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Numerical Modelling of Cuttings Transport with Foam in Inclined Wells

0. Osunde and E. Kuru”

School of Mining and Petroleum Engineering, The University of Alberta, Canada

Abstract: In this study, a 1-D transient state mechanistic model of cuttings transport with foam in inclined wells has been
developed. The model is solved numerically to predict the optimum foam flow rate (liquid and gas rate) and rheological
properties that would maximize cuttings transport efficiency in inclined wells. A detailed sensitivity analysis of the effect
of gas and liquid flow rates, drilling rate, foam rheological properties, borehole geometry, wellbore inclination and the
rate of gas and liquid influx from the reservoir on the cutting transport efficiency was presented. The cuttings transport ef-
ficiency decreases with increase in well inclination from the vertical under the same flow condition. Cuttings are trans-
ported more efficiently at higher gas injection rates. The influx of gas from reservoir into the wellbore has a positive effect
on the cutting transport process whereas water influx has the reverse effect. The time required for achieving stabilized bot-
tomhole pressure increases with increasing drilling rate and with increasing inclination of the well from the vertical posi-
tion. The distribution of cuttings along the annulus is found to be not uniform, even under the steady state flow condition.
The highest concentration of cuttings is always at the bottom of the hole and the lowest is at the top.

INTRODUCTION

The term underbalanced drilling (UBD) refers to a drill-
ing operation in which the pressure of the drilling fluid is
designed to be lower than the pressure of the formation [1].
Underbalanced drilling is designed such that an underbal-
anced drilling condition is achieved throughout the entire
drilling and completion operation [2].

Field applications have proven that UBD techniques have
many advantages including minimized formation damage,
increased drilling rate, improved formation evaluation while
drilling, minimized lost circulation, reduced occurrence of
differential pipe and logging tools sticking, enhanced detec-
tion of all producing zones, and enhanced earlier production
from reservoir [3-11].

Based on the type of drilling fluids used, underbalanced
drilling operation can be classified into four categories [12].
Air/gas drilling, gasified liquid drilling, foam drilling and the
flow drilling, which involves using fluids with density below
the formation’s hydrostatic pressure gradient.

Foam as a drilling fluid is commonly used for underbal-
anced drilling because of its low variable density which
makes adjustment of foam density possible in order to keep
control of the circulating bottomhole pressure and its high
effective viscosity which gives a superior cuttings lifting and
transport ability. Apart from having a good lifting ability and
the ability to maintain an underbalanced drilling condition,
foam is also used to remove formation fluids that enter the
borehole while drilling and also serve as an insulating me-
dium if loss circulation is a problem. Applications of foam as
a drilling fluid in many drilling operations, and the results
from various field cases are well documented [13-24].
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In this paper, a transient mechanistic model is presented
for the prediction of foam drilling performance in inclined
wells. The new model considers foam rheological properties,
drag coefficient of cuttings in foam, formation fluid influx,
drillpipe eccentricity, inclination effect and drilling rate and
thereby provides an effective numerical solution method to
simulate the hydraulics of foam drilling in inclined wells.

BACKGROUND

Problems associated with inefficient cutting transport are;
reduction in penetration rate, wear of bit, pipe stuck, high
torque and drag and other hole problems [25-29]. The elimi-
nation or minimization of these problems associated with
ineffective cuttings transport requires proper understanding
of the cuttings transport mechanism.

Experimental studies have shown that well inclination
angle, borehole geometry, rotation of drill pipe, drill pipe
eccentricity, drilling rate, cuttings size, flow rate, fluid veloc-
ity, mud type, mud rheology and flow regime are some of
the most important parameters which control the cuttings
transport process [30-43]. Based on these experimental stud-
ies, empirical models were developed [44-49] and rules of
thumb for field practices were also suggested [50-52].
Mechanistic models of cuttings transport were also devel-
oped [53-62].

Cuttings Transport with Foam

Krug and Mitchell [63] developed charts for the determi-
nation of minimum volume of liquid and gas and the injec-
tion-pressure required for foam drilling operation.

Okpobiri and Ikoku [64] used an iterative approach to
develop a procedure for the determination of the minimum
velocity of foam to be injected and at what wellhead injec-
tion pressure this should be done to ensure effective cuttings
transport. In their study foam-cutting flow was assumed ho-
mogeneous and suggested that for effective cuttings trans-
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port, the fluid velocity at the bottom should be at least 10%
higher than the terminal velocity at the same depth.

Owayed [65] developed a 1-D steady state model similar
to that of Okpobiri and Ikoku [64], but unlike the latter he
accounted for reservoir influx (water) in his model.

Li [66] developed a 1-D transient model for cuttings
transport with foam in vertical and horizontal wells.

Guo et al. [67] developed an analytic model that can be
used to calculate bottomhole pressure when drilling with
foam in deviated wells. Their model was similar to that of
Okpobiri and Ikoku’s [64] model except for the fact that
solid friction factor of the cuttings was not taken into ac-
count. For this reason, the bottomhole pressure predicted by
Guo et al. approach was lower than that predicted by the
Okpobiri and Ikoku’s method.

