
A New Heat Transfer Model for Multi-Gradient Drilling with Hollow Sphere
Injection

Jiangshuai Wang1,*, Chuchu Cai1, Pan Fu2,3, Jun Li4,5, Hongwei Yang4 and Song Deng1

1School of Petroleum and Natural Gas Engineering, Changzhou University, Changzhou, China
2CNPC Research Institute of Engineering Technology Co., Ltd., Beijing, China
3National Engineering Research Center for Oil & Gas Drilling and Completion Technology, Beijing, China
4College of Petroleum Engineering, China University of Petroleum (Beijing), Beijing, China
5College of Petroleum, Karamay Campus, China University of Petroleum (Beijing), Beijing, China
*Corresponding Author: Jiangshuai Wang. Email: wangjiangshuai@cczu.edu.cn; wjs125126@163.com

Received: 05 April 2023 Accepted: 08 June 2023 Published: 12 January 2024

ABSTRACT

Multi-gradient drilling is a new offshore drilling method. The accurate calculation of the related wellbore tem-
perature is of great significance for the prediction of the gas hydrate formation area and the precise control of
the wellbore pressure. In this study, a new heat transfer model is proposed by which the variable mass flow is
properly taken into account. Using this model, the effects of the main factors influencing the wellbore temperature
are analyzed. The results indicate that at the position where the separation injection device is installed, the tem-
perature increase of the fluid in the drill pipe is mitigated due to the inflow/outflow of hollow spheres, and the
temperature drop of the fluid in the annulus also decreases. In addition, a lower separation efficiency of the device,
a shallower installation depth and a smaller circulating displacement tend to increase the temperature near the
bottom of the annulus, thereby helping to reduce the hydrate generation area and playing a positive role in
the prevention and control of hydrates in deepwater drilling.
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1 Introduction

On a global scale, marine oil and gas resources are very abundant. Deepwater drilling is a highly
beneficial and strategic task. However, in contrast, narrow density windows are an unavoidable problem
[1–3]. It affects the success or failure and risk of deepwater drilling. In detail, complex situations such as
overflow, well kick, and gas invasion are closely related to them. In 1990, a new revolutionary
technology emerged, which was dual-gradient drilling. It can solve some problems in deep water drilling
[4–6]. However, the huge cost and equipment limit the commercial application and expansion of this
technology. Many drilling contractors do not use these bases due to economic burden. Even so,
technological updates have not stopped. In recent years, researchers have developed a new offshore
drilling technology based on the idea of injecting lightweight media by use of a device. It is the multi-
gradient drilling with hollow sphere injection [7,8].
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In deep water drilling, accurate temperature is the foundation of pressure control and hydrate prediction
[9,10]. In this regard, the main basic models are already relatively mature. However, most of these models are
based on “constant mass” flow heat transfer, which is a conventional approach for establishing models. For
example, a heat transfer model was established during injection by Ramey Jr [11] in 1962. Then, a new heat
transfer model was established considering the throttling cooling effect by Sagar et al. [12] in 1991. In 2006,
a new model was established for heat pipe by Ma et al. [13]. In 2021, here is an interesting study conducted
by Wang et al. [14]. In this model, the influence of the cuttings was considered in heat transfer process. Until
the past three years, many models have been developed. For example, a non-isothermal multi-phase flow
model established by Zhang et al. [15] in 2022, a fully transient wellbore multiphase flow model
established by Yang et al. [16] in 2022, a simplified heat transfer and pressure model established by Yang
et al. [17] in 2022. Recently, it is very noteworthy that variable mass flow has become a hot topic in
shale oil wells. Then, in 2023, a new heat transfer model was established in shale oil wells by Yin et al.
[18]. However, in this model, the variable mass flow phenomenon between the annulus and the
formation, which is different from the variable mass flow phenomenon between the drill pipe and the
annulus. Moreover, the variable mass flow point in this model is single, while the variable mass flow
point for multi gradient drilling is complex and variable.

Based on the above current situation and challenges, a new heat transfer model for multi-gradient
drilling with hollow sphere injection is necessary developed. Moreover, the multi position variable mass
flow must be integrated into the model establishment process. Therefore, a very practical model was
established for the new offshore drilling method, considering its unique flow characteristics and drilling
technology. Moreover, the reliability of the model and some numerical simulation works have been
completed. These works have important value for the progress of drilling technology and the extraction
of hydrates.

2 Multi-Gradient Drilling with Hollow Sphere Injection

During multi-gradient drilling, the hollow sphere and drilling fluid are mixed in ground. Then, the
hollow spheres will be separated into the annulus when the mixed fluid flow through the device.
Therefore, there will be fluids of different densities in the annulus above the device. By designing the
multi-device at different points, multiple pressure gradients can be formed in wellbore. Fig. 1 shows a
schematic diagram of multi-gradient drilling with hollow sphere injection.

