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Prediction of Pressure Losses in Pipe Flow of Aqueous Foams

B. S. Gardiner, B. Z. Dlugogorski,*" and G. J. Jameson

ARC Research Centre for Multiphase Processes, Department of Chemical Engineering,
The University of Newcastle, Callaghan NSW 2308, Australia

This paper presents a model for predicting pressure losses in foams of various expansions and
pressures, in pipes of any given diameter, once the foam behavior has been characterized at a
single expansion and pressure. The model incorporates a modified form of the power-law viscosity
model of foam, which is obtained through the method of volume equalization. Since apparent
wall slip contributes significantly to pipe flow of foam, the wall slip also needs to be characterized
to enable predictions of pressure losses. The couplings between foam flow and wall slip
characteristics are investigated, and two models are presented to predict slip velocities for slow
and fast flow rates. Experimentally we find that ugi, O € 2, where € denotes the foam expansion
ratio at the experimental pressure. Predicted results are compared with experimental observa-

tions, with good agreement.

Introduction

The use of compressed-air foam (CAF) systems to
produce fire-fighting foam is growing in popularity in
preference to the more traditional air-aspirated sys-
tems.2?2 CAFs are often used to enhance crude oil
production to fracture oil-bearing formations.® Foams
are prevalent in the food industry, and in some cases
food-foams, such as aerated chocolates, are pumped
through pipes at elevated pressures.

Whether the application is in a warehouse, mine, or
chocolate factory, the efficient design and operation of
a CAF system requires a knowledge of the flow char-
acteristics of foam through pipes. As yet, there is no
method to enable the prediction of pressure losses in
the pipe flow of foams, since foam exhibits many
complex flow properties such as compressibility, shear
thinning, elasticity, yield stress, and slippage at the pipe
wall.

To make predictions of foam behavior through pipes
two different, but related, phenomena need to be better
understood. The first phenomena is the viscous bulk
flow of foams. Foam viscosity depends on other foam
properties such as the foam expansion ratio E, bubble
size distribution, and properties of the individual phases.
The second phenomena influencing pipe flow is the
apparent slip of foam at the pipe wall. Wall slip occurs
due to the foam flowing on a thin layer of liquid at the
pipe wall. The wall liquid layer originates from within
the foam; therefore its thickness and viscosity also
depends on the properties of the foam as well as
characteristics of the pipe. The effect of wall slip is to
increase the expected foam flow rate and to make the
apparent foam flow behavior pipe-diameter dependent.

In rheometric experiments using the Poiseuille rhe-
ometer, also called pipe rheometer, the effect of wall slip
can be removed from the flow data by following the
method of Oldroyd* and Jastrzebski.> In combination,
the Poiseuille rheometer and the method of Oldroyd and
Jastrzebski allows both foam viscosity and wall slip to
be investigated in a geometry of interest to the many
industrial applications of CAFs.
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To describe the flow behavior of CAFs used in the
petroleum industry, Valké and Economides® introduced
the method of volume equalization. The method of
volume equalization incorporates foam compressibility
to account for changes in foam flow behavior associated
with a change in pipe pressure and foam gas volume
fraction. The result of the method of volume equalization
is that the flow data for foams at different pressures
and gas concentrations can be reduced to a master
equation relating foam stress to the shear rate.

With the emerging widespread use of CAFs there is
a need for predicting conditions under which a stable
foam will flow and still maintain its desirable properties.
By using the results of the volume equalization tech-
nique coupled to foam wall slip behavior, the following
sections of this paper show how the pressure losses in
the flow of foam in a pipe can be predicted.

Foam Viscosity and Volume Equalization

The true rheology of agueous foam has been hidden
in many past foam viscosity experiments due to the
confounding effects of wall slip, variation in foam
structure with foam age, and mode of foam generation.”
However, many general characteristics of foam rheology
are known. Foams display shear-thinning behavior—14
and often a yield stress is reported;31115-17 hence,
typically a Herschel—Bulkley model is fitted to experi-
mental flow data.