In all these previous models, authors assumed homoge-
neous flow of cuttings and foam with exception of that de-
veloped by Li [66]. The assumption of no slip between cut-
tings and foam imply that the drag force is infinite which
results in over-estimation of the solid carrying capacity of
foam.

In this study, a transient 1-D mechanistic model is devel-
oped to study cuttings transport with foam in inclined wells.
The model considered the slippage between the cuttings and
foam. The model predictions were verified by using the ex-
perimental results from Tulsa University Drilling research
program. The model was used to demonstrate how different
factors would affect the cuttings transport efficiency with
foam. The following section explains the development of the
model used in this study.

MODEL DEVELOPMENT

In this study a two layer model is developed to investi-
gate the cuttings transport with foam in inclined well. The
upper layer is made of foam with suspended cuttings with a
low solid concentration and the lower layer a bed of solid
cuttings which is either stationary or moving. This approach
has been originally used for modeling of slurry transport in
pipes [68-70]. Several studies in petroleum drilling engineer-
ing on cuttings transport modeling have also used the two-
layer modeling approach [54-62].

Geometry of the Cuttings Transport Model

The two layer model is composed of an upper heteroge-
neous layer (Fig. 1) which is made of cuttings (the disperse
phase) suspended in foam (the continuous phase). Below this
layer is the cuttings bed layer which is made of particles that
are cubically packed with a particle concentration of 0.52.

The upper layer has a cross sectional area denoted by A,
and two wetted perimeters; the first one is along with the drill
pipe (arc GHF) and the second one is along with the wellbore
(arc CKD). The sum of these two wetted perimeters gives the
total wetted perimeter for the upper layer (Ss.w O St.w).

Similarly, the lower cuttings bed layer has a cross sec-
tional area of A; and two wetted perimeters; the first one is
along with the drill pipe (arc GIF ) and the second one is
along with the wellbore (arc CED), which sums up to give
the total wetted perimeter for the lower layer represented as
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Sg.w- The wetted perimeter between the upper and the lower
layers is represented by S; (length CG plus length FD).
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Fig. (1). Schematic view of two-Layer model for cuttings transport
with foam in inclined wells: (A) Side view (B) Cross-sectional
view.

Assumptions of the Cuttings Transport Model

The following assumptions are made for the development
of the foam drilling model in inclined wells:

(1) Foam is considered as a homogeneous non-
Newtonian fluid whose rheology can be represented
by a power law model.

(2)  The cuttings are assumed to be spherical with uniform
sizes, shape and velocity at any cross-sectional area
of the well.

(3)  The reservoir influx fluids commingle with the drill-
ing foam completely.

(@) Inflowing reservoir fluids accelerate to the mean
stream velocity instantaneously.

(5)  Slippage exists between the foam and cuttings.
Continuity and Momentum Equations

Equations (1), (2) and (3) are the continuity equations
representing conservation of mass for suspended solids,
foam and cuttings bed respectively.
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AS,, As, and As, represent the rates of change of mass of

suspended solids, foam and the cuttings bed per unit volume
of the wellbore due to the mass transfer between layers,

AS, ,As, and As can be determined by using Equation
(4), (5) and (6) respectively.

_psVDCsS + psVECbS

As, = A (4)
C
_?npf 'CSVDS +prECf1$
As, = —> A (5)
C 1
AS = (ps £, ]-CSVD%—plvE% ©)
b

Equations (7), (8) and (9) are conservation of momentum
equations for suspended solids, foam and cuttings bed re-
spectively.
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The foam flow rate in the upper layer would be affected
by fluid influx from the reservoir due to the underbalanced
drilling condition. The mass influx rate of water, oil and gas
from the reservoir per unit volume of the wellbore can be
determined using equations (10) to (12) respectively.
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A,

Pl is the specific productivity index; this is the volumet-
ric inflow rate of fluid from the reservoir into the wellbore
per unit pressure drop between the reservoir and the wellbore
per unit length. The total mass influx from the formation into
the wellbore is given by equation (13)

s =§,ts,*5s, (13)
Equations (7) and (8) can be added together to eliminate

the drag force between solids and the foam in the upper
layer.
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Under steady state flow condition, neglecting the accel-

eration term and material exchange terms (between layers)
equation (14) would reduce to
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As seen from equation (15), the steady state pressure
drop for the model in the upper layer consist of the two parts;
the hydrostatic pressure drop due to suspension, the fric-
tional pressure drop due to the suspension (foam and sus-
pended solids) and the relative motion between the upper
and the lower layer if a bed is formed. Other closure equa-
tions are presented in the Appendix A.

