,05 	76,0 39,5 57,92 126,93 1.15 2,2E6 .387 ER 
14.0 4,5 1,05 	89,2 70,7 57,92 76,05 1.24 2,286 .b95 ER 
14.0 5,2 1,06 	93,6 61.5 57,92 67,11 1.27 2.286 .799 ER 
14,0 6.0 1,06 	96.6 93,9 57,92 59,25 1.29 2.286 .92U EB SL 
14,0 8,3 1,07 	110,0 129,0 57,92 44,76 1.38 2,286 1.264 SL 
14,0 11,4 1,07 	122,8 176,4 57,92 33,98 1,46 2,286 1,729 SL 
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TAHLEI.6. PIPE nIA=11.4 MM, DETERGENT= .05 uENERATOR I  SINTER 

Ow OA PRID ()PIOT OA DPW 	X 	Oite svw SVA 
2.0 2.2 1.05 20.2 35,1 1.92 25.74 3.24 .327 .343 
2.0 3.8 1,05 28.4 E,0,1 1,92 16.02 3,84 .327 .589 
2.0 7,2 1.07 46,4 112,6 1.92 9.21 4,91 .327 1,103 
2.0 10.6 1.08 69,8 163,5 1,92 6.61 6.03 .327 1,602 
2.0 12.7 1.09 87.4 193.5 1.92 5.66 6.74 .327 1.896 
2.0 15,4 1.11 106,2 231,9 1,92 4,82 7.50 .327 2,272 
2.0 18.7 1.09 94,0 287,0 1,92 4,03 6,99 .327 2.812 
4,u 3,7 1.05 31,4 58,5 6,47 30,09 2,20 .653 .573 
4,0 6.5 1,06 44,4 101,7 6,47 18,47 2.62 .653 .996 
4,0 9,4 1,07 60,0 145,6 6.47 13.44 3.05 .653 1,427 
4.0 33.0 1,09 83.0 198.8 6.47 10.18 3.58 .653 1.946 
4.0 15.9 1.10 100,6 240,6 6,47 8,58 3,94 .653 2.357 
6.0 3.1 1.05 33,8 49.2 13.15 49.98 1.60 .980 .482 
6,0 5.3 1.06 45,6 133,2 13,15 31,42 1,86 .980 ,816 
6.0 8.2 1,07 60,0 127,8 13.15 21.52 2,14 .980 1.252 
6,0 13,1 1.09 87,0 200,8 13,15 14,41 2.57 ,980 1,968 
6.0 15,2 1,09 98,2 232,0 13,15 12,68 2.73 .980 2,273 
6.0 18.7 1.09 97.6 287.1 13.15 10.54 2.72 .980 2.813 
7.5 4.5 1.06 46,0 70,6 19.43 44.03 1.54 1,225 .694 
7.5 7,6 1.07 63,2 116,4 19,43 27,98 1,80 1.225 1,160 
7.5 12.2 1.08 88,4 187,1 19.43 18.63 2.13 1,225 1,834 
7.5 14.2 1.09 96,4 217,2 19,43 16,34 2,23 1.225 2.128 
7.5 17.1 1.07 85,4 265.6 19.43 13.78 2.10 1.225 2.602 
10.0 2.7 1.05 48.8 42.8 32.14 118.20 1.23 1.633 .420 
10.0 5.4 1.06 62.8 84.7 32.14 48.36 1.40 1.633 .830 
10.0 8.0 1.07 78,2 124,4 32,14 34.44 1.56 1.633 1.218 
10.0 10.9 1,[18 93,6 168.0 32,14 26,38 1.71 1,633 1,646 
10.0 13,3 1,08 101,2 204,5 32.14 22,20 1,77 1,633 2,003 
10,0 17.1 1.08 102,2 264,7 32,14 17.75 1.78 1.633 2.593 
10.0 19.6 1,08 106,6 302,2 32,14 15,79 1.82 1.633 2.961 
12.0 3.3 1.06 65.0 51,9 44,22 87,15 1.21 1,959 .509 
12.0 5.6 1.07 79,4 87.2 44,22 55.13 1.34 1.959 .855 
12,0 9.9 1,08 101,6 152,3 44,22 33,70 1.52 1,959 1,492 
12,0 11,9 1,08 106.0 383,4 44,22 28.66 1.55 1.959 1.796 
12.0 14.6 1.08 114,6 224,6 44,22 23,98 1,61 1,959 2.201 
14,0 2,9 1,06 77,0 45.5 57,92 111,81 1.15 2,286 ,446 
14.0 6,0 1.07 97,0 93,1 57,92 59.52 1,29 2,286 .912 
14.0 10.2 1.08 118,0 156,7 57,92 37,59 1,43 2.286 1.535 
14.0 11.8 1.08 124.6 181.3 57.92 33.09 1.47 2.266 1,776 
14.0 13.8 1.09 135.2 211.2 57.92 28.91 1.53 2.286 2.069 
16.0 4.8 1.07 106,8 74,8 73.17 81.14 1.21 2,613 .733 
16.0 11,4 1.10 146,8 173.2 73,17 38,54 1.42 2.613 1,697 
16.0 13.7 1.10 154,6 207,9 73.17 32,63 1,45 2,613 2,037 
16.0 15.5 1.11 166.4 233.6 73.17 29.57 1.51 2.613 2.269 
16.0 20.6 1.12 192.4 308,0 73.17 23.14 1.62 2.613 3.018 

REGIME 
Sr 
ST Fm 
FM 
FM 
SL FM 
SL 
SL 
ST 
FM 
FM 
FM 
SL 
ST 
ST 
DS 
OS 
SL 
SL 
ST 
Ds 
OS 
SL DS 
SL 
ST 
ST 
DS ST 
OS 
SL 
SL 
SL 
ST 
ST DS 
DS SL 
SL 
SL 
S7 
OS ST 
OS 
SL 
SL 
OS 
DS 
OS SL 
SL 
SL 
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TABLE 1.7. PIPE 