Table 1 lists the results of several experiments on
foam rheology in which some attempt has been made
to reduce the effects, on foam rheology, of wall slip and
foam structure evolution. Although results listed in
Table 1 are for foams of differing properties such as
surface tension, liquid-phase viscosity, and bubble size
distribution, there are several trends that can be
inferred.

The fitting of a model containing a yield stress
component to the experimental results is more likely
to occur if the experiments include low shear rates data.
For experiments conducted at higher shear rates, typical
of industrial processes, a simple power-law model is
sufficient. For all experiments reported, foam was seen
to exhibit shear-thinning behavior. Although not clear
in Table 1, due to the effects of bubble size and surface
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Table 1. Summary of Published Past Foam Viscosity Data and the Models Used To Fit the Data

expansion shear rates fitted k Ty

authors ratio, € (s model (Pash) n (Pa)
Wenzel et al.8 38—-250 0.2-18 =1y + k" 1.73-6.8 0.13-0.69 1.32-12.05
Thondavadl and Lemlich® 8.3—100 0.2-6.2 T =ky" 1.43 0.61
de Krasinski and Fan?° 10—-17 0.05—-500 T =ky" 18.5 0.5
Khan et al.1? 12.5-33 0.01-0.5 =1y + ky 1 13.5-17.5
Enzendorfer et al.12 1.92-3.3 5-1000 T =ky" 2.5 0.34
Boissonnet et al.13 5-6 10—10 000 T =ky" 0.26 0.6
Gardiner et al.14 4.4-75 10—-1500 T =ky" 2.29 0.29
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Figure 1. All flow data of Gardiner et al.2* corrected for wall slip
and volume equalized. Once the original slip corrected flow data
appearing in the inset are volume equalized, the data trace one of
two curves relating to either polyhedral foam emig > 5 or bubbly
transition foam 4 < emig < 5. The transition foam reflects a foam
whose properties are not dominated by either thin films (as for
cellular foams) or by an abundance of liquid (as for gas dispersions/
bubbly foam). This means that the transition between the rheo-
logical behavior of bubbly and cellular foam is not sharp.

tension variations among authors, each set of data
shows an increase in the apparent foam viscosity with
the expansion ratio.

Despite the trends seen experimentally, there is still
no empirical relationship between foam viscosity and
the many possible variations in the foam structure and
the properties of the liquid and gas phases. Current
foam models are unable to predict the rheological
behavior of any given foam. However, some advance-
ment has been recently achieved by applying the
method of volume equalization.

Valké and Economides® first introduced the method
of volume equalization to describe the flow behavior of
CAFs used in the petroleum industry. At elevated
pressures within a pipe, the expansion ratio (E, mea-
sured at atmospheric pressure) ceases to be a useful
parameter as the volume of gas contained in the foam
is strongly dependent on the pipe pressure. Instead
Valkd and Economides hypothesized that a more suit-
able parameter would be the specific expansion ratio e.
The method of volume equalization developed by these
researchers implies that the flow data, for foams
characterized by a range of E at various pressures, can
be reduced to a master equation relating foam stress to
the shear rate, with the help of . The method of volume
equalization has been verified with pipe flow data of
power-law shear thinning foams by various authors.12-14

To illustrate the capabilities of the method of volume
equalization, the final experimental results of Gardiner
et al.'* are shown in Figure 1. Flow data shown in
Figure 1 were obtained from observations of pressure

losses in pipes of various diameters, D = 6.95, 9.9, and
15.8 mm. The range of pipe diameters allowed the foam
slip at the pipe wall to be determined and removed from
rheological results by following the method of Oldroyd
and Jastrzebski. See Gardiner et al.»* for more detail
on the method of foam generation and slip correction.
Figure 1 illustrates that prior to volume equalization
the data obtained from experiments at various pressures
and foam expansions do not fall on a single master curve
(Figure 1 inset). However when volume equalized, flow
data trace one of two separate master curves depending
on whether the foam consists of cellular structure or
whether the foam contains spherical bubbles. This
result is the first step toward the prediction of pressure
losses of foam flow in pipes as it allows a single viscosity
expression to be used for the foam, over a range of
pressures and expansions, once the foam has been
characterized at a single pressure and expansion ratio.