BOUNDARY CONDITIONS

The gas and liquid injection rates must be specified.
Drilling rate should also be specified so that the mass flow
rate of the cuttings in the annulus can be calculated. Finally,
back pressure specified at the exit of the pipe.
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INITIAL CONDITIONS

Stable foam flow condition is assumed to be achieved
before the drilling begins. The pressure and velocity distribu-
tion, and properties of foam are calculated and set as the ini-
tial condition of the flow model.

METHOD OF SOLUTION

In this paper, the Crowe’s [71] method for two phase
flow which is a modification of the numerical solution
scheme called SIMPLE developed by Patankar [72] for sin-
gle phase flow was employed with some modification to
facilitate the convergence of the numerical solution. This
technique was also used by Li [66] in the development of his
model for cuttings transport with foam in horizontal wells.

VERIFICATION OF THE MODEL

The model predictions were compared with the experi-
mental data collected from the LPAT flow loop facility at the
University of Tulsa by Capo [73]. The input data used for the
comparison study are given in Table 1.

The results of the comparison of model predictions with
experimental data are shown in Table 2. It was seen that nu-
merical method under predicted the pressure drop observed
during cuttings transport experiments conducted in 45° incli-
nation well. The difference between measured and calculated
pressure value varied between 4.6 to 21.6%.

Table 1. Input Data used for Model Verification Study

Length of inclined wells(ft) 90
Diameter of hole(in) 8.0
Outer diameter of pipe(in) 45

Cutting size (cm) 2311

Density of cuttings(g/cm®) 2,613

Back pressure(psi) 147

Nozzle diameter (in) 28/32
Inclination of well(degree) 45

SENSITIVITY ANALYSES OF THE FACTORS
AFFECTING CUTTINGS TRANSPORT

The sensitivity analyses were conducted to show effects
of gas and liquid injection rates, drilling rate, reservoir influx
and inclination on the bottomhole pressure and cuttings con-
centration profile. The base data used for the simulation are
shown in Table 3.
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Effect of Gas Injection Rate on Bottomhole Pressure and
Cuttings Concentration

Figs. (2,3) illustrate the effect of gas injection rate on the
cuttings concentration and bottomhole pressure respectively.
The gas injection rate has significant effect on the cuttings
transport process. Fig. (2) shows that increasing the gas in-
jection rate results to a better cutting transport reflected by
reduction in the average cuttings concentration in the annu-
lus. Increased gas flow rate increases foam quality, which in
turn increases the effective viscosity of the foam and the
cuttings lifting capacity of the foam. The effect of gas injec-
tion rate is more pronounced at lower gas injection rates.

As shown in Fig. (3), the bottomhole pressure decreases
as gas injection rate increases. This is because increasing the
gas rate reduces the density of foam which in turn decreases
the hydrostatic pressure hence reducing the bottomhole pres-
sure.

The reduction in bottomhole pressure can also be ex-
plained in terms of reduction in average cuttings concentra-
tion in the annulus with increase in the gas injection rate.
The hydrostatic pressure has significant effect on the bot-
tomhole pressure when the foam flow rate is not too high.

Effect of Liquid Injection Rate on Bottomhole Pressure
and Cuttings Concentration

The effect of liquid injection rate on average cuttings
concentration and bottomhole pressure is also illustrated by
Figs. (2,3). As shown in Fig. (2), liquid injection rate has
little influence on the cuttings concentration compared to the
effect of gas injection rate. Results also indicate that at very
low or very high gas injection rate, the effect of increase in
liquid rate has negligible effect on the cuttings concentration.
Increasing liquid injection rates increases the bottomhole
pressure but reduces the foam quality which reduces the ef-
fective viscosity and therefore, lifting and transport ability of
foam is reduced. Fig. (3) shows that the bottomhole pressure
increases with the increasing liquid injection rate. As the
liquid injection rates reduces the foam quality (increase in
foam density) which in turns increases the hydrostatic pres-
sure. This increase in bottomhole pressure can also be ex-
plained in terms of increase in cuttings accumulation associ-
ated with increase in the liquid injection rate which increases
the foam-cuttings density in the annulus.

Effect of Drilling rate on Bottomhole Pressure and Cut-
tings Concentration

Figs. (4,5) illustrate the effect of drilling rate on the cut-
tings concentration and bottomhole pressure respectively.

Table2. Comparison of Model Predictions with Experimental Results
Test Qair scfm Qlig gpm ROP ft/hr AP (Exp.) psia AP (Model) psia % Error
1 60 108 59.9 26.85 25.6 4.65
2 80 120 325 30.99 26.1 15.8
3 35 96 27.7 22.44 27.3 21.6
4 135 64 86.6 32.70 28.0 14.4
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For fixed gas and liquid injection rates, bottomhole pressures
increases with increasing drilling rate. This effect is attrib-
uted to increase in the average cutting concentration in the
annulus with increasing drilling rate as shown in Fig. (5).

