
Numerical Characterization of the Annular Flow Behavior and Pressure Loss in
Deepwater Drilling Riser

Chengwen Liu1,*, Lin Zhu1, Xingru Wu2,*, Jian Liang1 and Zhaomin Li1

1School of Petroleum Engineering, China University of Petroleum (East China), Qingdao, 266580, China
2Mewbourne School of Petroleum & Geological Engineering, University of Oklahoma, OK, 73019, USA

�Corresponding Authors: Chengwen Liu. Email: liucw@upc.edu.cn; Xingru Wu. Email: xingru.wu@ou.edu
Received: 21 March 2020; Accepted: 24 April 2020

Abstract: In drilling a deepwater well, the mud density window is narrow, which
needs a precise pressure control to drill the well to its designed depth. Therefore,
an accurate characterization of annular flow between the drilling riser and drilling
string is critical in well control and drilling safety. Many other factors influencing
the change of drilling pressure that should be but have not been studied suffi-
ciently. We used numerical method to simulate the process of drill string rotation
and vibration in the riser to show that the rotation and transverse vibration of drill
string can increase the axial velocity in the annulus, which results in the improve-
ment of the flow field in the annulus, and the effect on pressure loss and its fluc-
tuation amplitude. In addition, there are also multiple secondary flow vortices in
the riser annulus under certain eccentricity conditions, which is different from the
phenomenon in an ordinary wellbore. The findings of this research are critical in
safely controlling well drilling operation in the deepwater environment.

Keywords: Deepwater drilling riser; drill string movement; pressure loss; power-
law fluid; numerical simulation

1 Introduction

Advances in drilling and offshore engineering technology enable the exploration and development of
hydrocarbon resources from formations with increasing water depth. Compared with drilling in the
onshore environment or shallow water, deepwater drilling faces many challenges including the
uncertainty of overpressured foramtion, geohazards such as shallow water flow and others [1]. To drill
through a formation, the drilling fluid system (mud) density and circulating pressure should be controlled
so that the pressure gradient should be greater than the formation pore pressure gradient but be less than
the fracturing pressure gradient of the formation. Therefore, frequently managed pressure drilling (MPD)
technologies have to be used in the deepwater drilling process [2]. Most of the deepwater reservoirs are
over-pressured, which leads to significant challenges in drilling deepwater wells [3,4]. For efficient
drilling and minimizing drilling surprises, it is important to accurately characterize the pressure change in
the annulus between drilling string and riser or wellbore. Offshore drilling riser insulates seawater and
connects the offshore drilling rig and blowout preventer (BOP). Since the mud velocity is inversely
proportional to the cross-sectional annulus area and highly impact drilling fluid lifting capacity, the
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characterizations of the flow field and pressure change in the annulus should be studied. A diagram of
deepwater drilling is shown in the following Fig. 1.

The motion states of the drill string in riser are very complex in the drilling process, including rotation,
lateral vibration, axial vibration, torsional vibration, and whirling motion. The complexity is further
compounded by the coupling of various forms of vibration and the complex dynamic coupling
phenomena between the drill string vibration and riser vibration [6]. Even drilling operation itself can
induce riser vibrations [7]. For the offshore drilling, the study on the motion state of a drill string in the
riser is very limited and scattered [8–10].

Al-Batati et al. [11] showed that the vortex shedding force would cause the drill string to produce greater
lateral displacement and make a periodic motion when the riser is subjected to vortex-induced vibration. In
this paper, the flow field characteristics and the annular pressure loss in the coupling movement between the
riser and the drill string were studied to describe the velocity field of the annulus more accurately and provide
the reference for the well control and analysis of the cuttings carrying problem.

Figure 1: The diagram of deepwater drilling [5]
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Based on the results of Al-Batati et al. [11] , the coupling motion between the riser and the drill string is
simplified as the riser is fixed, and the drill string does periodic transverse vibration in the riser with a fixed
amplitude and fixed frequency. The flow dynamic analysis in deepwater drilling is often studied with the
finite element method since it is convenient to model complex boundary conditions [12,13]. In this study,
we used FLUENT, a commercial computational fluid dynamics software, to simulate the annulus flow
field of riser when the drill string is rotating, eccentric and transversely vibrating respectively, the effects
of concentric rotation, eccentric rotation and lateral vibration of drill string on the flow field and pressure
loss in the riser annulus are obtained.