Wall Slip

The second main hurdle in being able to predict
pressure losses associated with the flow of foams is the
lack of a full understanding of the functional dependence
of apparent wall slip of foams on pipe and foam
properties. The phenomenon of wall slip is a useful
approximation when modeling the flow of foam. In
reality foam flows on a thin liquid layer at the pipe wall,
of thickness o, which is much smaller than the pipe
diameter, D. Typically 6 is of the same order as the
interbubble film thickness for polyhedral bubble foams,
that is 1—30 um.%17.18

Ultimately the liquid layer at the pipe wall has
originated from the foam and hence its thickness and
properties are coupled not only to pipe roughness,
diameter, and foam shear rate but also to foam proper-
ties such as surfactant concentration, dispersed-phase
concentration, bubble size distribution, and liquid-phase
viscosity. The following section briefly discusses past
experimental observations and investigates possible
models for predicting wall slip behavior.

As with other materials displaying wall slip, many
of the earlier experiments on foam rheology were
affected by wall slip. If the slip was not accounted for
in the data analysis, experimental results were often
geometry-dependent. Before accurate predictions of
pressure losses in practical foam applications can be
made, a greater understanding of the sensitivity of wall
slip velocity and slip layer thickness to the properties
mentioned above needs first to be established.

Thondavadl and Lemlich® found that in smooth
acrylic pipes the slip velocity dominated the flow of
foam, whereas in rougher galvanized pipes no slip was
apparent. A slip yield stress has been observed,?1° below
a very low wall stress, and is believed to be an effect of
wall roughness. In the case of concentrated emulsions,
Princen?® observed that this slip yield stress increased



with decreasing drop size. Small bubbles are able to lock
into bumps in a pipe wall restricting any slip until the
stress is large enough to overcome the barriers. For the
same level of wall roughness, larger bubbles are less
likely to be locked into position by the wall roughness.

One method which has been used successfully to
account for wall slip in foams flowing in a pipe geometry
is that of Oldroyd and Jastrzebski.'? Jastrzebski® ex-
tended the method of Oldroyd* and applied the results
to structured fluids such as concentrated suspensions
of paste consistency. The Oldroyd and Jastrzebski
method, more appropriate to structured fluids than the
more common Mooney method,?® accommodates the
dependence of the slip velocity on the pipe diameter into
a correction function. The Oldroyd and Jastrzebski
method also provides an indirect method of studying
wall slip of foams, by examining the modified wall slip
coefficient (fluidity) ., defined by

Betw
Ugiip = D 1)
where 7,y denotes the shear stress at the wall and ug;p
is the slip velocity. By investigation of . over a range
of foam and pipe characteristics, the coupling between
foam properties and the slip velocity may be observed.
Expressions relating fSc to usip will be used later in
pressure-loss prediction equations.

An investigation of the slip coefficient as a function
of wall stress for various shear rates and foam types
covered by previous studies®9121419 reveals a number
of qualitative trends of wall slip in foams. At low shear
rates (<20 s71), and when ¢ is above the critical
transition between spherical and polyhedral bubbles, as
described by Wenzel et al,® Thondavadl and Lemlich,®
and Princen,?® the slip coefficient increases with shear
stress (shear rate). If the stress within the slip layer is
given by

U.:
r, =2 @

it can be seen that the slip layer thickness increases
with the slip coefficient, by substituting eq 2 into eq 1.
If the slip coefficient increases with shear stress,919
then this means that the slip layer thickness also
increases with shear stress.

Thondavadl and Lemlich® report an upper limit to the
slip film thickness. With increasing shear rate more
liquid is dragged out of the thin films and Plateau
borders of the foam in contact with the wall. However
above a certain shear rate, the liquid in these reservoirs
supplying the slip layer is depleted. It is then necessary
for this liquid to come from increasingly distant regions
within the foam. Hence, the supply rate of liquid to form
the slip layer cannot meet demand, and the fluidity may
reach a plateau or even decrease with increasing shear
rate, if the pipe wall is not given sufficient wetting time.
This plateau effect can be observed in the results of
Thondavadl and Lemlich® and Enzendorfer et al.*? For
the very high shear rates of Gardiner et al.,!* the slip
coefficient was seen to decrease with wall stress; see
Figure 2.