Pmi0 

DIA=11.4 	MM,  

DPTOT 	OA 

DETERGENT= 	.50 

Diaw 	X 

GrNERAToR, 

445t- SVW 

sINTER 

SVA REbIPIE OW QA 
1.0 1.1 1.01% 16.8 16.9 .57 26.23 5.42 .163 .165 SI 
1,0 1.7 1.11 21,5 25,6 .57 18,11 6,13 .163 .250 w 
1.0 1,7 1.03 22.6 27,3 .57 17,56 6.29 .163 ,267 ST 
1.0 3.1 1.15 30,0 44,9 ,57 10.91 7.24 .163 .440 si 	OS 
1,0 3.1 1.05 32,6 49,2 .57 10.42 7.h5  .163 .482 sr 	us 
1,0 4,1 1.19 68,4 57,1 .57 8,71 8.20 ,1;,3 ,560 Ds 
1.0 4.1 1.06 43.8 64.1 .57 8.22 8.75 .163 .628 US 
1,u 5,6 1.09 59,8 88,6 .57 6,14 10.23 .163 ,868 Ds 
1.0 5,8 1,26 51,2 76,4 ,57 6.61 9.46 .163 .749 DS 
1.0 7,7 1.34 66,0 95,8 .57 5,31 10.75 .163 .938 DS 
1.0 7.7 1.11 78.0 114.9 •57 4.85 11.68 .163 1.126 US 
1.0 9.6 1.39 75,3 114,7 .57 4.46 11.48 .163 1,124 OS 
1.0 9.6 1.13 67.4 141.0 .57 4.03 12,37 .163 1,382 DS 
1.0 14,1 1.12 127,4 209.4 .57 2,86 14,93 .163 2,052 OS 
1.0 15.7 1.13 140.6 230.3 .57 2.62 15.68 .163 2,256 DS 
1.11 17.5 1.14 147,0 255,0 ,57 2.39 16.04 .163 2.49v SL DS 
1.0 19.5 1.15 154.2 281.9 .57 2.18 16.42 .163 2,762 SL 
2.0 1,0 1.02 17.4 16,2 1.92 50,85 3.01 .327 .159 ST 
2.0 1.0 1.08 16.5 15.4 1.92 52.16 2.96 .327 .151 ST 
2.0 1.9 1.10 22.2 28,6 1,92 30.12 3.40 .327 .280 ST 
2.0 1.9 1.03 23.0 30,6 1.92 29,11 3,46 .327 .300 ST 
2.0 2.6 1.12 25.4 38.6 1.92 23,05 3.63 .327 .378 ST 
2,U 2,6 1,04 26,4 41,6 1.92 22,20 3,71 .327 .408 ST 
2,u 4.9 1.17 35,7 69.4 1.92 13,55 4.31 .327 .680 ST 
2,0 4.9 1.05 38.4 77.2 1.92 12,85 4,47 .327 .75h ST 
2.0 8.0 1.27 53.0 104,5 1.92 9.19 5.25 .327 1.023 Ds 
2.0 8,0 1.09 62,6 121,9 1.92 8.51 5.71 .327 1.194 DS 
2,u 11,5 1,37 71.1 139,1 1.92 6,95 6,06 .327 1.365 OS 
2.0 11.5 1.13 86.0 169.6 1.92 6.30 6.69 .327 1.661 DS 
2.0 14.9 1.46 84,5 169.6 1.92 5.71 6.63 .327 1,661 Ds 
2,u 14,9 1.16 107,8 213.4 1,92 5.09 7,49 .327 2.091 Ds 
2.0 17.0 1.11 128.6 255.0 1.92 4.43 8.18 .327 2,498 DS SL 
2.0 17.8 1.54 95.5 191.7 1,92 5.03 7.05 .327 1.878 US 
2.0 17.8 1.19 130.0 248,1 1,92 4,42 8.22 .327 2.431 Os 
2.0 21.8 1.66 110,6 218,4 1.92 4.36 7.58 .327 2,140 US 
2.0 21,8 1.24 158.8 292,0 1.92 3.77 9.09  .327 2,861 US 
2,0 22,4 1.15 171,8 323.6 1,92 3.55 9.45 .627 3,170 SL DS 
2,0 25.0 1.17 182.6 355.6 1.92 '3.25 9.75 .327 3.484 SL OS 
2.0 33.5 1.20 208.4 465.7 1.92 2.54 10.41 .327 4.562 SL 
4.0 1,4 1.09 20,2 21.3 6,47 71.76 1.77 .653 .209 ST 
4.0 1.4 1.03 20.8 22,7 6.47 69,55 1.79 .653 .222 ST 
4.0 2.7 1.13 27.0 39,8 6.47 41.05 2.04 .653 .390 ST 
4,0 2.7 1,04 28.4 43,2 6.47 39.40 2.10 .653 .423 Sr 
4,0 4.8 1.17 36,7 67.9 6.47 25,32 2.38 .653 .665 ST 
4.0 4,8 1.06 39,0 75,5 6.47 24,01 2,46 .653 .740 ST 
4.0 7,8 1.24 48,4 104.8 6,47 16.99 2.74 .653 1.026 Os ST 
4,0 7,8 1.06 54.0 12042 6.47 15.86 2,89 .6153 1,178 OS ST 
4,0 11.1 1.32 61,2 140,2 6,47 12,87 3.08 .653 1.373 US 
4,u 11.1 1.10 72.2 166,9 6,47 11,79 6,34 .653 1.666 Ds 
4,0 14.0 1.38 71,2 168,4 6,47 10,76 3,32 .653 1.650 OS 
4,0 14,0 1.13 88,6 205,6 6,47 9,74 6,70 .653 2,015 DS 
4.0 14.2 1.09 91.2 217.2 6.47 9.43 3.76 .653 2.126 DS 
4.0 16,4 1.44 81,1 189,3 6,47 9,56 3,54 .653 1,854 Ds 
4,0 16,4 1.15 104,4 237.5 6,47 8.54 4.02 .653 2,327 DS 
4.0 20.2 1.53 93.5 218,9 6,47 8.22 3.80 .653 2.145 DS 
4.0 20.2 1.19 128.8 282.7 6.47 7.24 4.46 .653 2.770 DS SL 
4,U 19.6 1.11 129.4 293,9 6,47 7,18 4.47 .653 2,880 Ds 
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PMID 	OPTOT 	OA 

OFTERGCNT= 	.50 

DPW 

	

biNFRATuk, 	SINTER 

(hut 	SVW 	SVA 
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OW OA 
4,0 24.4 1.13 162.2 357.7 6.47 5.99 5.01 .653 3.504 SL US 
4.0 29.13 1.17 193.4 425.5 6.47 5.10 5.47 .653 4.169 SL 
4.0 37.4 1.17 212.4 530,6 6,47 4.19 5.73 .653 5.198 SL 
4,0 47,4 1.16 219.2 679,7 6,47 3,39 5.82 .653 6.659 SL 
4.0 47,9 1.16 219.0 688,6 6,47 3,35 5.82 .653 6,746 SL. 
4.0 54.2 1.17 246.6 772.3 6.47 3.02 6.18 .653 7.566 SL 
4,0 54,5 1.17 245,8 772,8 6.47 6,02 6,17 .653 7.572 SL 
6,0 2.9 1.16 33,5 41,4 13.15 55,87 1.60 .980 .405 Si 
6,u 2,9 1.05 35,4 45,8 13,15 53,11 1,64 .93u .449 SF 
6.0 5,3 1.21 42,9 72.2 13,15 33.74 1.81 .980 .707 ST 
6.0 5.3 1,07 45,8 81.6 13.15 61.73 1.87 ,980 .800 ST 
6,0 5,5 1.07 47,4 P5,2 13,15 30,62 1,90 .980 .835 sr 
6,0 5,5 1.21 44.1 75.0 13.15 32,64 1,8:5 .980 .735 ST 
6,0 9,5 1,29 58.1 121,8 13.15 20,86 2.10 .980 1.193 OS 
6,0 9.5 1.10 64,6 143.0 13.15 19,26 2,22 .980 1,401 OS 
6.0 9.8 1.31 60.0 123.9 13.15 20.45 2.14 .980 1.214 ST DS 
6.0 9,8 1.11 66,2 146.3 13.15 18.82 2.24 .980 1.434 ST OS 
6.0  11,5 1.06 75,0 178,9 13,15 16,03 2.39 .980 1.753 OS 
6.0 12,7 1.35 68,8 155.2 13.15 16.55 2.29 .980 1.520 OS 
6.0 12.7 1.12 79.4 187.8 13,15 15.07 2.46 .980 1.840 US 
6.0 14,4 1.14 90.0 208,2 13,15 13,65 2.62 ,981) 2,040 Os 
6,0 14.4 1.41 75.1 169,4 13.15 15.14 2.39 .960 1.659 OS 
6.0 15.8 1.42 79,4 184,2 15.15 14,02 2.46 ,980 1,805 DS 
6.0 15.8 1.14 96.2 228,7 13.15 12.58 2.70 .980 2.241 OS 
6,0 18.0 1.08 115,0 274,9 13.15 10.93 2,96 .980 2.693 OS 
6.0 19,8 1,52 91,9 215,9 13,15 11,90 2,64 .980 2,115 OS 
6,0 19,8 1,18 119.2 276,4 13,15 10.52 3,01 .980 2.708 OS 
6.0 21.0 1.55 96.6 224,3 13.15 11,42 2.71 .9130 2.198 DS 
6,0 21,0 1.20 127,2 289,7 13,15 10.05 5.11 ,980 2,639 OS 
6,0 24,2 1.58 103.8 252,8 13,15 10,20 2.81 .960 2.477 OS 
6,u 24.2 1.21 138,0 330.6 13,15 8.92 3.24 .980 3,239 US 
6.0 25.2 1.11 159.0 375.8 13.15 8.24 3.48 .980 3.682 VS SL 
6,u 29.7 1.75 121,3 281,4 13,15 8,95 3.04 .980 2.757 OS 
6.0 29.7 1.28 179,2 382.6 13.15 7,68 3.69 .980 3.749 OS 
6.0 30.5 1.14 190,6 443,7 13,15 7,06 3,81 .980 4,347 SL 
6.0 38.2 1.16 217.4 544.4 13.15 5.85 4.07 .980 5.334 SL 
6.0 48.0 1.16 224,4 687,7 13.15 4,78 4.13 .980 6,737 si„, 
7.5 5,2 1.24 47,3 69,4 19,43 42.14 1,56 1.225 .680 ST 
7.5 5,2 1.08 50,8 79,5 19.43 39,36 1.62 1.225 .779 ST 
7.5 11.9 1.34 70.9 146,9 19,43 21.23 1.91 1.225 1.439 Os 
7.5 11.9 1.13 80,6 173,4 19.43 19.54 2.04 1,225 1.699 OS 
7.5 14,0 1.40 77.1 165.3 19.43 18.82 1.99 1.225 1.619 OS 
7.5 14,0 1.14 90.0 203,4 19,43 16,97 2.15 1,225 1.993 Os 
7.5  17.5 1,47 87,9 196,5 19,43 15.88 2.13 1.225 1.925 OS 
7,5 17.5 1.16 107.0 248,6 19,43 14.12 2.35 1.225 2,435 OS 
7.5 21.8 1.57 101.2 230.2 19.43 13.51 2.28 1.225 2.255 US 
7..5 21.8 1.21 130,6 299.0 19.43 11.86 2.59 1,225 2,929 Os 
10.0 5,2 1.29 56,7 66,7 32.14 55,25 1.33 1,633 .654 ST OS 
10.0 5.2 1.10 60,6 78,0 32,14 51.12 1.37 1.633 ,764 ST OS 
10.0 13.1 1.44 82.9 150,2 32.14 26.04 1.61 1,633 1.472 US 
10.0 13.1 1.16 94,0 186,3 32,14 23,38 1.71 1,633 1,826 OS 
10.0 13,7 1.07 101,0 212,2 32,14 21,55 1.77 1,653 2.079 OS 
10.0 21.7 1.09 138,2 330,5 32,14 14.53 2.07 1,633 3,238 OS 
10.0 23,4 1,62 110,1 239,1 32,14 16.60 1.85 1.633 2,343 US 
10.0 23.4 1.23 137.2 315,0 32,14 14,47 2.07 1,633 3,087 OS 
10.0 26.6 1.10 160.8 400.7 32,14 12.22 2.24 1.633 3.925 SL 
10,0 32.8 1,12 182,0 486.3 32,14  10.25 2,38 1,636 4.765 SL 
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TABLE I.7. PIPE 	OIA=11.4 MM' 