3 Establishment and Solution of Heat Transfer Model

3.1 Basic Assumptions
Before establishing a new model, the following assumptions are prerequisites. 1) The fluid temperature

in the drill pipe and in the annulus does not change in the radial direction. 2) There is a radius of the
undisturbed formation. Generally, it is considered to be 3.05 m [19]. 3) The influence of variable mass
heat transfer, the hollow sphere on the thermophysical parameters of the mixed fluid are considered at the
position with device. 4) The influence of temperature and pressure on fluid thermophysical parameters is
considered [20,21].

3.2 Governing Equations for Heat Transfer Model
In Figs. 2a and 2c, in general location without the device, the heat transfer in multi-gradient drilling

wellbore is constant mass flow as the type of “one in and one out”. However, at a special position with
the device is installed, it is the variable mass flow heat transfer as the type of “one in and two out” or
“two in and one out”. It can be seen in Figs. 2b and 2d. According to the law of conservation of energy,
the control equations of the temperature field model can be established for the fluids different positions.
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(1) Control equation for general position in drill pipe

Qp;in � Qp;out � qp ¼ Qp;change (1)

Among: Qp;in ¼ CpmpTp;LDt, Qp;out ¼ CpmpTp;LþDLDt, qp ¼ pdpkpDL � @Tp
@r

� �
Dt, Qp;change ¼ CpqpAp

DLDTp

After fusion and simplification, we can obtain:

Tp;LþDL ¼ Tp;L þ A2DLDtðTa;L � Tp;LÞ
ðA1Dt þ A3DLÞ (2)

Among: A1 ¼ Cpmp, A2 ¼ pdpkp
tp

, A3 ¼ CpqpAp

Figure 1: Multi-gradient drilling with hollow sphere injection

Figure 2: Schematic diagram of fluid heat transfer at different positions for multi-gradient drilling
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Qp,in, the heat of fluids into the drill pipe, J. Qp,out, the heat of fluids out of the drill pipe, J. qp, the heat in
the form of transfer between the drill pipe and the annulus, J. Qp,change, the heat change, J. Cp, the specific
heat capacity of the fluid into the drill pipe, J/(kg·°C).mp, the mass rate of the fluid into the drill pipe, kg/s. dp,
the outer diameter of the drill pipe,m. kp, the thermal conductivity of the drill pipe,W/(m·°C). tp, the thickness
of the drill pipe, m. ρp, the density of the fluid into the drill pipe, kg/m

3. Ap, the area of drill pipe flow channel,
m2. DL, the size of micro-element, m. Dt, the time step, s.

(2) Control equation at special position in drill pipe

Qp;in � Qp;out1 � Qp;out2 � qp ¼ Qp;change1 (3)

Among:Qp;out1 ¼ Cp1mp1Tp; LþDLDt,Qp;out2 ¼ Cp2mp2TaDt,Qp;change ¼ Cp1qp1ApDLDTp þ Cp2qp2ApDL
ðTa;L � Tp;LÞ

After fusion and simplification, we can obtain:

Tp;LþDL ¼ ðB1Dt � B4DLDt þ B5DLþ B6DLÞTp;L � ðB3Dt � B4DLDt � B6DLÞTa;L
ðB5DLþ B2DtÞ (4)

Among: B1 ¼ Cpmp, B2 ¼ Cp1mp1, B3 ¼ Cp2mp2, B4 ¼ pdpkp
tp

, B5 ¼ Cp1qp1Ap, B6 ¼ Cp2qp2Ap

Qp,out1, the heat of the fluid out of the drill pipe, J. Qp,out2, the heat of the hollow sphere out of the drill
pipe, J. Cp1, the specific heat capacity of the fluid out of the drill pipe, J/(kg·°C).mp1, the mass flow rate of the
fluid out of the drill pipe, kg/s. Cp2, the specific heat capacity the hollow sphere, J/(kg·°C). mp2, the mass rate
of the hollow sphere, kg/s. ρp1, the density of the fluid out of the drill pipe, kg/m3. ρp2, the density of the
hollow sphere, kg/m3.