2 Modeling Annulus Flow of Drilling Fluid

Drilling fluids usually contain bentonite and other additives, which make the drilling fluids exhibit non-
Newtonian rheological behavior. Multiple models have been proposed to characterize the mud rheology such
as the two-parameter Bingham plastic model or power-law model and three-parameter model such as
Herschel-Bulkley model [14]. Water-based polymer muds, especially those made with XC polymer, are
best characterized by the two-parameter power-law model because of its simplicity and high accuracy
[15]. The constitutive equation of the power-law model is given by Eq. (1):

sij ¼ 2K
ffiffiffiffiffiffiffi
2S2

p� �n�1
Sij (1)

where, sij is the viscous stress, Pa; K is the consistency coefficient, Pa � sn; n is the flow behavior index,
dimensionless; Sij is the strain rate tensor, s�1; S2 ¼ SijSij is the second invariant of the strain rate tensor.

The drilling fluid is assumed to be isothermal and incompressible, and the flow regime is laminar.
Therefore, the continuity equation in a Cartesian coordinate is given by:

@ui
@xi

¼ 0 (2)

where, ui is the fluid velocity, m/s; xi is the position coordinates, m.

The momentum equation is given by:

q
@ui
@t

þ quj
@ui
@xj

¼ qfi � @p

@xi
þ @sij

@xj
(3)

where, q is the drilling fluid density, kg/m3; p is the pressure, Pa; sij is the viscous stress, Pa; fi is the gravity of
unit mass, m/s2.

The bottom inlet condition is set as the velocity inlet of 0.3 m/s (equivalent to a fluid displacement of
57 L/s).The upper outlet is set as the free flow condition, and the wall is assumed no-slip boundary condition.
The drilling fluid density is assumed 1200 kg/m3, the flow consistency index K is 0.43 Pa · sn, the flow
behavior index n is 0.66. The Reynolds number in the annulus is given by:

Rea ¼
121�nq Dh � Dp

� �n
va2�n

K
2nþ 1

3n

� �n (4)

where, va is the average flow velocity in the annulus, m/s; Dh is the riser inner diameter, m; Dp is the outer
diameter of the drill string, m; q is the drilling fluid density, kg/m3; K is the consistency coefficient, Pa � sn; n
is the flow behavior index, dimensionless. The Reynolds number in the annulus is 616.5, which belongs to
the laminar flow regime.

CMES, 2020, vol.124, no.2 563



3 Numerical Simulation of Annulus Flow during Drilling

The geometric model and the meshing of the model when the drill string is concentric are shown in
Fig. 2. 135000 hexahedral mesh grid blocks are used in modeling the system, Tab. 1 shows the main
input parameters for this study.

The SIMPLEC algorithm is applied to solve the coupled equations of pressure and velocity with FVM.
The second-order upwind scheme is used in the convection interpolation algorithm, and the second-order
scheme is applied to interpolate pressure. The flow field in the annulus is calculated by the steady method
when the drill string with concentric and eccentric rotation respectively. The flow field in the transverse
vibration of the drill string is calculated by the unsteady method, and the time step is 0.005 s. Transverse
vibration of the drill pipe is realized by dynamic mesh technology.

Table 1: Key parameters of the numerical model for flow velocity field characterization

Inner diameter of riser Dh, m 0.508

Outer diameter of drill string Dp, m 0.127

Riser length L, m 15

Mud density ρ, kg/m3 1200

Consistency coefficient K, Pa · sn 0.43

Flow behavior index n 0.66

Mud flow rate Q, L/s 57

Inlet velocity va, m/s 0.3

Reynolds number Rea 616.5

Figure 2: The geometry model and grid meshing
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3.1 Effect of Eccentric Drill String Rotation on Flow Field in Annulus
The relative location of the drilling string in the riser affects the velocity and pressure field in the annulus

flow, and eccentricity is often used to describe this configuration as shown in Fig. 3. The eccentricity is
defined as follows:

e ¼ 2d
Dh � Dp

(5)

where, d is the distance between the center of the drill pipe and the center of drilling riser, Dh is the riser inner
diameter, Dp is the outer diameter of the drill string. If e = 0, this will be concentric flow.

Five cases with eccentricities of 0.2, 0.4, 0.6, 0.8 and 1.0 were simulated, respectively. Results are
compared with the annular flow field of the concentric drill string (when e ¼ 0). Three scenarios are
simulated with the drill string rotation speeds of N = 0 (stationary), N = 60 r/min, and N = 120 r/min for
all five eccentricities. The contours of axial velocity at the location z = 7.5 m are shown in Fig. 4.