Table 3. Base Data Used for Simulation of Foam Drilling in

Inclined Wells

Back Pressure 40 psia
Reservoir Pressure 500 psia
Time Increment 60 sec
Number of Control volume 30
Length of inclined well 400ft
Hole Diameter 8.5in
Drill Pipe OD 45in
Drill Pipe ID 3.826in
Eccentricity 1.0
Cutting Size 0.5in
Cutting specific gravity 2.7
Bit nozzle size (3 nozzles) 28/32 in
Surface temperature 60 °F
Geothermal gradient 1.5 °F/100 ft
Foam Air + water
Drilling rate 60 ft/hr
Gas injection rate 40scfm
Liquid Injection rate 40gpm
Gas specific PI 0 scfm/ft/psia
Water specific Pl 0 gpm/ft/psia
Oil specific Pl 0 gpm/ft/psia
Inclination 30 deg
Thickness of reservoir 100 ft
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Fig. (2). Average cuttings concentration variation with gas and
liquid injection rate.
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Fig. (4). Average cuttings concentration variation with drilling rate.

The effect of drilling rate on the cuttings concentration is
more pronounced at lower gas rates. The increase in cuttings
concentration in the annulus with increase in drilling rate is
responsible for the increase in the bottomhole pressure as
shown in Fig. (5).

Effect of Inclination on Bottomhole Pressure and Cut-
tings Concentration

Figs. (6-8) illustrate the effect of well inclination on the
cuttings concentration and the bottomhole pressure in the
annulus. The cuttings concentration increases as inclination
angle of the well from the vertical increases for fixed gas and
liquid injection rates (Fig. 6).

Fig. (8) indicates that to keep the cuttings concentration
in the annulus constant (at 2%) more gas needs to be injected
as the inclination from the vertical increases.

Fig. (9) shows the distribution of cuttings along the well
at steady state flow condition for different angle of inclina-
tions. For all angles of inclinations, the highest cuttings con-
centration was always observed at the bottom and the lowest
cuttings concentration was always at the top of the well.
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Fig. (7) depicts that an increase in the bottomhole pres-
sure with increase in well inclination.
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Fig. (9). Cuttings concentration profile variation with inclination.

Also shown by Fig. (9) is the increase in the cuttings
concentration at a particular sectional length of the wellbore
with increase in the inclination angle. The effect of inclina-
tion on both bottomhole pressure and average cutting con-
centration in the annulus is more pronounced at lower gas
injection rates.

Effect of Water Influx on Bottomhole Pressures and Cut-
tings Concentrations

Increase in water influx increases the cuttings concentra-
tion along the wellbore for a fixed gas and liquid injection
rate as depicted by Fig. (10).
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Fig. (10). Cuttings concentration profile variation with water influx

from reservoir.
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This foam quality is reduced due to water influx from
formation into the wellbore, which in turns reduces the effec-
tive viscosity of foam and therefore lifting capacity of the
foam is decreased. Fig. (11) shows the effect water influx on
the pressure across the length of the wellbore at steady flow
condition.

Results indicate that an increase in water influx from the
reservoir increases pressure along the wellbore. This increase
in pressure along the well is attributed to increase in the
foam density due to water influx from the reservoir and the
increase in the cuttings concentration associated with the
influx.
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Fig. (11). Pressure profile variation with water influx from reser-
Voir.

Effect of Gas Influx on Bottomhole Pressure and Cut-
tings Concentration

Figs. (12,13) illustrate the effect of reservoir gas influx
on the cuttings concentration and pressure profile along the
length of the well respectively. The influx of gas into the
wellbore has a positive effect on the cuttings transport proc-
ess reducing cuttings concentration as shown in Fig. (12).
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Fig. (12). Cutting concentration variation with gas influx from the
reservoir.

The influx of gas increases the effective viscosity of
foam, which enhances the cuttings lifting and transport abil-
ity of foam. From Fig. (13), it is seen that increase in gas
influx reduces bottomhole pressure. This is because the in-
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flux of gas into the wellbore increases the foam quality
which in turns reduces the density of foam. The decrease in
the cuttings concentration resulting from increase in the gas
influx reduces the bottomhole pressure.
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Fig. (13). Pressure profile variation with gas influx from reservoir.

Transient Bottom Hole Pressure and Cuttings Concen-
tration

Fig. (14) shows changes in bottomhole pressure with
time as drilling progresses for different drilling rate at 60
degree inclination. Results indicate that the higher the drill-
ing rate, the longer the drilling time require for stabilization
of the bottomhole pressure.
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Fig. (14). Transient bottomhole pressure at different drilling rate.

Fig. (15) illustrates the changes in the average cuttings
concentration in the annulus with time. The trend in Fig. (15)
is very similar to that in Fig. (14). This similarity in trend
indicates that change in the bottomhole pressure as a func-
tion of time is directly proportional to change in the average
cuttings concentration as a function of time irrespective of
the inclination angle.

