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Liquid gas two phase flow in the wellbore is a common phenomenon in oil and gas engineering. Flow pat-
terns such as bubble flow, slug flow and annular-mist flow may significantly affect the heat transfer pro-
cess. In this paper, heat transfer process in different flow patterns is studied by employing the thermal
boundary theory. The Dittus-Boelter equation is modified by including the concept of gas volume fraction
based on experimental data and new expressions for the heat transfer coefficient in different flow pat-
terns has been proposed. It is found the heat transfer coefficient changes differently for different flow pat-
terns. For bubble flow, the heat transfer coefficient increases with gas volume fraction. For slug flow, the
heat transfer coefficient fluctuates largely and decreases as gas volume fraction increases. For annular-
mist flow, the heat transfer coefficient rapidly decreases as gas volume fraction increase. In comparison
with experimental data, the error range of the new expressions for heat transfer coefficient falls in +20%
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which is good for field application.
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1. Introduction

Multiphase flow heat transfer is important in oil and gas indus-
try, nuclear industry and electric industry [1-3]. In drilling engi-
neering and production engineering, especially during fluid
flowing in the wellbore, there are many problems associated with
multiphase flow heat transfer. Temperature distribution along the
wellbore is an important issue for drilling safety control, especially
in deepwater wells. If the temperature cannot be predicted and
controlled properly, flow assurance problems will occur, such as,
hydrate and wax deposition [4-8]. Fig. 1 illustrates the heat trans-
fer process between wellbore fluid and surrounding environment
in offshore wells. If the well is onshore, there is no sea water seg-
ment in Fig. 1.

During offshore drilling process, the heat transfer can be gener-
ally divided into two parts: the section above the mud line and the
section below the mud line. Above the mud line, the heat transfer
includes the heat convection between the drilling fluid in the drill
pipe and the pipe inner wall, the drill pipe heat conduction, heat
convection between drilling fluid in the annulus and the riser,
the riser heat conduction and the heat transfer between the riser
and the seawater. Below the mud line, the heat transfer includes
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the heat convection inside the drill pipe, the drilling pipe heat con-
duction, heat convection inside the annulus, the heat conduction of
the casing, cementing and formation. During the producing pro-
cess, the heat transfer has a little difference to the drilling, see
Fig. 1 b. During drilling and producing processes, the total heat
transfer resistance mainly includes: convection heat resistance
inside the drill pipe Ry, heat resistance of the drill pipe R;, heat
resistance of the annulus R,, heat resistance of the casing R., heat
resistance of the casing R.. [9-11]. If the flowing fluid inside the
pipe is two phase flow, different flow patterns may occur, such
as bubble flow, slug flow and annular-mist flow. Different flow pat-
tern has different effects on the heat transfer mechanism and effi-
ciency. According to the thermal boundary theory, with the fluid
flowing up in the circular pipe, the thickness of thermal boundary
layer increases. Therefore, the temperature field could be divided
into two parts: first part of temperature difference in the thermal
boundary, second part of same temperature. As there is no heat
transfer in the second part, the heat resistance of forced convection
is mainly distributed in the thermal boundary layer [12-14].

Fig. 2 shows that the heat transfer at different flow pattern is
influenced by the heat resistance of the thermal boundary layer.
In bubble flow, the heat resistance in thermal boundary layer is
dominated by the liquid phase. Therefore, the heat resistance
changes a little with gas void fraction increasing. In slug flow,
due to the emerge of Taylor bubble, the heat resistance in thermal
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Nomenclature

ATy, heated liquid temperature difference between inlet and
outlet, °C

AT, cooled liquid temperature difference between inlet and
outlet, °C

AP heated liquid pressure differential between inlet and
outlet, kPa

Qn heated liquid volume flux, m3/h

Q. cooled liquid volume flux, m3/h

Q, gas phase flow flux, m3/h

The heated liquid characteristic temperature, °C

Oh heated liquid density, kg/m>

Coh heat capacity of heated liquid, kJ/(kg-K)

A heated liquid thermal conductivity, W/(m-K)

un heated fluid viscosity at characteristic temperature, kg/
(m-s)

N heated fluid viscosity at surface temperature, kg/(m-s)

Pr liquid Prantle number

t Temperature, °C

p Density, kg/m>

Cp heat capacity, kJ/(kg-K)

y) thermal conductivity, W/(m-K)

n Viscosity, kg/(m-s)

i heat absorption of cooling liquid, W

A surface area of inner pipe, m?

