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1. Spurt Loss.
2. Single-Phase mud-Filtrate Invasion Model.
3. Two-phase mud-Filtrate Invasion Model
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1. Convection-Diffusion
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INTRODUCTION

During drilling operation due to mud filtrate inva-
sion into the formation, a mud cake is formed on
well wall, and its thickness increases during drill-
ing. Mud cake thickness depends on both of wear
due to shear stress of drilling mud and deposition
of mud solid particles into the formation. More-
over, static filtration occurs when the drilling
mud is filtered into the formation without shear
force applied to the cake surface. Therefore, the
particles continuously precipitates in the forma-
tion’s wall, and the cake thickness increases con-
tinuously over time. In dynamic filtration, drilling
mud applied a shear stress on the cake surface.
Therefore, mud cake thickness increases until the
particle deposition rate and particle erosion rate
are be equal, after which cake thickness is fixed.

In both static and dynamic filtration, a mud fil-

Accepted: July/31/2019

trate invades into the formation.

Laboratory and analytical methods are avail-
able to determine the mud filtrate invasion ra-
dius in the formation. In laboratory methods, the
mud filtrate invasion depth in the formation is de-
termined by measuring the electrical resistance
of the formation [1, 2]. On the other hand, in
analytical methods, mud invasion model is used
to calculate filtrate concentration in the invaded
zone, single phase mud filtrate invasion models
[3] and two phase mud filtrate invasion models
[4]. Some experiments on water based mud to
study cake growth and mud filtrate invasion have
been conducted by Dewan and Chenevert [5].
Wu et al simulated the same theory numerically
and performed a sensitivity analysis on the cake
and rock properties to study filtrate invasion and

mud cake evolution time [6]. Empirical correla
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tion to investigate static and dynamic filtration
has been developed by Clark and Barbat [7].

In this study, the static and dynamic water based
drilling mud filtration into a linear system in
Darcy and non-Darcy flow condition is simulated.
Mud filtrate invasion in different scenarios such
as considering compressible mud cake and
penetration of solid particles into the formation
have also been investigated. Unlike previous
studies that have used laboratory methods, a
new analytical equation is used to incorporate
compressible mud cake in models. The
convection-diffusion equation is used to calculate
filtrate saturation distribution in the rock sample
for the different conditions mentioned above.

The mathematical model that used to simulate

the filtrate invasion in porous media is validated

with laboratory data available in the literature.

GOVERNING EQUATIONS

To predict mud cake thickness and filtrate
invasion depth in the formation, mass balance
equation which developed by Civan was used[8].
Then, the equations were improved to consider
cake compressibility. Finally, these equations
were coupled with fluid flow in porous media (the
Forchheimer’s equation) and the convection-
diffusion equation.

The cake thickness model in non-Darcy flow
condition by considering cake compressibility is

as follows:

_uf(x () LY, a2 ) LYo, , B (& pp.L z] ]
co. A[ K, +KJi\/[A( K. +K ] +4A2 (x((t)+L) KAQO"‘ VE 90
A e
N 2/;’; (x.(t)+L)
a p.(1-9,) (i=ece) Q)
Where, x_is cake thickness, tis time, C_  is solid 2 ¢
" oc :Da—c—ﬁa—c,wo,kx <L (2)

concentration in the mud, A is sample cross-sec-
tion area, W is fluid viscosity, K_is cake perme-
ability, L is sample length, K is core sample per-
meability, B is non-Darcy coefficient, p_is cake
density, q, is filtrate spurt loss, ¢_is cake poros-
ity, c is cake compressibility, and Ap is differential
pressure.

This first order differential equation was numeri-
cally solved by Runge—Kutta—Fehlberg method.
To calculate mud filtrate saturation in the in-
vaded zone, the convection-diffusion equation is

used (Equation 2):

o o’ 9(1-S,-S,) or

Where, C is filtrate concentration, D is diffusion
coefficient, u(t) is filtrate velocity in invaded
zone, ¢ is core sample porosity, S, 1s irreduc-
ible water saturation, and S__is residual oil satu-
ration. The above PDE with following initial and
boundary conditions has numerically solved by
backward time centered space method, as seen
in the following relations(Equations 3,4, and 5):

C(x,0)=0.,0<x <L (3)
c(0,0)=C, (4)
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a—C(L,t) =0

ox (5)
RESULTS AND DISCUSSION

Mud filtration into core sample in 30 minutes is
simulated by MATLAB software. Cake thickness
in two different scenario, compressible and
incompressible mud cake, in Darcian flow
condition shown in Figure 1. As shown in this
figure, after 30 minutes mud filtration, the cake
thickness in compressible condition is lower
than cake thickness in incompressible condition.
Moreover, according to Figure 2, it is obvious that
mud filtrate invasion depth in compressible cake
condition is greater than filtrate invasion depth

in incompressible cake condition.
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Figure 1: Cake thickness growth in compressible
and incompressible cake condition (Darcian
flow).
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Figure 2: Filtrate saturation distribution in core
sample in 30 minutes mud filtration (Darcian flow).

In static mud filtration into core sample, filtrate

saturation distribution is shown in Figure 3. It
is clear that filtrate velocity in Non-Darcy flow
is greater than filtrate velocity in Darcian flow
condition. Therefore, the filtrate invasion depth
in Non-Darcy flow is much greater than filtrate
invasion depth in Darcian flow. In Non-Darcian
flow condition, the entire core sample invaded
by mud filtrate. Filtrate saturation distribution
in Darcian and Non-Darcian flow condition in
dynamic filtration is shown in Figure 4. In Darcian
flow condition, about half of the core length is
invaded by mud filtrate. On the other hand, in
Non-Darcy flow condition, the entire sample is
invaded by mud filtrate. In Non-Darcy flow, the
flow turbulence has been much more than that
filtrate saturation in % of the core length reached

the maximum value.
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Figure 3: Filtrate saturation distribution in Dar-
cian and Non-Darcian flow conditions (Static fil-
tration).
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Figure 4: Filtrate saturation distribution in Dar-
cian and Non-Darcian flow conditions (Dynamic
filtration).

CONCLUSIONS

In this research, a mathematical model for
drilling mud invasion into formation in a linear
flow system is presented. To solving the partial
differential equation numerically, the time step
and grid length set to 0.01 seconds and 0.04 inch
respectively. Also the results shows that:

In 30 minutes static mud filtration in Darcy flow
in rock sample, cake thickness in incompressible
scenario is 0.002 mm greater than cake thickness
in compressible scenario.

Filtrate invasion radius in non-Darcy flow is
greater than invasion radius in Darcy flow.

In 30 minutes dynamic mud filtration, cake
thickness in Non-Darcy flow condition is about
0.004 mm greater than cake thickness in Darcy
flow condition.

In static and dynamic filtration at both Darcy and
Non-Darcy flow condition, filtration time and
invasion depth are not linearly independent.
Results and output data from dynamic filtration
scenario can be used to predict invasion depth
and cake thickness in drilling operation when

water based mud is used.
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