The expansion ratio plays a major role in determining
wall slip behavior. Clearly the more liquid that is
contained in the foam, the more liquid there is poten-
tially available to form a slip layer. Therefore it is
expected that the slip coefficient is larger for low
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Figure 2. Collation of slip coefficients determined for three
separate experimental studies. Both Wenzel et al.8 and Enzen-
dorfer et al.12 observe a slip coefficient that increases with wall
stress up to a limiting stress. At the high shear rates of Gardiner
et al.»* the slip coefficient was observed to decrease with wall
stress.

expansion foams than high expansion foams. It is not
surprising then that a decrease in the slip coefficient
for high expansion foams and concentrated emulsions
has been observed experimentally.41° In particular, for
foams of expansion between 5.6 and 7.5, Gardiner and
co-workers?! found the fluidity to be a function of ¢7372.
In other words, when the slip coefficient is scaled by
€792 the values of the slip coefficient collapse to a single
curve for the range of € examined in the present study;
see Figure 3. Therefore we can define an e-independent
Bee according to the following expression

_ P
ﬂc - 63/2 (3)

The theoretical prediction of wall slip in foams is still
an unsolved problem. Below, we present an attempt to
provide an explanation for the scaling relationship
shown in eq 3.

Kraynik,?? in considering the wall slip of a 2D,
monodisperse foam system exhibiting steady flow, ar-
rived at the relationship

(/,tus,ip)lfs _ 6.02a7,( - 1)¥2

o oe'?f )
where f is the fraction of the pipe wall covered by thin
films. Equation 4 assumes that the stress within the
thin films between the foam and the pipe wall is the
main contributor to the stress associated with wall slip.
For 2D stationary foams f can be obtained analytically,
as done by Princen,19:23

1/2
_€e°—3.28
f= 12 ®)

Kraynik?? assumed that eq 5 also holds for a flowing
foam. This assumption has not been validated and
remains an open research problem.

Kraynik’s expression (eq 4) largely draws on the work
of Bretherton?* to obtain an equation for the thickness
of the slip layer film. Bretherton studied the motion of
long bubbles in tubes to obtain the velocity of the fluid
phase relative to the bubble velocity. As a consequence
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Figure 3. When Gardiner et al.'s* constant pressure slip
coefficient results are scaled by (emig)¥?, the data from three
expansions can be fitted to a single curve.l®
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Figure 4. lllustration of (a) Bretherton’s?* analysis of the flow of
a long bubble down a tube and (b) the motion of a single Plateau
border near a wall.

of Bretherton’s analysis, an expression was found which
relates the thickness of the wall liquid film to the
curvature of the liquid-bubble interface, the bubble slip
velocity, and the ratio of surface tension and viscous
stress, that is, the capillary number:

_ MUgip
o

Ca (6)

When the bubble radius is large compared to the pipe
diameter, the radius of curvature of the liquid-bubble
interface is the pipe radius, that is r, = D/2; see Figure
4. The Bretherton result is

1 _3.72Cca™®

oo (")

and is most accurate when Ca — 0. Since in our CAF
system the capillary number is of order 0.05, this
criterion is largely satisfied. When the single bubble

system of Bretherton is replaced by a number of
contacting bubbles, Hirasaki and Lawson?® argued that
the appropriate radius of curvature is that of the
Plateau borders formed by connecting bubbles. In 2D
this radius of curvature may be derived analytically, as
has been done be Princen,23 who obtained the expression

(8)

— 1/2

r = 2.84a(E 1)

€

where a is the length of thin film per bubble in contact
with the pipe wall.

The stress associated with a film of thickness o

covering a fraction f of the pipe surface, sliding along

on a wall with velocity ugjp, is

Uginf
W=y ©)

Hence, Kraynik?2 was able to obtain eq 4 by combining
egs 6—9.