PNID 	D1'TOT 	DA 

DETERGENT= 	.50 

opw 	X 

GENERATOR, 

(k Et 	SVw 

SINTER 

svA 187 (Arq:' OW OA 
10.0 43.1 1.15 213.0 623,1 32.14 8.18 2.57 1.633 6.104 SL 
10.0  52,5 1.17 256.0 743,5 32,14 6.95 2.132 1.633 7.284 SL 
12,0 2,7 1.29 60,0 34,7 44,22 114,91 1.16 1,959 .640 ST 
12.0 2.7 1.11 61.8 40.4 44,22 106.94 1.18 1,959 .396 sr 
12.0 5.1 1.34 67.9 63.3 44,22 67,04 1.24 1.959 .620 .`if 
12.0 5;1 1.11 71,8 76,1 44,22 61,16 1.27 1,959 .745 sT 
12.0 6.0 1.34 68,1 74.4 44,22 58.18 1,24 1,959 .7;e19 sr 
12.0 6.0 1.11 72.0 89,3 44,22 53.12 1.26, 1,959 .874 sf- 
12.0 7.9 1.39 76,9 94,3 44.22. 46,60 1.32 1.959 .924 sr 
12.0 7.9 1.13 83,2 115.6 44,22 42.10 1.37 1.959 1.132 ST 
12.0 11.0 1.44 85,4 126.4 44,22 35.55 1.39 1.959 1.268 ST 	is 
12,0 11.0 1.16 94.2 157,9 44,22 31.81 1.46 1.959 1,547 ST OS 
12.0 15,1 1.50 94.3 166,9 44,22 27.47 1.46 1,959 1.665 Os ST 
12.0 15.1 1.18 108.2 212,9 44.22 24.33 1.56 1.959 2.086 US ST 
12,U 22,4 1,62 112.9 229,8 44,22 20.19 1.59 1,959 2.251 Ds 
12.0 22.4 1.22 132.8 304.1 44,22 17.56 1,73 1.959 2.980 DS 
12,0 29.7 1.28 162,8 386,6 44,22 14,01 1.92 1,959 6,787 SL 
12.0 33.4 1.12 190.2 495.2 44,22 11.84 2.07 1.959 4.852 SL 
12.0 44,2 1.15 233,4 635,1 44,22 9.41 2,30 1,959 6,222 SL 
16,0 3.2 1.05 94,4 50,5 73,17 114,98 1,14 2.613 .495 Sr  Ds 
16.0 9,u 1.07 124,4 139,3 73,17 46,96 1,30 2.613 1.365 nS 
16,0 13,1 1.08 141,6 201,1 73,17 33,95 1,39 2,613 1,970 DS 
16.0 17.7 1.09 157.6 269.9 73.17 26.18 1.47 2.613 2.644 DS SL 
16.0 23.0 1.10 178,2 348,2 73,17 20,89 1.56 2.613 3,411 SL 
16.0 29,1 1.12 206,4 433,7 73,17 17.13 1.68 2,613 4,249 SL 
16.0 - 33,4 1.13 227,4 490,8 73,17 15,29 1.76 2.613 4.808 SL 
16.0 	38,9 1.15-253,8 564.1 73.17 13.47 1.86 2.613 5.527 SL 
TABLE 	I.B. PIPE D1A=17.3 MM, DETERGENT= .50 GENERATOR, SINTER 

OW OA PMID DPTOT 	QA DPW x Cbi.tt sVw SVA REGImE 
1.9 29.5 1.11 52,4 444,1 .24 2.61 14.70 ,135 1.889 
2,0 6,0 1,03 18,7 97,4 .27 10,60 8.40 ,142 ,414 
2.3 11,2 1.04 24,3 179,5 ,34 6,98 8,47 .163 .764 
2.0 11,8 1.05 26.0 187,8 .27 5,92 9.90 .142 .799 
2,0 23,8 1.10 45,3 362,2 .27 3,28 13.07 .142 1,541 
3.8 6,0 1,01 17,9 99,1 .82 18,43 4,69 .269 .422 
6,0 6,0 1.00 18.2 99.9 1.81 27,37 3.17 ,425 .425 
6,1 11.6 1,02 23,6 191,9 1.87 15,55 3.56 .463 .817 
6.2 24,0 1,07 35,1 375,6 1.92  0,64 4.28 .440 1,5913 
0 4,0 30,0 1.08 44,5 464,5 3.00 8,93 3.85 .567 1,976 
11.5 6.0 1,00 19,9 99,8 5,66 48,40 1,87 ,815 ,424 
11,7 11,9 1,02 26,8 195,0 5,83 27,19 2.14 .830 .829 
11,5 24,0 1.06 41,0 376,9 5,66 14,81 2,69 .815 1,603 
20,4 5,8 .99 25,7 97.3 15.44 81,99 1.29 1,446 ,414 
20,0 12,1 1.02 34,2 196,8 14,91 42,99 1,51 1,418 ,837 
20,8 25,1 1.08 50,2 388,3 15,70 23,89 1,79 1,461 1,652 
19.9 30,7 1.09 57,4468,5 14,78 19,56 1,97 1.411 1.993 
20.6 4.9 .99 23,4 82.9 15.70 95.40 1.22 1.461 .353 ST US 
20,6 2,3 .97 18,7 39,5 15.70 183,51 1.09 1,461 .168 ST 
20,8 9,6 1,02 29,9 157,3 15.70 53,83 1,38 1.461 ,669 ST US 
20.6 11.6 1.03 33.1 187.6 15.70 45.91 1.45 1.461 .7913 ST OS 
20.6 13,6 1,04 35,2 217,9 15,70 40.13 1.50 1.461 .927 ST fly 
20,6 14,7 1,04 36,3 235,2 15.70 37,51 1.52 1,461 1.001 ST Ds 
20.6 18,6 1,06 40,5 292,1 15,70 30,82 1,61 1.461 1.243 ST OS 
20.6 23.3 1.10 45.7 352.8 15.70 25.77 1.71 1.461 1.501 SL 
20.6 2742 1.09 49,0 415,9 15.70 22.40 1.77 1.461 1,769 Ds ST 
20,'+ 33,0 1.11 92,5 494,6 15,44 18,94 1.84 1,446 2,105 SL 
20.6 37,6 1,12 54,6 560,5 15.70 17.09 1,86 1.461 2,385 SL 
20.6 42,3 1.14 57,4 616,7 15.70 15,59 1,91 1,461 2,623 OS SL 
20,7 48,6 1,16 59,3 700.7 15,84 13,94 1,94 1.468 2,981 SL 
36,5 5,3 1.04 51,4 85,1 46.91 158.04 1,05 2.730 .362 
38,5 11,4 1,07 60,4 177,5 46,91 82,09 1.13 2,730 .755  
30.0 26,4 1,16 83,3 379,9 45,85 40,48 1,35 2,694 1.616 
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Tab1ei.8: 

QW 	QA 

Pipe 

Flow 

VW 

Dia= 17.3 	mm. 

rate and regime 

V
A 	Regime 

Detergent= 

data, 	no 

Qw 

0.5% 	Generator 	Sinter 

pressure 	drop 	results. 

QA 
	VW 	VA 	Regime 

3.8 5.9 0.43 0.28 ST-S 31.1 5.1 2.29 0.37 ST 
6.0 5.2 0.44 0.38 ST 12.9 0.95 ST DS 

13.6 1.00 ST 15.4 1.13 DS ST 
14.6 1.07 ST FM. 22.2 1.63 SL 
23.0 1.69 FM 36.3 2.69 SL 
24.5 1.80 FM 52.6 3.87 SL 
26.5 1.95 SL FM 
30.3 2.23 SL FM 36.9 5.5 2.69 0.40 DS ST 
33.2 2.44 FM SL 14.9 L.09 DS ST 
48.1 3.54 SL 15.2 1.12 DS 
63.3 4.65 SL 17.7 1.30 DS 

10.4 5.2 0.76 0.32 ST 
3 22.