Figs. (16,17) further illustrate variation of cutting con-
centration and bottomhole pressures with time for different
inclination angles. For a fixed drilling rate, the time required
for the cuttings concentration to stabilize increases with the
increasing inclination angle (Fig. 16). The change in bottom
hole pressure is directly related to the change in average cut-
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tings concentration irrespective of the inclination of the well.
Therefore, the time required for bottomhole pressure to sta-
bilize also increases with increasing inclination angle (Fig.
17).

.
o

9
< 8
s 7
s
£ 6
[0
2 54
[e]
o 47
g .1/ ——80 ftfhr|__|
3 ( —=—60 ft/hr
21 — —40 fthr| |
1
0 ; ; ‘ ‘ ‘
0 50 100 150 200 250 300
Time (min)

Fig. (15). Transient average cuttings concentration at different drill-
ing rate.

Fig. (18) illustrates the distribution of cuttings along the well
at different times for a fixed drilling rate. Results indicate
that cuttings are not uniformly distributed even after stabili-
zation (in this figure, steady state flow was achieved after
about 50 minutes) and that maximum cuttings concentration
occurs at the bottom of the hole.
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Fig. (16). Transient average cuttings concentration at different in-
clination.
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Fig. (17). Transient bottomhole pressure at different inclination.

Fig. (18). Cuttings concentration profile along wellbore.
CONCLUSIONS

A 1-D transient state mechanistic model of cuttings
transport with foam in inclined wells has been developed.
The model is solved numerically to predict the optimum
foam flow rate (liquid and gas rate) and rheological proper-
ties that would maximize cuttings transport efficiency in
inclined well.

The model developed in this paper was verified using
experimental results obtained by Capo [73]. The new model
predictions were lower than the measured pressure values by
about 4 to 21%.

The gas injection rate has a significant effect on the cut-
tings transport process, with effect more pronounced at
lower gas injection rates. The liquid injection rate has little
effect on the cuttings transport process with negligible effect
at very low or very high gas injection rate.

The well inclination is a major factor in cuttings transport
in inclined wells. The cuttings transport efficiency decreases
with increase in well inclination from the vertical under the
same flow condition.

The influx of gas into the wellbore enhances the cutting
transport efficiency whereas water influx reduces the cut-
tings transport efficiency. The effect of gas influx is more
pronounced at the low gas injection rate region because of
the increase in foam quality. The effect of water influx is
more significant at high gas injection rates where it causes a
reduction in the quality of the foam.

The concentration of cuttings in the wellbore increases
with drilling rate. The average concentration of cuttings in
the annulus and the bottomhole pressure does not stabilize as
soon as the drilling begins. The time required for achieving
stabilized bottomhole pressure increases with increasing
drilling rate and with increasing inclination of the well from
the vertical position.

Even when the steady state flow condition is achieved,
the distribution of cuttings along the annulus is not uniform.
The highest concentration of the cuttings is always at the
bottom of the hole and the lowest is at the top.
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NOMENCLATURE

A = Cross-sectional area, ft*

C = Volumetric concentration, dimensionless

Cu = Foam concentration in lower layer,

= dimensionless

Ca = Solid concentration in lower layer,
dimensionless

CBHP = Circulating bottom hole pressure (psia)

Dy = Hydraulic diameter, ft

f = Friction factor

g = Acceleration of gravity, ft/sec?

Oc = Newton’s law conversion factor, ft-lbm/Ibf-

sec?

K = Consistency index, Ibf-sec"/ft?

m = Mass flow rate, Ibm/sec

n = Flow behavior index

Ngre(n, k) = Modified Reynolds number for laminar flow in
annulus, dimensionless

p = pressure in wellbore, psia

Pl = Specific productivity index, ft*/(psi.sec)

APy = Parasitic pressure loss, psia

APy = Pressure drop across the bit, psia

q = Flow rate, ft*/sec

Q = Flow rate, ft*/sec

Re = Reynolds number, dimensionless

ROP = Rate of Penetration, ft/hr

St = Source term of foam, Ibm/(sec-ft)

S = length, ft

AS = Length of control volume, ft

u = Velocity, ft/sec

Ut = terminal settling velocity of solids, ft/sec

\Y = Volume, ft®

Vp = Depositional velocity, ft/sec.

Ve = Entrainment velocity, ft/sec.

Z = Compressibility factor

By = Coefficient accounting for drag force,
Ibm/(sec-ft3)

0 = Well inclination from the vertical, degree

@ = Cutting angle of repose, degree
r = Foam quality, dimensionless
P = Density, Ibm/ft®
Subscripts
1,B = Bed/lower layer
2 = Upper layer
an = Wellbore annulus
b = Condition at the choke
B-i = Interface between bed and upper layer
bh = Bottomhole
dp = Drill pipe
f = Foam
f-w = Foam-wellbore interface
= Gas
= Hole
i = Interface between the upper and lower layer
| = Number of computational cell
In = Injection
| = Liquid phase
nozz = Bitnozzle
N = Last control cell
p = Particle
re = Reservoir
S = Solids
sc = Surface condition.
t = Total
w = Wellbore