When eq 4 is rearranged to give the slip coefficient
for a 2D foam, the following expression is found:

_ 218a%,,°D(e — 1)**
¢ dPu(e? - 3.28)°

A treatment similar to that of Kraynik's for 3D foam
may be used to obtain a 3D expression for the slip
coefficient. Princen?® determined an empirical relation
for f in a 3D stationary system from experiments on
concentrated emulsions. The resulting empirical expres-
sion is

(2D) (10)

f_@+anm—32

3D 11
(e + 6.7)"2 (3D) an
Following Kraynik,?2 we assume that eq 11 also holds
for a flowing foam.

In 3D, eq 7 remains valid for 6 < D, such that pipe
curvature may be neglected. Hirasaki and Lawson?®
provide an expression for the Plateau border curvature
in 3D, as a function of the expansion ratio, by assuming
that the foam consists of pentagonal dodecahedrons.
Their resulting expression is

re 1.79
SLEE YL — (12)
RO (63/2(1 _ 1))1’3

€

In combination, egs 6, 7, 9, 11, and 12 lead to the
following expression for the 3D slip coefficient:

296[Rz7,°D(e + 6.7)¥2
Be= 1 (3D) (13)
GZﬂeslz(l - Z)[(e +6.7)2 - 3.2

Equation 13 predicts that, in the limit of dry foams
(e — =), the slip coefficient is proportional to ¢ 32, It is
perhaps surprising then that for our experimental
conditions, that is for ¢ as low as 5.6, we observe the
same dependence of the slip coefficient on e.

Figure 5 shows a comparison between the slip coef-
ficients seen experimentally by Thondavadl and Lem-
lich® and Gardiner et al.»* and the predictions of eq 13.
It seen that for the midpoint of the range of expansions
used by Thondavadl and Lemlich there is a good
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Figure 5. Comparison of slip coefficient predicted from eq 13 with
the experimental results of Thondavadl and Lemlich® and Gar-
diner et al.* In the case of Thondavadl and Lemlich,® the
experimental parameters used in eq 13 were ¢ = 0.025 N/m, RO
=500 um, D = 0.044 m, and 7 = 5 Pa, u = 0.001 Pa s, and for
Gardiner et al.1* ¢ = 0.025 N/m, [R(= 80 um, D = 0.01 m, 7, = 50
Pa, and u = 0.001 Pa s.

agreement between the observed slip coefficient and the
predictions of eq 13. For the results of Gardiner and co-
workers a rather poor agreement is found. However
these two data sets differ by the range of shear rates at
which results were collected. Thondavadl and Lemlich’s
data were collected at low shear rates whereas those of
Gardiner et al. were gathered at high shear rates.

The discrepancy seen in Figure 5 highlights a limita-
tion of the predictive capabilities of eq 13, resulting from
the assumption of an unlimited supply of liquid to form
a slip layer. In reality the film thickness is limited by
the ability of liquid to flow to the pipe wall to form a
slip layer. When the fluid path length is greater than a
single bubble layer, liguid must pass through the
network of thin channels separating the bubbles. At
some distance away from the wall, the resistance to flow
and capillary pressures will be sufficiently high to
prevent liquid from reaching the pipe wall. Let us now
account for this limitation in liquid supply at high shear
rates by using a simple analysis.

If we assume a uniform radial distribution of liquid
within a pipe and that all the liquid available within a
distance AR of the pipe wall (AR < R) is taken to form
a slip layer, the thickness of this slip layer can be
expressed as

o="5°" (14)

with a corresponding slip coefficient of

__ ARD
ﬂc - e,uf

(15)