(3) Controlling equation at general position in annulus

Qa;in � Qa;out þ qp � qa ¼ Qa;change (5)

Among: Qa;in ¼ CamaTa;LþDLDt, Qa;out ¼ CamaTa;LDt, qa ¼ pdckfDL � @Twellwall
@r

� �
Dt, Qa;change ¼

CaqaAaDLDTa

After fusion and simplification, we can obtain:

Ta;L ¼ C1DtTa;LþDL þ C2DLDtTg;LþDL � C2DLDtTa;LþDL

ðC1Dt þ C4DLÞ
þ C3DLDtTp;LþDL � C3DLDtTa;LþDL þ C4DLTa;LþDL

ðC1Dt þ C4DLÞ
(6)

Among: C1 ¼ Cama, C2 ¼ pdckf
twellwall

, C3 ¼ pdpkp
tp

, C4 ¼ CaqaAa

Qa,in, the heat of the fluid into annulus, J. Qa,out, the heat of the fluid out of annulus, J. qa, the heat in the
form of transfer between the annulus and the formation, J. Qa,change, the heat change, J. Ca, the specific heat
capacity of the fluid into the annulus, J/(kg·°C). ma, the mass rate of the fluid into the annulus, kg/s. dc, the
outer diameter of the cylinder where the temperature is the original temperature, m. kf, the thermal
conductivity of formation or riser, W/(m·°C). twellwall, the distance between the wellwall and the location
where the temperature is the original temperature, m. ρa, the density of the fluid into the annulus, kg/m3.
Aa, the area of annulus, m

2.

(4) Control equation at special position in annulus

Qa;in1 þ Qa;in2 � Qa;out þ qp � qa ¼ Qa;change1 (7)
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Among: Qa;in1 ¼ Ca1ma1Ta;LþDLDt, Qa;in2 ¼ Ca2ma2Ta;LþDLDt, Qa;change ¼ Ca1qa1AaDLDTa
þ Ca2qa2AaDLðTp;LþDL � Ta;LþDLÞ

After fusion and simplification, we can obtain:

Ta;L ¼ D1DtTa;LþDL þ D3DtTa;LþDL � D4DLDtTa;LþDL þ D4DLDtTp;LþDL

ðD2Dt þ D6DLÞ
þ D5DLDtTg;LþDL � D5DLDtTa;LþDL þ D6DLTa;LþDL � D7DLTp;LþDL þ D7DLTa;LþDL

ðD2Dt þ D6DLÞ
(8)

Among: D1 ¼ Ca1ma1, D2 ¼ Cama, D3 ¼ Ca2ma2, D4 ¼ pdpkp
tp

, D5 ¼ pdckf
twellwall

, D6 ¼ Ca1qa1Aa,
D7 ¼ Ca2qa2Aa

Qa,in1, the heat of fluid into annulus, J. Qa,in2, the heat of the hollow sphere into the annulus, J. Ca1, the
specific heat capacity of the fluid into the annulus, J/(kg·°C). ma1, the mass rate of the fluid into the annulus,
kg/s. Ca2, the specific heat capacity of the hollow sphere into annulus, J/(kg·°C). ma2, the mass rate of the
hollow sphere into annulus, kg/s. ρa1, the density of the fluid into the annulus, kg/m3. ρa2, the density of
the hollow sphere, kg/m3.

3.3 Model Solution
For the established model in this paper, the iterative solving algorithm is used to obtain accurate and

stable temperature data. The specific solution steps are as follow.

The first step: the annular temperature is assumed to be the original ground temperature T0a,L= Tg,L.
Using formulas (2) and (4) to calculate the temperature distribution in the drill pipe Ti

p,L.

The second step: substituting the temperature Ti
p,L in the drill pipe into formulas (6) and (8) calculating

the temperature distribution in the annulus Ti
a,L.

The third step: calculating the annular temperature Ti
a,L and then substituting the formula again

(2) and (4) recalculate temperature distribution in drill pipe Ti+1
p,L.

The forth step: using the temperature inside the drill pipe Ti+1
p,L to substitute into formulas (6) and (8),

and then recalculating the temperature distribution in the annulus Ti+1
a,L. Repeat steps 3) and 4) until the

annular temperature distribution satisfies the following judgment criteria in formula (9).

Finally, the calculation result is considered to be stable.
PD=DL

j T iþ1
a;jPD=DL

j T i
a;j

� 1

�����
����� < 10�Etolerance

(9)

In this formula, the accuracy of the model depends on the Etolerance. The larger the value is, the higher the
model calculation accuracy is, while the longer the model calculation time is. In addition, the net size is set
50 m.

3.4 Model Validation
The phase equilibrium conditions of natural gas hydrate used in this paper has been established by Li

et al. [22].