APPENDIX - A: OTHER CLOSURE EQUATIONS
Foam Quality and Density (Equation of State)

In this study, foam is considered as a dispersion of gas in
liquid in which gas forms a large portion of the mixture. The
foam quality (I") has a value ranging from 0 to 1 depending
on the amount of gas in the foam. The expression for the
foam quality is given by:

Y/

r=_-¢ A-1
V, +V,

The presence of gas component in foam makes it quality
to change with temperature and pressure. The real gas law
can be used to determine the gas volume ratio at different
temperature and pressure. With the volume of gas in the
foam at condition 1 known, the volume of gas in the foam at
another condition of temperature and pressure can be ob-
tained using;
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( ZZ P:LTZ J A'2

V,, =V,
” ZPRT

gl

The volume of foam at another condition of temperature
and pressure can be obtained using;

v, :\/1((1—r1)+ ZAT, rlj A-3
le2T1

The gas density at the new condition can be obtained by
using:

ZIPZTl
= A-4
pg2 pgl(ZZPlTZ]

The foam quality at the new condition can be calculated
by combining equation (A-1) and (A-2) to obtain:

-1
r,=|1+ 1-T, | 4RT A5
1—‘1 ZZP:LT2

The Z-factor (gas deviation factor) in the equations above is
obtained using Yarborough and Hall method [74].

Foam Density

The change in the volume of the gas phase of foam with
change in temperature and pressure will cause the density of
the foam to change. For foam flow, it is assumed that the
liquid volume does not change with temperature and pres-
sure i.e. the volume of the liquid phase is constant. For a
particular pressure and temperature condition, foam is
treated as a homogenous fluid and the density can be calcu-
lated by using:

p; =Ipy + (1_ F) PL A-6

To obtain the density of foam at different temperature and
pressure, equations (A-3), (A-4) and (A-5) are combined:
pflzIPZTI

= A-7
Zl P2T1 (1 - rl) + Zz PlTZFI

Pi2

Foam Rheology

Studies have shown that foams can be treated as pseudo-
plastic (power law) fluids [75-79], as Bingham plastic fluids
[80-82] and even as yield-pseudoplastic fluids [83-84]. Oz-
bayoglu et al. [85] carried out a comparative study of the
foam hydraulic models. They suggested that foams can be
modeled as a power law fluid when the foam quality is 70-
80% and as a Bingham plastic fluid when the foam quality is
90%.

In this study, foam is characterized by the power law
model. A generalized power law rheological behavior is de-
fined by Equation (A-8).

7=K (%j A-8

dr
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Foam Viscosity

Li [66] based on Sanghani and Ikoku [78] experimental
results developed correlations for the determination of n and
K through regression analysis. He found that two different
correlations exist for two different range of foam quality.
When the foam quality is less or equal to 0.915, n and K are
linear function of the quality but above a quality of 0.915,
exponential relationship exists between n and k and foam
quality. The equations developed by Li [66] are as follows:

For I"'<0.915

K =0.0074e**%" A-9

n=1.2085e " A-10
For 0.98 >T >0.915

K =-2.1474T + 2.1569 A-11

n=25742T" — 2.1649 A-12

These correlations developed by Li [66] were used in this
study.

Drag Coefficient for Foam

The drag coefficient Cp in equations (7) and (8) is re-
quired for the calculation of the drag force. The determina-
tion of this coefficient for Newtonian fluids has been a sub-
ject of numerous investigations in the past [86-88]. Several
drag coefficient models for non-Newtonian fluids have also
been proposed [89-95]. Chhabra [96] carried out a detailed
comparison of the different correlations developed by the
different authors for power law fluids and found out that
correlations by Acharya et al. [93] and Matijasic and Glas-
novic [95] gave the best result followed by that of Darby
[94]. For the model developed in this paper, the following
expressions for drag coefficient were used.

C, = (;—i)(—l.ZGn +2.3)+0.653 A-13
0.01< Re, <700
C, = 24 X(n) . F1F Al4
Re, Re,™
700< Re, <1000
where x = 3t5@¢-n [M] F, =10.5n-3.5
n(n+2)2n+1) )  =0.32n+0.13
30.0 67.289
CD = Rep + 95.03 A-15
Re, > 1000

For all the cases above, the particle Reynolds’s number is
obtained by using the expression,

) 81—npf|uf _USZ—nd:
p n
Kf((3n+1)j
4n

Re A-16
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Equations (A-13), (A-14) and (A-15) are the Matijasic
and Glasnovic [95], Acharya et al. [93] and Chien models
[97], respectively for the determination of drag coefficient
for power law fluid.

Friction Factor

The terms fs frand f; in equations (7), (8) and (9) are the
solid, foam and cuttings bed frictional force respectively.
Different empirical correlations have been developed for the
determination of the solid friction factor [98-101]. In this
paper, the correlation developed by Cape and Nakamura [99]
(equation (A-17)) which gave the highest solid frictional
pressure drop was used.