23.9 1. 
1.65 

76 
SL 
SL 

13.5 0.99 ST 25.0 1.84 SL 
14.8 1.09 ST 35.7 2.62 SL 
19.8 1.45 ST 51.6 3.79 SL 
21.5 1.57 ST FM 
25.3 1.85 SL FM 39.4 25.7 2.89 1.88 SL DS 
26.0 1.91 FM 41.3 6.1 3.04 0.45 DS 
33.4 2.45 SL FM 13.7 1.01 DS 
35.0 2.58 SL 25.4 1.87 SL DS 
44.7 3.29 SL 36.0 2.65 SL 
64.7 4.76 SL 

16.3 5.0 1.20 0.36 ST 
44.8 20.4 3.3 1.5 DS 

12.0 0.88 ST 47.2 43.5 3.47 3.20 DS SL 
14.5 1.07 ST 46.9 3.43 SL 
18.3 1.34 ST 
20.3 1.49 ST SL 
21.9 1.61 ST SL 
22.7 1.66 SL 
26.7 1.96 SL 
33.4 2.45 SL 
46.4 3.41 SL 
65.9 4.84 SL 

22.5 5.1 1.65 0.37 ST 
12.7 0.93 ST 
14.4 1.06 ST 
23.7 1.74 SL 
34.0 2.5 SL 
51.1 3.76 SL 
61.5 4.52 SL 

27.0 5.0 1.98 0.37 ST 
13.3 0.98 ST 
15.0 1.1 ST 
15.2 1.12 ST DS 
15.9 1.18 DS SL 
18.8 1.38 SL 
22.7 1.67 SL 
34.9 2.59 SL 
48.9 3.59 SL 
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TABLE 1.9.  PIPE nIA=17.3 Pm. DETERGLUT= .05 6FNEHATO1(, SIH1CR 

Ow OA PMIO OPTOT OA [)PW 	X 	Out- 
4.0 8.5 1,02 18.3 138.3 .89 14.32 4.53 .284 .588 
4,1 8,5 1.03 18,6 138,1 .93 14,64 4,43 .291 .58 
6.0 17.0 1.04 27.4 272.9 1.81 11.21 3.89 .425 1.161 
6.1 17.0 1.08 26.4 263.3 1.87 11.58 6.76 .433 1.120 
6,1 23.9 1,05 36,0 378,9 1,87 8,49 4,39 ,433 1,612 
6,1 33,0 1,03 21,1 534.4 1,87 6,34 3,36 .433 2,274 
8.4 8.4 1.02 19.4 136.8 3.27 27.68 2.44 .596 .5B2  
10,4 16,9 1.04 29,7 269,9 4,75 18,28 2.50 .737 1,148 
10.4 24,0 1.06 38,5 377,8 4.75 13.54 2.85 .737 1,607 
10.4 63.7 1.04 25,0 542,4 4,75 9.95 2.29 .737 2.308 
14,7 8,6 1,03 23,5 134,4 8.70 45,78 1.64 1,042 .572 
16.6 17.0 1.06 34.7 268.5 10.42 27.09 1.82 1.156 1.142 
16.6 24,2 1.07 42.9 378,3 10.42 19.99 2.03 1.156 1,610 
16,3 33,6 1.05 32,0 531,9 10,42 14,91 1,75 1,156 2,266 
20.6 8,3 1,04 29,1 132,9 15,70 61,85 1,36 1.461 ,565 
22.4 16.7 1.07 41.4 259.7 18.18 36.63 1.51 1.588 1.105 
22,6 23,9 1,07 42,7 372,3 18.47 26.95 1.52 1.602 1.58q 
22,6 33.2 1.0E 46,5 511,6 18.47 20.32 1.59 1.602 2,177 
24,6 7,2 1,05 32,1 114,8 21,42 81.98 1.22 1.744 .468 
24.6 8.8 1.06 35,8 138.9 21.42 69.16 1.29 1.744 .591 
27.0 17.0 1.08 46,2 261,8 25.21 42.67 1.35 1.914 1.114 
26.9 23,9 1,09 50,2 366,6 25.05 31,63 1.42 1.907 1,559 
27,0 32,4 1.10 58,6 489,3 25,21 24,50 1.52 1,914 2.082 
29.1 7.5 1.06 37.9 118.4 28.74 92.08 1.15 2.063 .504 
29.1 8.8 1.07 41,5 136,6 28.74 80,72 1.20 2.063 .581 
31.1 17,3 1.10 52.3 263,5 32.29 47.81 1.27 2.205 1.121 
31,1 23.9 1,11 61,0 359,0 32,29 36,28 1,37 2,205 1,527 
30.9 33.0 1.11 100.4494.9 31.92 27.21 1.77 2.191 2.105 
33.1 8.0 1,08 45,4 123,6 36,01 98,43 1.12 2,347 .526 
37,0 17,2 1,12 64,6 255,4 43,75 56,66 1,22 2,623 1,086 
37.0 24.0 1.14 75.4 350.8 43.75 42.66 1.31 2.623 1.493 
37,0 33.0 1,17 87,4 472,2 43.75 32,62 1.41 2.626 2.009 
40,2 7.5 1,10 57,6 116,4 50,59 124,80 1.07 2,850 .482 
40.2 8.9  1,08 68,6 137.8 50.59 106,18 1,16 2.850 .586 
41,1 17,3 1,15 75,2 251,3 52,59 62,47 1.20 2.914 1.069 
41.1 23,9 1.17 85,3 341,7 52,59 47,46 1.27 2.914 1,454 
41.1 33.7 1.19 88.2 474,4 52.59 35.41 1.30 2.914 2.018 
47.6 6.8 1,13 87,2 100.1 68.00 159,70 1.13 3.375 ,426 

SVVJ SVA PE0IF)47 
FN-ST 
ST 
FN sT. 
Fn Si,  
17 11 

SL 
Si 
ST 
OS 
Si 
ST 
ST 
Si  US 
Si 
ST 
sr 
SI 
Si 
ST 
ST 
Si ST 
SL 
SL 
ST 
st 
SL ns 
SL 
SL 
ST 
St. 
SL 
SL 

Ds ST 
Ds st. 
SL US 
SL US 
Os 
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TAOLET.10.PIPE  DIA=26.0 MV. DETERGENT= ,50 GENERAInR, S1N1ER 

OW 	OA 
	pHin 	DPW 	X 	414.4t. DPTOT OA 

1.0 
1,O 
1.0 
1.0 
2.0 
2.3 
2,u 
2,0 
2,0 
2,0 
2.0 
1.9 
2,U 
3.8 
4,u 
4,0 
4,0 
4.0 
4.0 
4.0 
4,0 
4,u 
4,u 
6.0 
6.0 
6.1 
6.0 
6.2 
6.0 
6.0 
6.0 
6.0 
8.2 
8,2 
8,2 
8,2 
801 
8.2 
8,2 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10,U 
10.0 
10.0 
10.0 
10.0 

14,1 
15.7 
17.5 
19,5 
6.0 
11.2 
11.8 
17.0 
22.4 
23,8 
25.0 
29.5 
33.5 
6,0 
14,2 
19.6 
24.4 
29.8 
37.4 
47,4 
47.9 
54.2 
54.4 
6.0 
11.5 
11.8 
18.0 
24.0 
25.2 
30.5 
38.2 
48.0 
9.3 
13.4 
18,4 
26.9 
30.0 
33.3 
40.2 
3.2 
5,2 
6.0 
6.1 
6.4 
6,6 
6.8 
7,7 
7.9 
8,5 
8,9 
13.7 
21.7 
26.6 
32.8 
43.1 
52.5 

1.04 
1.04 
1.05 
1.05 
1.06 
1.08 
1.09 
1.03 
1.05 
1.17 
1.06 
1.19 
1.07 
1.04 
1.03 
1.03 
1.04 
1.05 
1.05 
1.04 
1.04 
1.04 
1.04 
1.04 
1.02 
1.07 
1.03 
1.13 
1.03 
1.04 
1.05 
1.04 
1.00 
1.04 
1.07 
1.09 
1.16 
1.11 
1.13 
1,17 
1.42 
1.52 
1,47 
1.50 
1.53 
1.57 
1.64 
1.65 
1.71 
1,72 
1.02 
1.03 
1.03 
1.04 
1.04 
1.05 

17.7 
20,3 
22.2 
24,0 
9,9 
11.2 
11.4 
15.3 
21.8 
13,4 
25.1 
17,0 
29,1 
9,7 
12.3 
14,6 
17.7 
23.5 
22,5 
16.7 
18,2 
17.9 
16.8 
9.5 
11,3 
11,0 
12.9 
12,9 
15.5 
19.7 
22,5 
18.8 
13.9 
11.4 
13.8 
13.3 
14,6 
14.5 
16,1 
6,0 
6,2 
6.8 
7.6 
8,1 
8.0  
6.9 
7,8 
8.0 
8,2 
8,8 
11.7 
13.0 
14.1 
16.1 
18,6 
20,7 

226.6 
250,9 
278,8 
309,4 
94.2 
172.3 
180.0 
274.5 
356.9 
340.2 
394,5 
412.1 
524,0 
95.8 
230.6 
316.8 
391.6 
472.8 
593,4 
759.7 
766.9 
869.9 
873,1 
96.5 
187.2 
183.9 
291.8 
353,9 
406,1 
486.7 
606.0 
768.1 
155.3 
213,7 
287,2 
409,5 
431,6 
500.0 
593,4 
45,7 
60.9 
65.9 
68,9 
70.9 
71.8 
72,1 
78.1 
79.9 
83,1 
86,4 
223,0 
351,8 
430.6 
527.9 
690.6 
836.5 