The wall distance from which liquid is available to
form a slip layer is a function of many variables
including wall stress, bubble size, surface tension, and
foam expansion. However, a good estimate of AR would
be the average bubble size, as the majority of liquid is
likely to come from Plateau borders in direct contact
with the pipe wall. An important result from eq 15 and
that presented earlier (eq 13) is that the slip layer
thickness is also proportional to bubble size. Although
Calvert and Nezhati's results”18 did not reveal any
dependence of the slip layer thickness on bubble size,
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Figure 6. As the high shear rates of Gardiner et al.* limit the
rate of availability of liquid to form the slip layer, a second model,
eq 15, is considered to account for restrictions on slip layer
formation: ¢ = 0.025 N/m; [R(= 80 um; D = 0.01 m; 7, = 50 Pa;
u =0.001 Pa s; AR = [R[

Princen’s data on concentrated emulsions showed that
the fluidity indeed decreases with decreasing bubble size
as expected from the above analysis. Using AR = [R[=
80 um and € = 8, an estimate of the slip layer thickness
from eq 14 is 10 um. This estimate is typical of the slip
layer thickness seen experimentally by others.8:917.18

Figure 6 compares the prediction of eqs 13 and 15
with results found experimentally by Gardiner et al.14
The values of parameters used are typical of experi-
mental conditions. It is clearly seen in Figure 6 that
excellent agreement for the slip coefficient is obtained
when the slip layer thickness is limited according to eq
14 and the Plateau borders near the surface are as-
sumed to be entirely depleted of liquid (f = 1). Thus it
can be concluded that eqs 13 and 15 apply at low and
high shear rates, respectively, reflecting the different
formation mechanisms of the slip layer.

Equations To Predict Pressure Losses in Pipes

The results of the previous two sections have placed
us in a position to predict pressure losses of foam flowing
through pipes. The first step in the procedure is to
derive the general pipe flow equations using a volume-
equalized power-law viscosity model. In treating the
flow of foam through pipes, we consider the gas phase
to be compressible and the liquid phase to be incom-
pressible. We also assume no relative motion of phases
within the bulk foam, allowing the foam to be treated
as a single phase fluid. The assumption of no relative
motion between phases is less likely to hold when the
liquid fraction approaches unity. There is no mass
transfer between phases, and the gas-phase obeys the
ideal gas law. It is also assumed that the gas within
the foam undergoes isothermal expansion.

Equation 16 represents the volume equalized power-
law model of foam viscosity, where the shear stress is

T_  k

€ €

dv

—dr (16)

n-ldv _ k(— dv )n

dr "\ edr,

given by eq 17 if small inertial effects are neglected.26

r=—%@% (17)
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Combining egs 16 and 17 and then integrating with the
wall slip boundary condition r = R, v = ugjp, we obtain

r]R(Hn)ln 1 (dP) ,_4\1/n r\@+nym
v=ua@ e adad” ) (R

1+n | 2kldx

dx/
(18)

Equation 18 gives the velocity profile of the foam pipe
flow. The volumetric flow rate is equal to the average
velocity multiplied by the cross sectional area. The mass

flow rate is constant and equivalent to the product of
the volumetric flow rate and foam density; that is,

2 _[{_n_\n en_l) 14n d_P]lm}
Q=aR {“S“p(e) * [ (Sn T 1) (Zk R (dx)

(19)
Rearranging eq 19 we obtain

P R™[3n+1({Q N L
Joo ™ T[T(g - Usnp(e))] dP = [ dx

(20)
It can be shown?’ that
dP) NPé&
)= 21
(dp pu(e — 1) @)

where the polytropic expansion exponent N is unity for
isothermal expansion and 1.4 for adiabatic expansion
of diatomic gases.

In eq 21, it is assumed that m_ > mg. Note that

de__&ggz_e—l

dp ,2dP NP

(22)

Integrating eq 22, with the condition of P =Py at e = ¢
and the approximation of isothermal expansion, results
in the following expression:

P &1
P, e—1

(23)

By solution of eq 20 with the help of eq 23, a pressure
drop for a given length of pipe may be found for various
foam expansions. Note that eq 20 can only be solved for
pipes for which there is a known relationship between
Usiip and e. For our system, the dependence of € on the
slip velocity is given in Figure 2.