_0.206

s T 122
uS

f A-17

The friction factor for the flow of power law fluid
through pipes and the annulus depends on the flow regime.
For turbulent flow of power law fluid through pipes and an-
nulus, the Dodge and Metzner expression for fanning friction
factor is used [102].

1 _40 s\ 0.395
~ o7 Iog(Ref -ffl /2)_

f_ - n1.2 ------------- A-18
f

where Res is the generalized Reynolds number for power law
fluid modified for foam calculated using equation (A-19).

81—npf u?—ndn
((Sn + 1))n A-19
Kf
4n

For laminar flow of power law fluid through the pipe, the
fanning friction factor is obtained using

Re; =

(04

S

fi=—— .
f (Ref )ﬁs A-20

where o, =16and B, = 1.

Frederickson and Bird [103-104] have shown that the
friction factor for the laminar flow of power law fluids in
annuli could be written as follows:

f = 16 = A-21
N Re(n,rc)
In which the modified Reynolds number NRe(nE) is
defined as:
N 2n
(2R2) u //
N r(nx)= K—Q oo A-22

- L2 =}
( . ) (1+E)

where
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K= %2 A-23

)(2n+1%

i n‘P(l—E

Q,= A-24

2n+1

Values of ¥ was tabulated as a function of n and & in
Table-111 of reference 103. For convenience, values given in
Table —111 were curve fitted and could be represented by the
following two parametric equations:

When 0.3<x <1.0

¥(s,x) = (0.0011s%-0.0217s + 0.4972)k -0.0009s° +
0.0178s + 0.5023 A-25

When k <0.3

¥ (s, k )=(0.07155*+1.02415+0.4402) i >+(0.03615°-
0.5412s + 0.2972) k -0.0052s> +0.0851s + 0. 5237

where s = 1/n

--A-26

Note that the values of the function ¥ (s,x ) can be cal-
culated by using equations (A-25) and (A-26) within less
than 3% error margin of Frederickson and Bird solution
[104].

For the turbulent flow of power law fluid through the
annulus, the Reynolds number used for the calculation of the
friction factor is the same as that used for turbulent flow of
power law fluid through pipes.

The friction factor for the moving cuttings bed is calcu-
lated by using equations (A-27) to (A-29)

. _ 16
W T Toa A-27
" (Rey)
2-nqn
_ PpgUs d
Re, = 88”‘?K'1 A-28

C 2 16.6Cy
K_ =K_|1+25C4 +1005C +000273¢  SL | - A-29
B f

Friction Force between Cuttings Bed and Wellbore

The symbol F; in equation (9) is the frictional force
which results due to contact of the cuttings bed with the wall
of the wellbore. For stationary bed, the static frictional force
on the bed balances the driving forces acting on it. Increas-
ing the driving force on the bed would increase the dry fric-
tional force until it reaches a certain maximum value. At this
point, a further increase in the drive force will cause the bed
to slide. This maximum frictional force acting at the point of
sliding is given by:

F =uR A-30
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where [ is the dry friction coefficient and R is the sum of

normal forces exerted by the solid particles on the wall of the
pipe. The normal force “R” is composed of two components:

1. The first component (R,) is that due to the submerged
weight of the solid particle. R; is calculated using the
equation (A-31).

R = pAOAS A-31

2. The second component is due to the transmission of
stress from the interface through the cuttings in the
bed. This component represented by R, is sometimes
referred to as the Bagnold stresses. Bagnold [105-
106] showed that when fluid flows over a moving
bed, a normal stress exist at the interface which is as-
sociated with the shear stress exerted by the fluid on
the bed. The Bagnold stress for a cutting bed is calcu-
lated using equation (A-32).

R, = % As A-32

Combining equations (A-30), (A-31) and (A-32) gives:

. (S
E = Sn@+ —)As . -
1 = u(pAQ — ¢) A-33

where ¢ is angle of internal friction with value of tan¢

ranging from 0.35 to 0.75 depending on the type of flow and
the particle characteristics; u is the dry coefficient of fric-

tion when a moving bed is considered.

Tomren et al. [30] indicated that the coefficient of static
friction is about 0.6, since cuttings slide down the wellbore
under no flow condition when the wellbore makes an angle

of about 60° with the horizontal. A close approximation for
the value of the coefficient of static friction is the tangent of
the angle the wellbore makes with the horizontal at which
the cutting bed will just begin to slide under no flow condi-
tion. This is approximately equal to the tangent of the cut-
tings angle of repose.

Gavignet and Sobey [53] showed that for a sliding bed,
the sliding coefficient of friction is less than half the coeffi-
cient of static friction of the cuttings studied by Tomren et
al. [30]. Gavignet and Sobey [53] suggested a sliding friction
factor of 0.2. Ozbayoglu [60] also presented empirical corre-
lation for the determination of this coefficient expressed as a

function of A, /A, given by:

0.252
= o.m{ﬁj A-34
A,

For stationary beds, equation (A-34) cannot be used to
directly calculate the static dry friction force as this applies
to a bed at the verge of motion. The static dry frictional force
for a stationary bed is calculated from the momentum equa-
tion for the bed. The friction force calculated should be less

Osunde and Kuru

than maximum dry friction obtained using equation (A-34)
(Wilson [107]). A stationary bed would be at the verge of
moving if the calculated frictional force from the momentum
equation is equal to that obtained from equation (A-34).