.01 

.01 

.01 

.01 

.04 
,05 
.04 
.04 
.04 
,04 
.04 
,04 
.04 
.12 
.13 
.13 
.13 
.13 
.13 
.13 
.13 
.13 
.13 
.26 
.26 
.27 
.26 
.28 
.26 
.26 
.26 
.26 
.45 
.45 
.45 
.45 
,43 
.45 
.45 
.64 
.64 
.64 
.64 
.64 
.64 
.64 
.64 
.64 
,64 
.64 
.64 
.64 
.64 
.64 
.64 
.64 

2.75 
2.51 
2.29 
2,08 
10,78 
7.13 
6.05 
4.07 
3.38 
3.38 
3.08 
2.71 
2,40 
18.74 
9.15 
6,92 
5.73 
4.84 
3.97 
3.21 
3.18 
2.85 
2.84 
27.86 
15.67 
15,88 
10.61 
8.90 
7.93 
6.74 
5.55 
4.53 
24.49 
18.20 
13.94 
10,13 
9.26 
8,46 
7.23 

80,14 
57.84 
52.70 
51,21 
49.58 
48,71 
48.09 
44,10 
43.17 
41,20 
39,71 
21.02 
14,09 
11.80 
9,85 
7,77 
6.56 

39.43 
42.23 
44.16 
45.92 
16.08 
15.13 
17.26 
19.99 
23.86 
18,71 
25.60 
22.04 
27.57 
9.08 
9,77 
10.65 
11.72 
13.51 
13.22 
12.05 
11.89 
11.79 
11.42 
6.02 
6,57 
6.39 
7.02 
6.82 
7,69 
8.67 
9.27 
8,47 
5.54 
5.02 
5.52 
5.42 
5.81 
5.66 
5.97 
3.06 
3.11 
3.26 
3.45 
3.56 
3,54 
3.28 
3.49 
3.54 
3,58 
3.71 
4.28 
4.51 
4.69 
5.02 
5.39 
5.69 

.031 
,03i 
.031 
.031 
.063 
.072 
.063 
.063 
.063 
.063 
.063 
.060 
.063 
.119 
.126 
.126 
.126 
.126 
.126 
.126 
..126 
.126 
.126 
.188 
.188 
.191 
.188 
.195 
.188 
.168 
.168 
.188 
.257 
.257 
.257 
.257 
.251 
.257 
.257 
.314 
.314 
,314 
.314 
.314 
.314 
.314 
.314 
.314 
,314 
.314 
.314 
.314 
.314 
.314 
.314 
.314 

.427 

.473 

.525 

.583 

.177 

.324 
,339 
.517 
.672 
.641 
.743 
.776 
.987 
,181 
.434 
.597 
.738 
.891 
1.118 
1.431 
1.444 
1,636 
1.644 
.182 
.653 
.346 
.550 
.667 
.765 
.917 

1.141 
1.447 
.292 
.403 
.541 
.771 
.813 
.942 
1.118 
.086 
.115 
.124 
.130 
.134 
.135 
.136 
.147 
.151 
.156 
.163 
.420 
.663 
.811 
.994 
1.301 
1.576 

ST-7S 
ST-S 
ST-S 

FM 

ST-S 
ST FM 
FM 

SL FM 

SL 
ST-W 
ST-S 

ST-W 

ST-W 
ST-5 
ST-S 
ST-S 

FM ST 
FM 

SVw SV8 RELAmE 
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TAhLEI.10. PIPE 	PIA=26.0 MM. 

PI' II) 	OPTOT 	OA 

DETERGENT= 	.50 

DPW 	X 

GENERATOR, 	SINTER 

SVW SVA REC,104 OW OA 
11.5 6.0 1.04 7.9 95.9 .62 49.37 3.11 .361 .18.1 ST-W 
11.7 11.9 1.07 11.3 185.2 .64 27.90 3.66 .667 .349 
11.5 24,0 1.14 15.0 351.6 .82 15.33 4.28 .361 .(,‘7,;" ST-W 
12.0 35.4 1.03 15,7 538,3 .d8 11,36 4.22 .377 1.014 
12.0 44.2 1.04 19.1 707.3 .88 8,92 4.66 .377 1.332 
15.3 9.3 1.05 22.5 147,8 1.35 43.32 4.1)9 .480 .27:1  ST-W 
15.3 16.1 1.06 25.8 252.8 1.35 26.96 4.38 .480 .476 STW 
15.3  23.3 1.12 26,2 347.0 1.35 20.03 4.41 .400 .654 ST-S 
15.3 33.7 1.18 26.6 475.7 1.35 14.90 4.44 .480 .E96 ST FM 
15..3 44.1 1.22 28.7 600.9 1.35 11.98 4,62 .480 1.132 FM:ST 
15.6 50.4 1.24 27.6 677.1 1.35 111.74 4.53 .480 1.276 SL FM 
15.6 56,3 1.27 29.4 740.4 1.35 9.65 4.67 .450 1.5 	4 SL 
16.0 3.2 1.01  7.0 52.6 1.46 112,62 2.19 .502 ,099 ST-W 
16.0 9.0 1.02 11.4 146,8 1.46 45.77 2.80 .502 .276 ST-W 
16.0 13.1 1.02 11.7 213.3 1.46 32.98 2.83 .502 ,402 ST-W 
16.0 17.7 1.03 12,1 287,7 1.46 25.36 2.88 .502 .542 ST-W 
16.0 23.0 1.03 12.7 373.3 1.46 20.18 2.95 .502 .703  
16.0 29.1 1.03 13.9 471.0 1.46 16.45 3.09 .502 .887 
16.0 36.4 1.03 15.1 539.7 1,46 14.60 3.22 .502 1.017 F14 ST 
16.0 38.9 1.04 16.7 625.8 1,46 12.80 3.39  .502 1.179 
20.4 5.8 1.05 8.7 92.0 2.23 84.29 1.98 .640 .173 ST-W 
20.0 12.1 1.10 11.5 183,5 2.15 44.53 2.31 .628 .346 ST-W 
20.6 25.1 1.18 14.3 353.8 2.27 25.03 2.51 .647 .666 ST-W 
19.9 30.7 1.21 15.2 424.4 2.13 20.56 2.67 .625 .795 
28.5 16.5 1.17 24.9 234,7 4,00 47.78 2.49 .S95 .442 ST- S 
28.5 21.2 1.27 24.6 279.1 4.00 39,89 2.48 .895 .526 ST-W 
28.5 27,6 1.34 24.3 343.7 4.00 32.56 2.46 .695 .647 ST-W 
28.5 11.1 1.06 25,7 173.8 4.00 64.42 2.53 .895 .327 ST-W 
28.5 36.9 1.42 24.1 432,5 4.00 26.03 2.45 .895 .815 ST SL 
28.5 46.6 1.50 26.9 516.7 4.00 21.82 2.59 .895 .973 SL ST 
28.5 57.6 1.57 26.3 610.4 4.00 18.54 2.56 .895 1.150 SL ST 
38.5 5.3 1.16 9.4 76.1 6.77 167.09 1.18 1.209 .143 ST-W 
38.5 11.4 1.22 12.8 156.3 6.77 87.51 1.37 1.209 .294 ST-W 
38.0 26.4 1.35 17.5 327.0 6.62 43.66 1.63 1.193 .616 ST-W 

TABLEI.11. PIPE DIA=39.1 MM, DETERGENT= .50 GENERATOR. SINTER 

OW OA PMID DPTOT OA DPW X CP4k SVW SVA REGIML 
2.0 6.0 1.08 6.6 92.5 .01 10.88 34.60 .020 .077 ST-S 
2.0 11.8 1.11 7.0 176.4 .01 6.11 35.63 .028 .147 ST-S 
2.3 11.2 1.11 6,9 168.8 .01 7.20 31.31 .032 .141 ST-s 
2.0 23.8 1.19 7.3 333.0 .01 3.42 36.39 .028 .277 FM 
1.9 29.5 1.22 7,7 402.8 .01 2.74 39.09 .026 .335 
3.8 6.0 1.06 6.3 94.1 .02 18.91 19.28 .053 .078 ST-S 
6.0 6.0 1.05 5.9 94.8 .04 28.10 12.51 .083 .079 ST-S 
6.1 11.8 1.09 6.8 180.3 .04 16.05 13.24 .085 .151) ST-s 
6.2 24.0 1.16 7.2 346.3 .04 9.00 13.43 .086 .208 ST-S 
8.0 30.0 1.19 7.1 421.6 .06 9.37 10.67 .111 .351 ST-S 
11.5 6.0 1.06 5.4 94.3 .12 49,80 6.77 .160 .079 ST-W 
11.7 11.9 1.09 6.1 181.5 .12 28.19 7.09 .162 .151 ST-W 
11.5 24.0 1.16 6.7 344.0 .12 15.50 7.54 .160 .287 ST-S 
20.4 5.8 1,07 4.9 90.4 .32 85.03 3.91 .283 .075 ST-w 
20.0 12.1 1.12 6,0 179.7 .31 45.00 4.40 .278 .150 ST-w 
20.6 25,1 1.21 6,0 345.5 .33 25.33 4.29 .286 .206 ST-1J 
19.9 30.7 1.24 6,7 413.9 .31 20.82 4.67 .276 .645 ST-W 
38.5 5.3 1.18 4.2 74,6 ,98 168.77 2.08 .534 .0612 ST-W 
38,5 11,4 1,25 5.4 152.6 .98 88.56.  2.35 .534 .127 ST-W 
38,U 26.4 1.38 6.0 318.2 .95 44,26 2.51 .527 .265 ST-w 
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TABLE M. PIPE DI A=11.4 tkitli UETERGEDT= .50 	GLI,IFRATDit plirAP 