AT temperature difference of force convection heat trans-
fer, °C

Cpe heat capacity of cooling liquid, kJ/(kg-K)

me mass flux of cooling liquid, kg/s

h heat transfer coefficient of forced convection, W/(m?K)

Re liquid Reynolds number

Nu Nusselt number

I characteristic length, m

C; temperature revised coefficient

C constant coefficient

C, constant coefficient

X power of void fraction

Eg void fraction

boundary layer consists of both liquid and gas phase, not only lig-
uid phase. Thus, the heat resistance will increase with gas void
fraction increasing, since the heat resistance of gas phase is larger
than that of liquid phase. In annular-mist flow, the heat resistance
in thermal boundary layer is composed of gas phase and liquid
phase, which flows as liquid film along with the inner wall of pipe.
When the gas void fraction increases, the heat resistance will
increase, resulting in the decrease of heat transfer.

The research of liquid and gas two phase flow heat transfer
focused on three areas. The first one was proposed by Rezkallah
and Sims [15]. His liquid accelerating model assumed that the
gas phase only accelerated the liquid phase rate and had no effect
on heat transfer. So the two phase heat transfer was treated as sin-
gle phase heat transfer and dominated by the average liquid rate
rather than the two phase apparent flow rate. The second one
was the pressure drop model proposed by Chu et al. [16] and Vijay
et al. [17]. The pressure drop model assumed that the gas phase
only had the effect on the liquid phase flow rate. The two phase
pressure drop was obtained by the combination of single liquid
and gas phase pressure drops. The single phase pressure drop
was calculated by knowing apparent flow rate and fanning friction
factor. The third one was compositional model which was pre-
sented by Knott et al. [18], Martin and Sims [19] and Shah [20].
In the compositional model, it was suggested that the heat transfer
process was dominated by the effective flow rate of the mixtures,
which was composed by the apparent flow rate of each phases.
So the mathematical expression had the term of two phase Rey-
nolds number.

In the past few decades, many experts had studied the gas and
liquid two phase flow heat transfer and presented several heat
transfer mathematical expressions to predict the wellbore temper-
ature. Most of these mathematical expressions were built based on
the given flow pattern. Kim et al. [21,22] concluded twenty expres-
sions for heat transfer coefficient and analyzed the applicable con-
ditions. Considering different liquid composition, flow rate, tube
diameter and direction, Kim et al. [23,24] introduced the concept
of effective wetted perimeter and presented the heat transfer coef-
ficient expressions for horizontal and vertical two phase pipe flow.
Based on this, Mahesh et al. [25] corrected the Nusselt number.
However, most models did not consider the influence of thermal
boundary and they worked with the specific flow pattern on the
heat transfer process. For example, Kim et al. [22] concluded that

for water-air flow within vertical pipes, Vijay et al. [17] correlation
had a good performance that it takes 21 data points of total 25
within +30% criterion in bubble flow. However, in slug and
annular-mist flow, it did not satisfy the £30% criterion very well,
taking only 2/25 and 0/18. This paper analyzed heat transfer mech-
anism at different flow pattern and combined with thermal bound-
ary theory and experimental simulation. New mathematical
expressions for two phase flow heat transfer coefficient with cool-
ing environment are presented.

2. Experimental setup and procedure
2.1. Introduction of the equipment

The experiment setup is shown in Fig. 3.

The experimental pipe flow consists of inner pipe and outer
pipe, corresponding to the red and grey section in Fig. 3. The inner
pipe simulates the casing pipe during drilling or oil tube during
production process. Flowing fluid is gas and liquid two phase flow.
It could simulate drilling fluid flowing after gas leak or two phase
fluid flowing during production. The annulus, which is between
inner pipe and outer pipe, simulates the cooling environment (for-
mation or seawater). The drilling fluid or produced fluid (water and
air) flow in the inner pipe, while cooling fluid flow in the annular.
The experiment is able to simulate the heat transfer between the
two phase flow in tube/annulus and the environment by adjusting
annulus fluid temperature and inner pipe fluid temperature. The
heat transfer is calculated by measuring inlet and outlet tempera-
tures of inner pipe fluid and annulus fluid. The outer pipe is coated
with insulated material and it is reasonable to assume there is no
heat transfer outside the annulus.

The inner diameter (ID) and thickness of the inner and outer
pipe is 60 mm x 5 mm and ¢100 mm x 5 mm, and their length
is both 12000 mm. The material of inner and outer pipe is ordinary
carbon steel, and their surface roughness is approximately
0.19 mm.

The inner pipe liquid flow rate is adjustable up to 10 m3/h and
the maximum gas injection rate is 200 m>/h. The bubble flow, slug
flow and annular-mist flow were able to be observed within the
ranges. The measuring experimental parameters include: liquid
flow rate by electromagnetic flow meter; gas flow rate by mass
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