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An new simple method of unsteady
cuttings transport calculation during

long inclined section drilling

Xiaole Guo2, 4, Boyi Xia3, Chengwei Qi2,
Wenyin Li2

Abstract. The cuttings transport has an important influence on the calculation of hole
cleaning and annular pressure loss during drilling or washing long highly-deviated well section.
There are some theoretical models to simulate the dynamic process, but they are complex and
hard to solve. Through analyzing the mechanism of cuttings transport and simplifying the dynamic
three-layers cuttings transport model established early, a simple model used to calculate cuttings
transport velocity was made and more importantly a new method using a mathematic function
to describe the front edge of cuttings bed was proposed, combining these dynamic cuttings bed
transport can be calculated simply, which makes real-time hole cleaning monitoring easier. The
calculation results show that it takes a long time to spread the cuttings bed all over the annular or
wash off all the cuttings bed in the annular, which makes a big error when a steady model is used
to describe this process. Compared with the theoretical model, this method is convenient, fast and
simple for fields application.
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1. Introduction

The extended-reach well (ERW) is essentially a directional well with longer hor-
izontal displacement. Thus, the directional well research results are often used to
design the drilling hydraulics of ERWs. When the highly deviated and horizontal
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well section are not too long, the error is acceptable. But when it comes to the
ERWs with high ratio of horizontal displacement to vertical displacement, a serious
error will occur. The reasons are as follows, firstly, the highly deviated and hori-
zontal well section of ERW is often 3000 to 5000 meters long, when drilling in this
section, the leak pressure remains almost unchanged, while the downhole pressure
increases gradually with the increase of annulus pressure lost. As a result, the safe
mud density window becomes smaller and drilling accidents is easy to occur. To
avoid these accidents, the annular pressure lost must be calculated and forecasted
accurately and controlled precisely enough. Secondly, studies have shown that, in
highly deviated and horizontal well section drilling cuttings are easy to deposit and
form a cuttings bed, which has a great influence on annular pressure loss. There-
fore, the cuttings bed height and distribution in annular must be calculated firstly
to estimate the downhole pressure precisely.

The cuttings bed formation process is shown in Figure 1. Considering the influ-
ence of some drilling operations, the cuttings bed distribution changes in real time.
Doron et al. [1], Nguyen et al. [2], Hyun et al. [3], Guo et al. [4] and Duan et al. [5]
had established some steady-state models of cuttings transport, but all of them can
only calculate the unchanging height of cuttings bed at the end of formation when
the annular flow comes to stable at time of Tn, and can’t calculate the cuttings bed
distribution changes in the whole process. If cuttings bed distribution is unknown,
the annulus pressure drop can’t be calculated precisely also. In the same way, re-
moving all the cuttings bed also needs a long time from the borehole. The steady
models cannot describe this process apparently and meet the requirement of hole
cleaning design and hydraulics calculation. Thus, Martins et al. [6] firstly proposed
a dynamic cuttings transport model in 1999, and Shigemi et al. [7], Suzana et al. [8],
Guo et al. [9] and Cayeux et al. [10] presented similar dynamic models in the past
years. Most of them consist of a series of nonlinear equations, which is difficult and
time-consuming to solve, thus it is not easy for real time calculation in fields appli-
cation. Therefore, a new simply method to calculating cuttings dynamic transport
is proposed by simplifying the three-layer cuttings transport unsteady model estab-
lished by the author and analyzing the cuttings transport mechanism. This method
will make drilling hydraulics design and real-time cuttings bed height calculation
easier in the long and highly deviated sections drilling of ERWs.

Fig. 1. Cuttings bed formation process in highly deviated well section
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2. Model building

2.1. Cuttings bed height dynamic distribution change calcu-
lation

Assuming that the cuttings transport process is in accordance with which is
shown in Figure 1. Based on cuttings transport rule, at some moment, the cuttings
generated from bottom hole will formed a cuttings bed along the annular, which
can be divided into two parts according to the bed height. The first part close
to bottom, with a certain length, has a fixed height equal to the value calculated
by steady model. The second part has a varied height from steady height to zero
away from bottom. The process of well washing is the opposite. The length of
first part lies on the transport velocity of cuttings bed. The front edge of cuttings
bed in second part can be expressed by some simple mathematical function, like
exponential function here.