OW OA PP:ID OPTOT 0I 
	DPW 	X 	Oat 	SVw SVA Pt:61:0F 

3,0 2.6 1.11 21.7 38.5 3.91 32.90 2.36 .491) .377 
3.0 2,6 1.04 24.0 41.1 3,91 31.84 2.48 .490 .403 
3.0 5.2 1.18 37.2 72.4 3.91 18.50 3.08 .490 .709 
3,0 5.2 1.06 41.2 00,7 3.91 17.52 6.25 ,4911 .791 
4.0 1.8 1.05 11.3 28.5 6,47 56.48 1.32 .653 .279 
4,0 1.8 1.01 11.6 29.5 6.47 55.47 1.34 .653 .289 
4,0 2.4 1.08 19.7 36,9 6,47 44.52 1.75 .653 .362 
4.0 2.4 1.02 20,2 39,0 6.47 , 	43.31 1.77 .653 .382 
4.0 3,6 1.13 28.2 53.1 6.47 31.91 2.09 .b53 .520 
4.0 3.6 1.03 29,8 57.9 6,47 30.56 2.15 .653 .567 
4.0 4.1 1.13 27.6 60.4 6,47 28.48 2.07 .653 .592 
4,0 4.1 1,03 29.4 66.1 6.47 27.24 2.13 .653 .647 
4.0 5.5 1.17 37.1 78.3 6,47 22.41 2.40 .653 ./67 
4,U 5.5 1,04 39.8 87.6 6,47 21.10 2.48 .653 .058  
4.0 5,7 1.17 38.2 81.0 6,47 21.74 2.43 .653 .793 
4,0 5.7 1.05 41.6 90,6 6,47 ?0.56 2,54 .653 .8H7 
4.0 6.0 1.17 38.5 P4.8 6.47 20.83 2.44 .653 .831 
4,0 6.0 1.04 42,2 95,3 6,47 19.65 2.55 .653 .934 
4,0 7.1 1.21 45.0 97.7 6,47 18.23 2,66 .653 .957  
4,0 7,1 1.05 49.4 111.8 6,47 17,04 2,76 .653 1,095 
4.0 8.6 1.24 52.1 115.0 6.47 15.63 2.84 .653 1.127 
4.0 8,6 1.06 60,6 134.6 6,47 14,45 3.06 .653 1,319 
4.0 9.0 1.24 50,1 120,8 6,47 15.00 2.78 .653 1.103 
4.0 9,0 1.06 58.6 140,7 6.47 13.90 3.01 .653 1.378 
4.0 12.1 1.28 55.9 157.6 6,47 11.75 2.94 .653 1.544  
4.0 12.1 1.08 68.8 186.6 6.47 10.80 3.26 .653 1.828 
5,0 1.7 1.09 17.3 .25.6 9.56 73,96 1.35 .816 .251 
5,0 1,7 1,03 18,4 27.0 9,56 72.03 1,39 .816 .265 
5.0 3.2 1.12 24.9 46,8 9,56 43,17 1,61 .816 .450 
5,0 3.2 1.04 27,2 50.5 9.56 41.56 1.69 . 	.816 .495 
5.0 6,1 1.20 40,5 83,6 9,56 25.35 2,06 .816 .819 
5.0 6.1 1.06 46,0 94,2 9,56 23.89 2,19 .816 .92:5 
5.0 9.5 1.27 55,6 122.4 9.56 17,74 2.41 .016 1.199 
5.0 9.5 1.09 65.6 143,6 9,56 16,39 2.62 .016 1.407 
6.0 2.9 1,11 26,0 43,2 13.15 54.69 1.41 .900 .423 
6.0 2,9 1,02 28,0 46,7 13,15 52,60 1.46 ,900 .457 
6.0 4,5 1.14 33.2 65,0 13.15 37,80 1.59 .900 .637 
6,0 4,5 1,03 36,2 71,9 13,15 35,94 1,66 .980 .704 
6.0 6.1 1.20 41,4 83.4 13,15 29.78 1.77 .980 .817 
6,u 6,1 1.06 46,4 94,2 13.15 28,02 1.88 .980 .92.5 
6,0 7.6 1.21 48.7 103.3 13,15 24,64 1,92 .980 1.012 
6,0 7.6 1,05 55.8 119.3 13,15 22.93 2.06 .980 1.169 
6,u 9.7 1.29 58.0 123,8 13,15 20.53 2.10 .980 1.213 
6.0 9.7 1.09 67.8 146.3 13.15 10.89 2.27 .900 1.433 
6.0 11.1 1.28 62,2 142.4 13.15 18.20 2.18 .980 1.395 
6,0 11,1 1.07 73.8 170,7 13,15 16,63 2.37 .980 1,673 
6.0 13.8 1.37 74.8 166.5 13.15 15.51 2.39 .960 1.631 
6.0 13.8 1.10 93,4 206,9 13.15 13.92 2.67 .981) 2.027 
6,0 20.0 1.47 91.2 223.7 13,15 11,65 2.63 .980 2.191 
6.0 20.0 1.14 119,2 290.1 13,15 10.23 3,01 .980 2.843 
6,0 20.0 1,47 91.7 223,8 13.15 11,64 2.64 .980 2.193 
6,0 20.0 1.13 117,4 290,3 13.15 10.22 2,99 .980 2.844 
6.0 26.4 1,60 99,7 271;5 13,15 9.53 2.75 .980 2.660 
F,0 26.4 1.19 167,4 364,9 13,15 8.21 3.57 .980 3.575 
6,0 32,0 1,23 200,2 429,3 13.15 7.05 3,90 ,910 4,206 
7.5 1.7 1.13 28,2 24,6 19,43 107.63 1.20 1.225 .241 
7.5 1.7 1.04 28.8 26,8 19.43 103.20 1.22 1,225 .262 
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TAriLEM.a. PIPE 	DIA=11,4 	MM, 