Fig. 4 shows that when the drill string does not rotate and is eccentric, the maximum axial velocity of the
drilling fluid in the gap of the annulus is larger than that of the concentric, and the velocity in the narrow gap
of the annulus is lower. With the increase of eccentricity, the maximum axial velocity of drilling fluid in the
wide gap gradually increases, and peaks at the eccentricity e = 0.6. Therefore, when the eccentricity is large
enough, the axial velocity of drilling fluid can be smaller than the minimum return velocity of cuttings, which
will cause some of the cuttings to deposit. When the drill string rotates, the axial flow velocity in the narrow
gap will increase, it is a favorable factor to improve the cuttings carrying efficiency of the drilling fluid.

Fig. 5 shows the streamlines of the z = 7.5 m section in different drill pipe rotation speeds and different
eccentricities. When the drill string rotates, when the eccentricity of the drill string is small, the fluid in the
annulus presents a spiral flow, and the spiral direction is the same as the rotation direction of the drill string
and the center of spiral flow almost lies in the center of the drill string. With the increase of eccentricity, the
flow field in annulus becomes more and more complex. The two spiral secondary flow vortices with
the opposite direction of rotation are induced in the annulus, the size of the secondary flow vortex that
the rotation direction is the same as the drill string rotation direction increases with the increase of
eccentricity, and its position is approximately in the center of the riser. However, with the increase of
eccentricity, the center of the secondary flow vortex opposite to the rotation direction of the drill string is
gradually shifted to the direction of the drill string, and its size is gradually reduced. When the
eccentricity is equal to 1 (i.e., the drill string and riser contact), each side of the drill string will produce a

Dh
Dp

δ

Figure 3: Eccentricity of pipe in pipe structure
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small vortex in the opposite direction, and most of the area of the annulus is occupied by a secondary flow
vortex in the same rotation direction with the drill string. From the above results, we can know because the
riser is large, multiple secondary flow vortices rotating in the opposite direction can be induced in the annulus
according to the law of conservation of circulation. However, we know only one secondary flow vortex can
be induced in the annulus between the drill string and the wellbore from the literature [16]. Therefore, the
flow field in the riser is more complex than that in common wellbore annulus.

3.2 Effect of Drill String Vibration on Annular Flow Characteristics
Drill string vibration is a classical problem in drilling engineering and many analytical and numerical

types of research have been presented in the literature [17]. When the torsional vibration of the drill
string occurs, the velocity field in the annulus of the riser is unsteady. However, the studies on how the
vibration affecting the fluid flow dynamics and pressure variation are limited. Assuming the drill string
moves left and right periodically along the x-axis and across the center of the riser as Fig. 2. For
simplicity, the lateral vibration of the drill string is regarded as a uniform variable motion, so the

Figure 4: Contours of axial velocity in riser annulus when the drill string is stationary and rotating at
different eccentricities (z = 7.5 m)
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displacement-time curve is a quadratic function, the specific equations of motion of the drill string in the
x-direction are as follows:

s ¼
� 16a

T 2
t � T

4

� �2

þ a ; 0 � t � T

2

16a

T 2
t � 3T

4

� �2

� a ;
T

2
< t � T

8>>>><
>>>>:

(5)

where, s is the displacement of the center of the drill string in the x-direction, m; t is the time, s; a is the
amplitude of the drill string in the x-direction, m; T is the lateral vibration period of the drill string in the x-
direction, s. According to the above equation, the displacement versus time curve is drawn as shown in Fig. 6.

Fig. 7 shows streamlines in annulus during a vibration period when the amplitude of the drill string is
0.05 m and the period is 2 s. In this condition, the maximum eccentricity of the drill string is 0.262, and the
rotation speed of the drill string is 60 r/min (clockwise). It can be seen from Fig. 7 that there exists a spiral
secondary flow vortex in the annulus, which is opposite to the direction of rotation of the drill string;
meanwhile, with the lateral vibration of the drill string, the secondary flow vortex gradually executes
counterclockwise revolution around the center of the riser (the opposite of drill string rotation direction).

Fig. 8 is the distribution of the axial velocity in the annulus within a period of the drill string lateral
vibration and compared with Fig. 4. It is found that the instantaneous maximum axial velocity in the
annulus is smaller than the maximum axial velocity when the drill string is eccentric but does not rotate,
and only slightly larger than the maximum axial velocity when the drill string is concentric but does not

Figure 5: Streamlines in the annulus in different eccentricities and different rotation speeds
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rotate. Here, the maximum axial velocity during the lateral vibration of the drill string is 0.435 m/s, and the
maximum axial velocity is 0.406 m/s when the drill string is concentric but does not rotate. We can also see
the velocity difference between the wide gap and narrow gap in the annulus during the lateral vibration of the
drill string is much smaller than that of the same eccentricity but no lateral vibration and the axial velocity in
the narrow gap is increased, which is a favorable factor for cuttings transport.