In Fig. 3, the comparison result shows that the consistency is very good, and the model is reliable. In
detail, the relative error between the two is within 5%.
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4 Case Analysis

The basic parameters are as follows. The well depth is 2300 m. The water depth is 800 m. The casing
shoe depth is 1500m. The diameter of drill pipe is 0.127m and the inner diameter is 0.109m. The diameter of
drill bit is 0.2159 m. The outer diameter of casing is 0.340 m and inner diameter is 0.318 m. The inner
diameter of riser is 0.4949 m. and outer diameter is 0.533 m. The flow rate is 40 L/s. The density of fluid
is 1127 kg/m3. The density of hollow sphere is 500 kg/m3. Injection fluid temperature is 25°C. The
thermal conductivity of drill pipe is 43 W/(m·°C). The thermal conductivity of riser is 43 W/(m·°C).
The thermal conductivity of formation is 2.25 W/(m·°C). The specific heat capacity of fluid is
4180 J/(kg·°C). The thermal conductivity of fluid is 0.73 W/(m·°C). The specific heat capacity of hollow
sphere is 1500 J/(kg·°C). The separation efficiency of the device is 50%. The installation location of the
device is selected at 1500 and 2100 m.

4.1 Influence of Volume Fraction Injected into Hollow Spheres on Annular Temperature
In Fig. 4, we can get that at the position with device, the magnitude of temperature increase in the drill

pipe decreases. Similarly, the temperature drop in the annulus also decreases. The reason is that at the
position with device, the outflow of the hollow sphere takes away part of the heat. So, the magnitude of
temperature increase in the drill pipe decreases. For the fluid in the annulus, the inflow of the hollow
sphere brings a part of the heat. So, the temperature drop of the fluid in the annulus decreases.

In addition, the bottom hole temperature is higher than that without hollow sphere injection. In addition,
with the increase of the injected volume fraction, the bottom hole temperature increases gradually. The reason
is that the increases of the thermal conductivity of the wellbore mixed fluid. It leads to the heat exchange
between the annular fluid and the formation sufficiently. Therefore, the larger the injection volume
fraction of hollow spheres, the higher the temperature near the bottom hole of the annulus.

4.2 Influence of Device Separation Efficiency on Annular Temperature
In Fig. 5, we can get that with the decrease of the separation efficiency, the bottom hole temperature

gradually increases. The reason is that with the decrease of the separation efficiency, the thermal
conductivity of the fluid near the bottom of the annulus increases, the specific heat capacity decreases.
Therefore, the heat exchange between the annular fluid and the formation is more sufficient. Therefore,
the smaller the separation efficiency, the higher the bottom hole temperature. Moreover, at the same time

Figure 3: Model verification comparison
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the gas hydrate generation area in the annulus of the wellbore will be reduced (the part enclosed by the
annulus temperature curve and the phase equilibrium temperature curve).

4.3 Influence of Device Installation Location on Annular Temperature
In Fig. 6, we can get that with the increase of the installation depth, the bottom hole temperature

gradually decreases, while the wellhead temperature remains basically unchanged. It can greatly reduce
the gas hydrate generation area in the wellbore. In addition, installation positions have a greater impact
on the wellbore temperature. For example, compared with the first installation method, when the
separator is installed at 1800 m, the drop rate of the annular temperature at the depth of 1200~1800 m
is lower. The reason is that when the device is installed at 1800 m, there are the increase of thermal
conductivity and the decrease of specific heat capacity. So, this change makes the temperature drop
slower.

Figure 4: The effect of injected volume fraction of hollow spheres on the annulus temperature

Figure 5: The effect of separation efficiency on annulus temperature when injection volume fraction is 30%
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4.4 The Effect of Displacement on Annular Temperature
In Fig. 7, we can get that the larger the displacement, the lower the bottom hole temperature. The reason

is that as the displacement increases, the heat exchange time between the fluid and the formation is less. It
results in a decrease of the bottom hole temperature. At the same time, the temperature near the annulus
wellhead remains basically unchanged. Therefore, the gas hydrate formation area will increase.

5 Conclusion

(1) In this paper, a new heat transfer model was developed for multi-gradient drilling with hollow sphere
injection. In this model, the characteristics of “variable mass” flow heat transfer and the change of fluid
thermal physical parameters in the wellbore at the separation injection device are considered. In addition,
the model solution process and stability judgment basis are given. It can provide theoretical guidance for
the further study of multi-gradient drilling wellbore temperature field.

(2) At locations with the device, due to the inflow/outflow of the hollow spheres, the fluid heat at these
positions and the thermophysical parameters of the annulus fluid have been changed. These eventually leads

Figure 6: The effect of Installation position on annulus temperature when injection volume fraction is 30%

Figure 7: The effect of displacement on annulus temperature when injection volume fraction is 30%
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to a decrease in the temperature rise of the fluid in the drill pipe and the decrease in the temperature of the
fluid in the annulus.

(3) In the multi-gradient drilling with hollow sphere injection, the lower separation efficiency of the
device, the shallow installation depth and the small circulation displacement will increase the temperature
near the bottom hole of the annulus, which will help to reduce the hydrate generation area. It forms a
positive effect for hydrate prevention and control in deepwater drilling.
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