PMID 	OPTOT 	OA 

DETERGENT= 	.50 

DPW 	X 	• 

GENEkATOR, 	PUMP 

chtt 	SVW 	SVA OW OA 
7,5 3.9 1.17 35.9 54.7 19.43 52.417 1.36 1.225 .536 
7.5 3.9 1.05 38,2 60.7 19.43 50.18 1,40 1.225 .595 
7.5 6.9 1.23 47.7 92.0 19.43 32.90 1.57 1.225 .902 
7,5 6,9 1.07 55,2 105.8 19.43 .30.69 1.69 1.225 1.066 
7.5  10,7 1.31 63,2 133,9 19.43 23.14 1.130 1.225 1.312 
7.5 10.7 1.10 74,4 160,3 19.43 21,14 1.96 1.225 1.571 
10.0 2.0 1.16 40.6 28.1 32.14 121.87 1.12 1.635 .275 
10,0 2.0 1.04 42.2 31,8 32.14 114,53 1.15 1,663 ,612 
10.0 3.7 1.21 49.2 50.4 32.14 72,23 1.24 1.633 .494 
10,u 3,7 1.05 51,8 58,3 32.14 67,19 1.27 1.633 .571 
10.0 3.8 1.05 53.2 60.6 32,14 65.21 1.29 1.633 .594 
10,0 3.8 1.21 50,2 52,4 32.14 70.12 1.25 1.633 .514 
10.0 4,2 1.22 51.3 56,8 32.14 64.90 1.26 1,633 .556 
10.0 4.2 1.05 53.4 65.9 32.14 60.22 1.29 1.63.3 .646 
10.2 6.0 1.06 65.8 94.5 33,28 44.77 1.41 1.666 .926 
10.0 6,5 1.26 60,1 85.1 32,14 45.01 1.37 1.633 .833 
10.0 6,5 1.07 65,0 100.7 32.14 41.38 1.42 1.633 .986 
10.0 7.4 1.06 69.6 116,5 32.14 36.64 1.47 1.633 1.142 
10,0 7.4 1.27 62.9 97.0 32.14 40.14 1,40 1.633 .951 
10.0 9.9 1.32 71.0 123,6 32.14 31.89 1.49 1.633 1.211 
10.0 9.9 1.08 79.6 151.2 32.14 28.83 1.57 1.633 1.481 
10.0 10.3 1.33 72.1 127,9 32.14 30,88 1.50 1,633 1.253 
10.0 10.3 1.08 82.0 156.9 32.14 27.88 1.60 1.633 1,538 
10.3 13.0 1.07 97.2 202.5 33.85 23.08 1.69 1.682 1.984 
10.0 13.8 1,38 82.6 164,2 32,14 24,42 1.60 1.633 1,609 
10.0 13.8 1.10 99.2 206.0 32.14 21.61 1.76 1.633 2.018 
10.0 14.4 1.40 84.6 169.9 32.14 23.63 1.62 1.633 1.665 
10.0 14.4 1,11 100.6 215.3 32.14 21.00 1.77 1.633 2.109 
10.0 14.8 1.11 102,2 223.7 32.14 20.39 1.78 1.633 2.192 
10,U 14.8 1.41) 85.8 176.2 32.14 22.96 1.63 1,633 1.727 
10.2 18.8 1.06 126,2 289,3 33,28 16,67 1.95 1,666 2,835 
10.0 18,9 1,49 98,1 209.0 32,14 19.24 1.75 1,633 2,048 
10.0 18.9 1.14 126,4 273.6 32,14 16.82 1.98 1.633 2.681 
10,0 23,3 1.58 109,6 243,6 32,14 16.48 1.85 1.633 2.386 
10.0 23,3 1.17 148,4 327,3 32,14 14,20 2.15 1,633 3.212 
10,0 28,0 1.21 182,6 381,7 32.14 12.28 2,38 1,633 3,740 
10.0 30.2 1.23 197.4 403,8 32.14 11.61 2.48 1.633 3,956 
12.0 5.4 1.33 70.2 66,8 44.22 63.85 1.26 1,959 .655 
12.0 5.4 1.09 75.0 81.0 44.22 58.01 1.30 1.959 .793 
12.0 9,7 1.40 63,1 113,7 44,22 39.29 1.37 1,959 1.114 
12.0 9.7 1.12 94,2 142.5 44.22 35.11 1.46 1.959 1,396 
12.0 11,4 1,43 88.9 130.7 44.22 34,49 1.42 1.959 1,281 
12.0 11,4 1.12 102,8 166,8 44,22 30.54 1.52 1,959 1,834 
12.0 18.9 1.55 109,0 200,7 44.22 23.03 1.57 1.959 1.966 
12.0 18.9 1.15 130.4 268.7 44.22 19.91 1.72 1.959 2.632 
16,0 3.8 1,11 99.8 57,3 73.17 101.22 1,17 2,613 .561 
16,0 6,9 1.11 111,2 103,5 73,17 60.19 1.23 2.613 1,014 
16.0 11.0 1,14 132.6 160.6 73.17 40.57 1.35 2.613 1.573 
16.0 17.4 1.19 153.2 243,4 73.17 27.75 1.45 2.613 2.384 
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TABLE PIPE DIA=17.3 NMI 

PmID 	DPTOT 	OA 

DETERGENT= 	.50 

OpW 	X 

GENERATOR, 	PLUIP. 

gSt-he 	SVW 	SVA OW OA 
5.0 1,8 1.00 5.8 29.8  1.32 67.11 2.10 .355 .127 
5,0 3,5 1,01 11.5 57.5 1.32 37.67 2,95 .355 .244 
5,0 4.8 1.02 15,3 78,3 1.32 28.66 6,41 .355 .633 
5.0 5.2 1.01 15.9 85.6 1,32 26.60 6.47 .655 .664 
4,9 6,9 1,02 19.9 112,0 1,27 20.55 3.96 .347 ,477 
5,0 8,4 1.02 20,2 136,5 1,32 17,60 3.92 ,355 .581 
4,9 9.7 1,03 21,4 157,0 1.27 15,28 4.10 .347 .666 
5,0 11.6 1,03 22,4 108.0 1,32 13.29 4.12 .355 .800 
5,0 15,7 1.02 23,0 256,1 1,32 10,16 4,16 .655 1.090 
5.0 15.7 1.03 23,2 253,8 1.32 10,21 4.20 .355 1.080 
5,0 16.0 1,03 23,3 258,7 1,32 10,04 4.20 .655 1.100.  
5,0 19.2 1.03 21,6 311,1 1,32 6,55 4,07 .355 1,323 
5,0 23,4 1.02 17.5 380,0 1,32 7,18 3,64 .355 1,617 
5,U 26.4 1.02 15.7 430,5 1,32 6,45 3,45 .355 1,61 
5,0 47.3 1.02 19,5 767.0 1,32 3,88 3,85 .355  6.263 
8,2 10.8 1.02 21,5 177.1 3,13 21,68 2,62 .581 ,753 
8,2 17,5 1,04 30.3 281.1 3,13 14,36 3,11 ,581 1,196 
8,2 22.5 1.05 '35,1 359,1 3,13 11,56 3.35 ,581 1,528 
10.6 3.3 1.01 8.0 54.5 4.67 74.40 1.31 .730 .232 
10,4 5,0 1.01 11,4 82,3 4,75 52,26 1.55 .737 .650 
10,2 6,0 1.18 11.3 84,7 4,59 47,31 1.57 .723 .360 
10,3 7.6 1.00 14.0 126.0 4,67 35,79 1.73 .730 .536  
10,4 10,8 1.01 19,0 177.1 4,75 26,69 2.00 .737 .753 
10.3  13,0 1,28 20,5 169,0 4,67 25,27 2.10 .730 .719 
10.5 19,4 1,04 31,4 311,4 4,83 16,29 2,55 .744 1,325 
10,2 18,8 1.38 26,0 226.7 4,59 18,84 2,38 ,723 .964 
10.3 29,2 1.05 43,0 461.4 4,67 11,29 6,04 .730 1,963 
10,6 31,5 1.06 44,5 495,4 4.67 10.59 3.09 .730 2,108 
10,3 34,5 1,06 46,5 569,6 4,67 9,80 3,16 .730 2,297 
10,3 39,4 1.06 48,0 616,4 4,67 8,73 3,21 .730 2.622 
10,2 44,9 1.07 50.6 700.0 4,59 7,73 3,33 ,723 2,978 
10,6 53,8 1.06 42,6 845,2 4,67 6,63 3,02 .730 3,596 
13.1 10.1 1.01 21,5 166,5 7,11 34,54 1.74 .929 .708 
13.1 17.6 1,03 30,9 284,7 7,11 21,45 2,08 .929 1,211 
13,1 23,9 1.05 39,5 380,7 7,11 16,54 2,36 .929 1,620 
13,1 29,9 1.06 47,0 470,6 7,11 13,68 2,57 ,929 2.002 
13,1 36.9 1.07 52,5 576,7 7,11 11,42 2.72 .929 2.454 
16.0 3,8 1,29 12.8 49,2 10.09 109,2] 1.13 1,134 .209 
16.0 6,9 1,31 17,0 87,5 10.09 65,47 1,30 1,134 .372 
16.0 11.0 1.42 20.5 129,4 10,09 45,20 1.43 1,134 .551 
16,U 17.4 1,49 26,0 194,1 10.09 31.08 1,61 1,134 .826 
19.9 3.9 1.00 17.5 64.9 14.78 113.95 1.09 1,411 .276 
20.1 4,3 1,00 19,1 71,3 15.04 105,72 1,13 1,425 .304 
20.1 9.3 1.01 24,0 152.8 15,04 54,08 1.26 1,425 .650 
19,9 11.3 1.02 .26.3 184.9 14.78 45,31 1.33 1.411 .787 
20,1 13,4 1.02 30,0 217,8 15.04 39,51. 1,41 1,425 .926 
19.9 20,4 1.04 38,2 326.9 14.78 27,30 1.61 1,411. 1.391 
19,9 33.2 1.07 52,5 516.6 14.78 18.09 1.88 1,411 2,198 
20,1 41.7 1.09 62.0 637.7 15,04 15.06 2.03 1.425 2.713 
30.2 4,7 1.02 34,9 76,9 30,67 140,66 1.07 2,141 .327 
30.4 9.3 1.03 41,5 149,8 31,02 78.45 1.16 2.155 .637 
30.0 13.1 1.04 45,1 209,8 30,31 57,62 1,22 2,127 .893 
30,1 19.3 1.06 53.3 304.2 30,49 41,50 1,32 2,134 1.294 
30,0 19,8 1,06 52.7 312,1 30.31 40.47 1.32 2,127 1.328 
30,2 33,0 1.08 67.4 508,1 30.67 26.34 1,48 2,141 2.162 
30.2 43.1 1.11 76,5 648,3 30.67 21.09 1,58 2,141 2.758 
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TABLE.I.14. PIPE o1A-741.4 

PMID 	OPTOT 	OA 

DETERGENT= 	.05 

DPW 	X Ow OA 
7.5 3.1 1.15 33.7 44.9 19.43 63.58 
7.5 3.1 1.03 35.0 49.9 19.43 60.34 
7.5 4.7 1.18 42.2 66.n 19.43 44,85 
7.5 4.7 1,04 44,6 74.9 19.43 42.11 
7.5 6.7 1.23 52,1 90.3 19.43 33.57 
7.5 6.7 1.06 56.6 105.4 19.43 31,08 
7.5 8,3 1,27 59.1 108.5 19,43 28.27 
7.5 8.3 1.07 65.8 129.5 19.43 25.88 
7.5 10.3 1.29 64.6 132.2 19.43 23.61 
7.5 10.3 1.07 72,6 159.4 19.43 21.52 
7.5 13.9 1.32 71.8 175.0 19.43 10.35 
7,5 13.9 1.08 78.0 213.8 19.46 16.60 

TABLE PIPE DIA=17.3 MM. 