Re-suspension and Deposition Velocity

The velocities Ve and Vp in equations (1) to (3) and (7)
to (9) are the entrainment and depositional velocity due to re-
suspension and deposition of materials from one layer to the
other. The re-suspension process has been investigated by
many researchers. Gadala—Maria [108] was the first to show
re-suspension can occur at small values of Reynolds number
for which inertia effects are insignificant and flow is laminar.
Leighton and Acrivos [109] also investigated the re-
suspension process and explain it in terms of shear-induced
diffusion process, in which the diffusivity resulted from in-
ter-particle interaction within a suspension as it is sheared.

Doan et al. [62] assumed that deposition and entrainment
rates determine the volumetric transfer rate across the inter-
facial boundary aligned in the direction perpendicular to bulk
flow. The depositional rate was expressed as a function of
hindered terminal velocity of a single particle. The force

balance on a single particle was used to determine an expres-
sion needed for the determination of the hindered terminal
velocity in inclined wells. They did not consider the inclina-
tion effect in the determination of force associated with this
process which, however, was included in the model de-
scribed in this paper.

Doron et al. [68] suggested the use of the following equa-
tions for the determination of depositional rate. The equation
takes into consideration the concentration effects on the hin-
dered terminal velocity.

Vo =V, (1-C)" A-35

v, is the terminal settling velocity obtained by using:

v = |39 Ps— P -
P 3G, P+

m=4.45 Rep—O-l RE,<500 A-37

m=2.39 RE, >500 A-38

RE, is the Reynolds number based on V the hindered
terminal velocity depositional rate.

1-n Zn g
- 8 pf(VD) ds
p n
3n+1
(=)
4n
Doron et al. [68] expressed the entrainment rate as a

function of the interfacial shear velocity. They calculated the
interfacial shear velocity using equation (A-40).

Re
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Doan et al. [62] assumed a linear relationship between
the entrainment velocity and the difference between the in-

terfacial velocity (U,, ) and a critical threshold velocity (ul*2

), given by equation (A-41). The slope m" was obtained
from simulation study.

Ve =m"(U, —Uy,) u, >uj, A-41

Ve =0 u, <u, A-42

When the interfacial shear velocity is below a certain
critical level as shown by equation (A-42) there would be no
re-entrainment of deposited cuttings into the flowing suspen-
sion layer.

Foam-Cutting flow in Drilling Annulus

The numerical solutions of equations (1) to (3) and (7) to
(9) which describe the cuttings transport mechanism in the
annulus are needed in order to determine the flowing bot-
tomhole pressure and the cuttings concentration along the
well. For foam-cuttings transport under steady state flow
condition, the total pressure drop across the annulus can be
calculated by using the equation (A-43).

AP, = ASZ(CSpS +C,p, ) gCosh +

1Cf ffpfufi*-icsfspsusi-'-
2 A 2 A,

|

Asz %Cf f.p, (uf - ul)2

Pl

+%CS f.Ps (uS - ul)2

The total pressure drop across the annulus as shown by
the equation (A-43) can be obtained by dividing the annulus
into sections and summing up the pressure drops in all the
sections. The circulating bottom-hole pressure is the sum of
the total pressure drop across the annulus and the back pres-
sure applied at the surface.

CBHP = AP, +P, A-44

Foam Flow Across the Bit Nozzle

The determination of the pressure drop across the bit
needs modification of the momentum equation for the sus-
pended foam. Due to the fact that high pressure foam flows
through the bit nozzles, the frictional, gravitational and mass
transfer terms can be neglected in comparison to the accel-
eration term in equation (8).

M =-C, P A-45
ds ds

The finite difference equation for foam flow through the
bit nozzle is given by equation (A-46).
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Poon = Pana + (pfuf? )nozz - (pfuf?)

dP,N
Foam Flow in Drill Pipes

The flow of foam in a drill pipe is considered a steady
state flow of single-phase compressible fluid in a pipe. The
equation describing foam flow in pipe can be obtained by
modifying equation (8). The modification made includes: the
suspension is considered to be made of foam only, the con-
centration of foam is one, the flow is downwards, and fi-
nally, the area open to flow is the entire cross-sectional of
the pipe. For pipe flow, the drag force and material transfer
in equation (8) are not considered.

a(pfuf) _ ap

2f p,u?
=X 4 5.0CosH - =
0s as  Prd Dy

The finite difference formulation of equation (A-47) is:

2 o] ) a0

D, is the diameter of the pipe open to flow. An iterative
calculation procedure is required to solve equation (A-48).
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