As eq 20 has no obvious analytical solution, it was
solved numerically using the bisection method. In
particular a numerical solution was found to

F(AP) =
—R"1 [3h+1{ Q n -
2kei_117”|_ n \JTRZ Usnp(eil))] AP; — AX; (24)

for a given Ax;, such that F(AP;) = 0, where the subscript
i denotes parameters relating to the ith equation and
the ith solution. The pressure and specific expansion
are then updated according to egs 25 and 26, and the

P, =P;_; + AP; (25)

ei=W+1 (26)
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Figure 7. Comparison of the pressure loss predictions of eq 20
with Gardiner et al.’s'* enig = 6.5 flow data for two pipe diameters
and gauge pressure of 340 kPa. The slip velocity was determined
from the e-dependent scaling curve found in Figure 3.

process is repeated for the new variables, where ugjip
(&) is determined from either experimental data or the
slip models presented in the previous section. The final
pressure drop along the pipe length is found by the ratio
of eqs 27a and 27b, that is AP/L.

L= ZAxi AP = ZAPi (27a,b)

Prediction Results and Discussion

To test the predictive capability of eq 20, the experi-
mental conditions of Gardiner et al.1* are incorporated
into eq 20. In particular the ambient pipe pressure,
specific expansion ratio, pipe diameter, and volume
equalized power-law indices are used for each set of
predictions. As the specific expansion ratio and pressure
were only determined by Gardiner et al.l* at a single
point along the pipe length (x = L/2), the specific
expansion at the entrance of the pipe ¢ is not known.
Therefore when pressure losses are predicted for emig,
an initial guess was made for Py and €. The estimates
of Pg and ¢ are then adjusted until eq 20 produces P =
Po and € = ¢p at x = L/2. This iterative procedure is only
necessary so that model predictions can be compared
directly with available experimental data for this paper.
In practice Py and ¢ are starting conditions for eq 20,
chosen for the foam application of interest.

Figures 7 and 8 present the experimental results of
Gardiner et al.»* compared with the predictions of eq
20, for emig = 6.5 and 7.5 and pipe diameters of 6.95
and 15.8 mm at gauge pressures of 340 kPa. The slip
velocity used in eq 20 was obtained using the line of
best fit featured in Figure 3, which incorporates the
dependence of the slip velocity on e. It is seen that for
all cases the predictions agree with experimental points
to within 15%, and in some instances it is less than 5%.
The largest error occurs when there is the greatest
pressure drop, that is for the smallest pipe diameter D
= 6.95 mm. The pressure loss prediction is sensitive to
the slip velocity determination, which in turn is sensi-
tive to pressure changes. If the foam is pumped at very
high pressures and the pressure drop along the pipe is
relatively small, then the dependence on ¢ on the
integration of the left-hand side of eq 20 can be
neglected.
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Figure 8. Comparison of the pressure loss predictions of eq 20
with Gardiner et al.’s'* emig = 7.5 flow data for two pipe diameters
and gauge pressure of 340 kPa. The slip velocity was determined
by (a) the e-dependent scaling curve found in Figure 3, and (b)
the predictions of eq 15 with f = 1.

As seen earlier, eq 15 may be used to calculate a slip
coefficient, from which one can obtain a slip velocity
using eq 1. Figure 8 includes pressure loss predictions
obtained using a slip velocity determined from eqgs 15
(f=1) and 1. Pressure loss predictions, obtained using
this alternate method, agree with experiments to a
similar accuracy as the e-dependent evaluation, that is
~15%. Figure 8 also highlights the sensitivity of predic-
tions to the accuracy of the slip model.

The application of the above theory of foam flow is
restricted to conditions over which there is no significant
change in either the rheology of the foam and, possibly
of greater importance, no change in the form of the slip
layer. These restrictions would be favored by short pipe
lengths, high pressures, and where the stable lifetime
of the foam is much longer than the characteristic time
scale of the foam pipe transit time. If the foam drains
considerably within the pipe, it could be expected that
the slip layer may vary in thickness around the circum-
ference of the pipe and two phase flow will develop. An
asymmetry in the slip layer due to drainage could not
be observed in the systems of Enzendorfer et al.12 or
Gardiner et al.* due to the use of stainless steel pipes
because of elevated pressures in the experiments. For
Gardiner et al.’s'* system the foam drainage time is
much longer than the foam-pipe transit time, and so
no significant drainage should occur within the pipe
rheometer.