3.3 Effect of Drill String Motion on Annular Pressure Loss in Riser
Fig. 9 shows the annular pressure gradient change with the increase of drill string rotation speed for

different eccentricities. When the drill string is in stationary, the annular pressure gradient decreases with
the increase of eccentricity. When the drill string rotates, the annular pressure gradients for different

Figure 6: Displacement of the drill string in the x-direction over time

Figure 7: Streamlines in the annulus in a drill string vibration period (z = 7.5 m, a = 0.05 m, T = 2 s)
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eccentricity increases to a plateau for the scenarios of eccentricity greater than 0.2. In other words, pressure
losses in different eccentricities are bigger than that of the concentric annular pressure loss. This may be
caused by the secondary flow vortices. Only when the drill string contacts with riser wall (e ¼ 1:0), the
annular pressure losses are smaller than that of the concentric annular pressure loss. Overall, in the range of
eccentricity and speeds of this study, the effect of the drill string rotation on the annular pressure loss is
relatively little, therefore, this effect can be ignored in the calculation of the annular pressure loss of the riser.

In the drilling process, we also studied the lateral vibration frequency and amplitude on the pressure
losses for given drill string rotation speed. Here, we assume the rotation speed of 60 r/min clockwise, the
annular pressure gradients under the corresponding conditions are shown in Figs. 10 and 11 and Tabs. 2
and 3. As shown Fig. 10 and Tab. 2, when the amplitude of the drill string vibration is constant, the
longer the lateral vibration period of the drill string is, the smaller the fluctuation of the pressure loss in
the annulus of the riser. The average value of the annular pressure loss is almost constant. From Fig. 11
and Tab. 3, when the drill string vibration period is constant, the greater the amplitude of the drill string
vibration is, the higher magnitude of the fluctuation of the annular pressure loss is, and the greater the

Figure 8: Contours of axial velocity in a drill string vibration period (z = 7.5 m, a = 0.05 m, T = 2 s)

Figure 9: Annular pressure losses in different rotation speeds and different eccentricities

CMES, 2020, vol.124, no.2 569



average value of the annular pressure loss is. Now a simple estimate of the pressure loss fluctuation is made at
a = 0.1 m and T = 2 s: suppose the length of the riser is 1000 m, the maximum magnitude of annular pressure
loss fluctuation caused by lateral vibration of the drill string would reach 0.268MPa, which is converted to an
equivalent density of 27.35 kg/m3. Therefore, to ensure drilling safety with precise control of drilling
pressure, the annular pressure loss fluctuation caused by lateral vibration of the drill string should be
taken into consideration.

Figure 10: Annular pressure losses in different periods of vibration over time

Figure 11: Annular pressure losses in different amplitudes of vibration over time

Table 2: Average value and maximum fluctuating amplitude of the annular pressure losses in different period
of vibration (a = 0.05 m)

Drill string lateral vibration period T/s 2 3 4

Maximum amplitude of pressure loss (kPa/m) 0.150 0.052 0.027

Average pressure loss (kPa/m) 11.794 11.794 11.794
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4 Conclusions

1. The coupling effect of the rotation and lateral vibration of the drill string can dramatically affect the axial
velocity profile in the annulus of the riser. The rotation and lateral vibration of the drill string increases the
axial velocity in the narrow gap, reduce the velocity difference between the wide gap and the narrow gap,
improve the flow in the narrow gap, and improve the cutting transport effect.

2. The rotation and lateral vibration of the drill string complicate the flow pattern in the riser annulus by
inducing secondary vortices in the riser annulus. When the drill string rotates eccentrically, the number
of secondary vortices increases with the increase of eccentricity.

3. When the drill string is rotating, the pressure loss of eccentric annulus is greater than that of the concentric
annulus, but the effect of drill string rotation on the pressure loss of annulus is relatively small, so this
effect can be ignored in practice. The annular pressure loss fluctuates with the transverse vibration of
the drill string. The influence of the vibration amplitude on the average value and amplitude of the
pressure loss is greater than that of the vibration period. With the increase of the vibration amplitude
of the drill string, the fluctuation amplitude and average value of the annular pressure loss increase.
Therefore, the influence of transverse vibration of drill string on the annulus pressure loss should be
considered in the well control design of deep-water drilling.
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