Drilling:

Hcx = Hc exp

[
1− (MD − x)

Lc

]
. (1)

Washing:

Hcx = Hc

{
1− exp

[
1− (MD − x)

Lc

]}
, (2)

Lc = tUc , (3)

where Hc is relative annular cuttings bed height to hole diameter, %; MD is the well
measured depth, m; x is the distance from the well head, equal to MD at the bottom;
Hcx is the relative cuttings bed height at position x; Lc is length of cuttings bed
which has a steady or final height of Hc on the moment, m; t is drilling or washing
time, s; Uc is the transport velocity of cuttings bed, m/s.

Thus, to calculate the gradually changing cuttings bed distribution, we need
some other models, one is for steady height of calculation cuttings bed, one is for
cuttings bed dynamic transport velocity calculation and the other is for calculation
of annular pressure loss with cuttings bed if we want to know the downhole pressure
in real-time, which are described respectively in the following.

2.2. Calculation model of steady cuttings bed height

Under certain conditions, the highest cuttings bed formed in annular space, is
called the steady cuttings bed. The steady or final cuttings bed height is the basis
of cuttings bed dynamic transport velocity calculation. Many researches have been
made for the calculation of steady cuttings bed height, including two layers models,
three layers models, theoretical models, regression models, etc. As known, the rota-
tion of drill string has a great influence on cuttings bed height, but it will make the
model more complicated to solve. As a result, most of theoretical models are lack
of consideration of the effect of drill pipe rotation. Thus a regression model [11] is
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selected to use here.

Hc = 4ρ−2.477
f ρ2s(dw − dpo)

(0.282−0.383e)(dw + dpo)
−0.276{1.45

− 50[Ev − 0.6Ua(dw − dpo)]}2d0.582b ROP 0.276 cos(0.5π

− 1.4286θU0.2
a )d−0.174

s (1 + 0.5e)(RPM + 1)−0.185(1.056

− U2.262
a + U−0.264

a ) ,

(4)

where dw is hole diameter, m; dpo is drill pipe diameter, m; Ua is annular return
velocity, m/s; RPM is drill string rotation speed, rad/s; e is eccentricity, dimension-
less; ρf is mud density, kg/m3; ρs is cuttings density, kg/m3; ROP is the rate of
penetration, m/s; Ev is mud’s effective viscosity, Pa · s.

2.3. Calculation of cuttings bed dynamic transport velocity

Assuming that the cuttings bed formation contains two processes, one is the
settlement of the cuttings from upper layer and the other is the transfer from the
neighboring cuttings bed. Thus, the cuttings bed transport velocity also should be
divided to two parts, the velocity due to settlement of upper layer cuttings and the
velocity due to transfer of neighboring cuttings bed. Cuttings bed erosion is similar.
Through analysis of mechanism of cuttings transport and simplification of early
established cutting dynamic transport model [9], a calculation model of cuttings
bed dynamic transport velocity can be built [12].

Uc =
k3Ucm + (1− k3)Ucd

2
, (5)

Where the velocity due to transfer of neighboring cuttings bed, Ucm, can be esti-
mated by:

Ucm = k1
0.0625fhdρf

gCd(ρf )(tanϕ sin θ + cos θ)

(dw − dpo)

(1−AC/Aa)3Ac
U3
a . (6)

When washing well (cuttings bed erosion), Hc means the height of existing cut-
tings bed before washing.

The Velocity due to upper layer cuttings settlement, Ucd, can be estimated by:
When drilling

Ucd = k2
sin θ − 0.5

Cd sin θ

Qs

Qs +Qf

Aa

Ac
Ua . (7)

When washing

Ucd = k2
0.05

Cd sin θ
(
Ac

Aa
)0.5U2

a , (8)

Where Aa is annulus area, m2; Ac is cuttings bed area, can by calculated from
Hc, m2; fhd is friction coefficient of suspended and mobile layer interface, seen in
literature [6]; Cd is the cuttings concentration of moving bed layer; ϕ is internal
friction angle of particle, tanϕ is equivalent of particle dynamic friction coefficient,
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related to cuttings concentration, the greater the concentration, the bigger the value,
when Cd = 0.3–0.52, tanϕ = 0.7–0.8; θ is hole deviation angle, ◦; Qs is the inlet
cuttings volume rate, m3/s; Qf is mud volume rate, m3/s; k1 and k2 is the corrective
coefficient, related to the annulus geometry, the error coming from simplification
of model and so on, can be obtained according to the experiment or the fields
data, assumed to be 1 here; k3 is the weighting coefficient, affected by the cuttings
suspended ability of mud, can be obtained according to the experiment or the fields
data, assumed to be 0.5 here.