Finally from a practical perspective, the results of this
paper form the basis for the development of standard
calculations for designing pipe networks for the trans-
port of foams (e.g. developing foam-sprinkler fire sup-
pression systems). The calculations presented in this
paper apply only to straight pipe sections and require
foam viscosity and slip models which presently need to
be determined empirically. The flow behavior in bends
and T-sections is complex and has not yet been simu-
lated, but it is known from practice that foam may
undergo dramatic changes in its structure, including the
complete breakdown of the foam matrix and separation.?
Thus further research on foam flows through bends and
T-sections is required for the development of complete
algorithms for pressure drops in pipe networks.
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Conclusions

With the recent widespread use of aqueous foams,
there is a need for predicting the pressure losses
associated with the flow of foam through pipes at
elevated pressures. The method of volume equalization
allows a foam to be characterized by a single viscosity
model over a range of pipe pressures and expansions
once the properties of the foam have been established
at a single expansion and pressure. It has been found
that the following equation, based on the method of
volume equalization, allows the prediction of pressure
losses in flowing foam in pipes:

n+1 _n
- R_[M(ﬂg _ us.ip(@)] 0P [Fox

n

This equation requires a knowledge of the functional
dependence of the slip velocity on the specific expansion
ratio, since the bulk flow of foam and the foam slip at
the pipe wall are coupled. Wall slip plays a significant
role in the flow behavior of foams. Two models are
presented to predict slip velocities. The first of these is
suitable for low flow rates, where the rate of liquid
transport through Plateau borders to the pipe wall is
sufficient to allow complete formation of the slip layer.
The low-shear slip coefficient may be expressed as

3 296[Rz,’D(e + 6.7)*?
&mmp—am+anm—333

c

The second model of wall slip applies when the foam
flow rate is high and the formation of the slip layer is
restricted by the availability of liquid close to the pipe
wall. In this case, the slip coefficient is described by the
following equation:

_ ARD
ﬂc_ G/,tf

Using these expressions, good agreement is found
between the calculated and experimental results from
data sets available for comparison in the literature.

Acknowledgment

Discussions with Dr. Andrew Kraynik of Sandia
National Laboratories are acknowledged with gratitude.

Nomenclature

a = length of thin film in contact with pipe wall in 2D (m)

¢ = velocity of sound (m s™1)

D = pipe diameter (m)

E = expansion ratio, volume of foam/volume foam solution
at atmospheric conditions

f = fraction of pipe surface covered by thin films

k = power law constant (Pa s")

L = pipe length (m)

m., mg = liquid and gas mass flow rates respectively (kg
s71)

N = polytropic expansion exponent

n = power law index

P = pressure in the pipe (Pa)

Q = volumetric flow rate (m3 s™1)

R = pipe radius (m)

r = denotes pipe radial coordinate (m)

[(RO= average bubble radius (m)
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r. = radius of curvature of a Plateau border (m)

Usiip = slip velocity (m s™?)

Ve, VL = volume of gas- and liquid-phases, respectively (m?3)

v = foam velocity (m s™%)

x = denotes pipe axial coordinate (m)

B. = corrected slip coefficient (fluidity) (m2 Pa=1 s1)

Bee = corrected slip coefficient independent of specific
expansion ratio (m? Pa—! s71)

0 = thickness of liquid slip layer (m)

€ = specific expansion ratio at in situ conditions, p./p

emid = specific expansion ratio at midpoint of pipe, emiq ~ €

(7aw)True = apparent/Newtonian shear rate with the effects
of wall slip removed (s™%)

u = viscosity of foam solution (Pa s)

pL, p = density of foam solution and density of foam at in
situ conditions (kg m~3)

o = gas—liquid surface tension (N m1)

T = shear stress (Pa)

7y = yield stress (Pa)
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