PMID 	DPTOT 	OA 

DETERGENT= .50 

DPW 	X Ow OA 
10.3 4.6 .99 9,6 77.1 4,67 55.23 
10.4 5.6 1.02 14.1 91,9 4.75 47.41 
10.4 11.1 1.01 20.9 182.5 4,75 26,02 
10.2 12,6 1.02 23,2 205.8 4.59 22.97 
10.4 13.6 1.02 24,2 222,2 4.75 21.85 
10.5 15.9 1.03 28.0 257.7 4,83 19.30 
10,4 19.4 1.04 32.1 312,3 4,75 16.14 
10.5 23.8 1.05 37.8 379.1 4,83 13.68 
12,9 30.2 1,06 46.8 473,6 6,92 13,40 
14,5 19,2 1,04 33,9 309.1 8,49 21.78 
14.7 19,7 1,04 34.6 316.7 8.70 21.56 
14,3 24.9 1.13 40.5 367.2 8.29 17.90 
15.2 37.9 1.07 52.2 588,3 9.22 12.75 
15.9 17.9 1.12 32,3 267.0 9,98 26.08 
18.1 49.4 1.12 70.2 735.6 12.52 12.02 
18.9 58.3 1.13 83,4 864,8 13.50 10.82 
20,6 4.3 .98 18.8 73,2 15.70 106.64 
20,6 8.3 1.00 23.5 138,9 15.70 60.50 
20.6 15.2 1.03 32.5 245,5 15.70 36.27 
20.6 21.3 1.06 40.1 3361. 15.70 27.31 
20.8 28.9 1.09 48.2 443,4 15.70 21.20 
20.6 34.3 1.11 53.7 513,8 15.70 18,47 
20.6 45,6 1.16 64,2 658,1 15.70 14.67 
27,2 40,3 1.10 67.3 611.0 25.54 20.33 
26.9 67.1 1.17 96,7 961.1 25.05 13.26 
31.1 7,7 1.03 .39.5 124,8 32,29 94,13 
30.9 19.6 1.06 53,6 609,1 31.92 41.89 
31,1 32.7 1.09 67.5 500,5 32,29 27.32 
31,1 52.4 1.13 84.8 776,8  32.29 18.41 

GENERATOR. PDIviP 

GENERATOR, VALVE 

SVW 
	

SVA 
1.43 .730 .328 
1.72 .737 .391 
2.10 .737 ,777 
2.25 .723 .876 
2,26 .737 .945 
2.41 .744 1,096 
2,60 .737 1,329 
2.80 .744 1.613 
2,60 .915 2.015 
2,00 1.028 1.315 
1.99 1,042 1.647 
2.21 1.014 1.562 
2,38 1,078 2.503 
1,80 1,127 1,166 
2:37 1.283 3.129 
2.49 1.340 6,679 
1.09 1.461 .311 
1.22 1,461 .591 
1.44 1.461 1.044 
1,60 1.461 1,430 
1.75 1.461 1.886 
1.85 1,461 2,186 
2.02 1.461 2.800 
1,62 1..929 2.599 
1.96 1.907 4.089 
1,11 2,209 .531 
1.30 2.191 1.315 
1.45 2,205 2,129 
1.62 2,205 3.292 
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4)L' 
1.3? 
1.34 
1.47 
1.52 
1.64 
1.71 
1.74 
1.84 
1.82 
1.93 
1.92 
2.00 

SVw SVA 
1.225 .440 
1.225 .489 
1.225 .647 
1.225 .734 
1.225 .885 
1,225 1.056 
1.225 1,065 
1.225 1.268 
1.225 1.296 
1.225 1.561 
1.225 1.714 
1.225 2.095 

REGImE 

a
l
l
 
t
i
m
e
s
  

F
l
o
w
  
d
i
s
p
e
r
s
e
d
 
a
t
  

2 87 



288 
Appendix J:  

FLOW REGIMES FOR FOAM IN HORIZONTAL PIPES 
by P.E. Starkey, G.J. Jameson 
Department of Chemical Engineering & Chemical Technology, Imperial College, 
London 

Previous flow pattern maps that have been used for correlating two-phase flows 
have been devised from data with a wide range of variables, pipe size and 
phase properties, and have resulted in the type of flow pattern map as shown 
in Fig. 1 {1}. These maps are for liquid/gas systems which are non-foaming. 
Here the effect of foaming agent on the flow regimes has been investigated. 

SYSTEM INVESTIGATED  

The foaming agent used was "Teepol L", a secondary alkyl sulphate, CMC of 0.1% 
volume and a surface tension of 31 dynes/cm. The changes in flow regime that 
occurred were due to the ability to form and maintain a system of small bubbles 
in the liquid, rather than the effect of the change of liquid properties which 
previous work has shown to be small. 

The flow regimes which were obtained depended on the mode:of gas/liquid mixing 
although in the length of piping used in the test (= 6 metres) each injection 
method established the regimes after a short entrance length. The methods of 
injection gave three ranges of gas/liquid interaction (i.e. bubble size): 

a) very low mixing; a simple T-piece in which the gas and liquid are intro-
duced as an upper and lower layer, with no bubbles being formed. 

b) good mixing; the gas is blown into the liquid via a sinter disc, bubble 
size of .2 mm to 1 mm. 

c) intense mixing; the gas/liquid stream is passed through a mixing valve 
and a centrifugal pump, bubble size of 20-100 microns. 

FLOW REGIMES  

The flow regimes present in the experiments (established by visual means) with 
the foaming agent were: 

1) dispersed flow; bubbles of gas in liquid such that they are concentrated 
in upper part of pipe but present throughout the liquid. 

2) stratified foam/liquid flow; bubbles fill the upper part of the pipe 
(i.e. foam) and little coalescence occurs. The lower part of the pipe is 
filled with liquid, clear of bubbles. The liquid layer moves faster than 
the foam layer. The interface can be flat or wavy. This region would be 
elongated bubble in pure liquid/gas flow. 

3) foam flow; the foam fills the pipe completely. 

4) foam/air slug flow; the foam flows in the pipe with slugs of air flowing 
faster than the foam. The slugs are formed by breakdown of the foam and 
are not formed in the gas/liquid mixing process. 

(Air flows such as to be within the annular flow region were not reached with 
this equipment.) 
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EXPERIMENTS & RESULTS  

Four levels of foaming agent were intestigated: 

0 Zero - pure water. 

ii) Trace - 0.002% by volume; surface tension = 59 dynes/cm. A foam of 
only a few seconds persistance could form. 

iii) Below CMC - 0.05% by volume; surface tension = 36 dynes/cm. A stable 
foam formed. 

iv) Above CMC - 0.5% by volume; surface tension = 31 dynes/cm. A stable 
foam formed. 

Flow pattern maps for all injection methods with pure water were carried out 
as a check on the equipment and were found to be as reported in the literature, 
within experimental error. 

The flow pattern map for the trace of foaming agent gave equivalent results to 
that of pure water, any bubbles produced breaking down to form elongated 
bubbles or slugs. 

The flow patterns for 0.05% and 0.5% foaming agent under low mixing conditions 
were again similar to that of water. However, at high water rates (greater 
than 1 m/s) in the slug regime it was obvious that the slug was slowly breaking 
down as small bubbles were formed, with a sufficient length of pipe the pattern 
could change to dispersed flow. 

The flow patterns for the 0.05% and 0.5% foaming agents under good mixing con-
ditions were as shown in Figs. 2 and 3, for a 17 mm pipe. The plots can be seen 
to be substantially similar in form, with a gross shift to the right at higher 
foaming agent (i.e. beyond CMC) concentrations. This is what might be expected 
from the fact that a level beyond the CMC would make the bubbles less liable to 
breakage and hence slug formation. 

The effect on flow pattern of a smaller pipe diameter, 11 mm, is as shown in 
Fig. 4. This shows a large shift of the slugging region to higher air rates, 
the other regions being about equivalent. This major shift shows that in foam 
flow there is a dependence on pipe size, maybe a reflection on the bubble to 
pipe diameter ratio. However, pressure drops in the 11 mm pipe are such that 
accelerating forces are important and could start to affect the flow pattern. 

Under conditions of intense mixing the flow pattern for 0.05% and 0.5% solution 
was at all times dispersed and no slugging occurred, even at maximum air rates 
of = 5 m/s in 17 mm pipe and = 10 m/s in 11 mm pipe. 

REFERENCE  

1. 	Mandhane, J.M., Gregory G.A. & Aziz, K., Int.Jl.of Multiphase Flow (1974) 
1, 537-553. "A flow pattern map for gas-liquid flow in horizontal pipes". 
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