2.4. Calculation of annular pressure loss with cuttings bed

After cuttings bed distribution in annular is calculated, the annulus pressure loss
with cuttings bed can be calculate immediately by the formula [13]:

∆Pc =
0.0260686Hc∆Pa

fb
×

[
4Q2

fρf

gπ2 (dw − dpo)
3
(dw + dpo)

2
(ρs − ρf )

]−1.25

+ (1 + 0.00581695Hc)∆Pa ,

(9)

Where ∆Pc is annulus pressure loss with cuttings bed, Pa; ∆Pa is annulus pressure
loss without cuttings bed, Pa; fb is Darcy-Weisbach coefficient, in laminar flow
fb =

64
Re

, in turbulent flow fb =
0.316
R0.25

e
, Re is flow reynolds number, details about this

formular can be seen in the literature.

2.5. Calculation process

To calculate annular cuttings bed height distribution in some moment when
drilling, the steps are:

(1) Use formula (4) to calculate the steady state of cuttings bed height;
(2) Use formula (5) to calculate the cuttings bed transport velocity;
(3) Use formula (3) to calculate cuttings bed transport distance Lc;
(4) If x ≥ MD − Lc, then Hcx = Hc;
If x < MD − Lc, then Hcx should be calculated according to the formula (1).
To calculate annular cuttings bed height distribution in some moment when wash-

ing well, the first three steps are same as above, step 4 is as follows:
(4) If x ≥ MD − Lc, so Hcx = 0
If x < MD − Lc, so Hcx calculate according to the formula (2).
(5) Use formula(9) to calculate annular pressure loss.

3. Calculation example

The well structure for example is shown in Figure 2, As it showns, 0–250m is
the vertical section, 250m–1000 m is the angle bulit section from 0◦ to 90◦, 1000 m–
2000m is the horizontal section, the whole well vertical depth is 800m. Hole diameter
is 311 mm, drill pipe diameter is 127mm, the mud density is 1.1 g/cm3, cuttings
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density is 2.5 g/cm3, cuttings particle size is 5mm, the default mud flow rate is
60 L/s, the reheology model of mud is power law with the paremeters of n = 0.5,
K = 0.5Pa·sn, drill string rotation speed is 100 r/min, ROP is 50m/h, the pipe
eccentricity is 0.5, concentration of moving bed layer is Cd = 0.52, dynamic friction
coefficient = 0.75. The calculation results are as follows.

Fig. 2. Example well structure diagram

3.1. Cuttings bed dynamic transport process calculation

According to the above model, the calculation results of cuttings bed formation
process in 311mm well section when drilling, and cuttings bed erosion process when
washing, are shown in Figure 3. The changes of annular pressure loss during cuttings
bed formation and erosion are shown in Figure 4. It can be seen, when drilling or
washing in a long well section, it takes a long time for cuttings bed to cover the
entire annulus or be removed completely, as shown in Figure 1. Using steady model
will cause a big error to estimate the cuttings bed distribution or annular pressure
loss. The well section in this example is just 1000m, for extended-reach well’s, it
will be longer, and the error will be larger correspondingly.

Comparing the cuttings bed formation or erosion process with the simulation
results of theoretical models in literature of dynamic models, we can see that the
changes pattern is almost same. But this method makes calculation process more
easily and speed more quickly.
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Fig. 3. Cuttings bed formation (left) and erosion (right) process diagram
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Fig. 4. Annular pressure loss change during cuttings bed formation (left) and
erosion (right) process

3.2. Model verification

Because the experiment data of cuttings bed dynamic transport, especially the
cuttings bed formation is lack, the model in this paper is compared with the estab-
lished data of the cuttings removing time in the literature [14] All input parameters
are same to the data in the literature, and the calculation ends when the residual
of cuttings bed height is 1%. The results are shown in Table 1. As can seen that
the cuttings bed removing time of calculation using this model is much bigger than
the data of literature, but in general the error is still within the acceptable scope of
fields.

Table 1. Comparison result with Martins’ experimental data

Mud flow rate (L/s) 22.1 28.4 34.7

Rotating speed (r/min) 90 120 50

Literature results (s) 1177.6 656.4 925.5

Model in this paper (s) 1284 702 986

Relative error (%) 9.04 6.95 6.54

4. Conclusion

A new method to calculate the real-time cuttings bed height dynamic distribution
and annular pressure loss when drilling or washing is established, which offers help
for hydraulics design and hole cleaning monitoring of extended-reach wells. The
calculation results show that, when long well section drilling or washing, it takes a
long time for cuttings bed to cover the whole annular or be removed completely, and
thus using steady state model to calculate cutting bed height or annular pressure
will bring a big error. Compared with theoretical model, the method is convenient,
fast and easy for fields application.
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