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Abstract

Use of distributed temperature sensors (DTS) to monitor the productive zones of horizontal well-
bores by real-time temperature profile measurement is becoming an industry standard. Well comple-
tion method, skin factor and non-Darcy flow phenomenon are among operating parameters potential-
ly related to DTS data. In order to study on the above-mentioned relationship, this paper establishes
temperature models which consider skin factor and non-Darcy flow, in turn whose foundation are
mass-, momentum-, and energy-balance equations. The models presented here account for heat con-
vection, fluid expansion, heat conduction and viscous dissipative heating. Once configured, these
models were applied to predict wellbore temperature distribution and analyze factors influencing the
wellbore temperature profile. Arriving temperature and wellbore temperature curves are plotted by
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computed iterative calculation. By analyzing the sensitivity of non-Darcy flow factor and skin fac-
tor, we conclude that temperature along the wellbore is related to both factors. Temperature response
type curves show that the larger the preset skin factor is, the smaller will be the resulting wellbore
temperature. In addition, greater non-Darcy flow factor may generate greater decrease in temper-
ature along the wellbore. Thirdly, varying well completion methods show different temperature
distributions along the wellbore. These observations indicate that this model provides an alternative
perspective for description of downhole physical characteristics in hydraulic fracturing horizontal

wells.

Key words: TEMPERATURE MODEL, GAS RESERVOIRS, HYDRAULIC FRACTURING
HORIZONTAL WELLS, TEMPERATURE DISTRIBUTION, SENSITIVITY ANALYSIS

1.Introduction

Hydraulic-fracturing horizontal wells have been
used widely to enhance extractive production by in-
creasing wellbore access to the target reservoir. Due
to well completion methods and other factors, the
local inflow rates along a horizontal well may still
vary. Recently, advanced technology, such as distrib-
uted temperature sensors (DTS), have been installed
on horizontal wellbores as a part of well completion,
which new technology provides us continuous, accu-
rate downhole temperature data. Thus, it is possible
to reveal the downhole physical characteristics from
interpretation of measured temperature and pressure
data, for which a temperature distribution model for
hydraulic-fracturing horizontal wellbores is neces-
sary.

Temperature logs have been used successfully in
vertical wells to locate gas entry, detect casing leaks,
evaluate cement placement and estimate inflow pro-
files [1]. Interpretations of temperature profiles in
horizontal wells were reported 10 years ago as useful
for identifying the types of fluid flowing in a wellbore
[2, 3]. In 2004, Foucault et al. [4] used DTS data to
detect the water entry location in a horizontal well.
Fryer et al. [5] monitored real time temperature pro-
files to identify and correlate production changes in a
multi-zone reservoir well in 2005. Moreover, John-
son et al. [6]and Huebsch et al. [7] calculated gas
flow profiles from measured DTS data. Julian et al.
[8] showed that DTS data can be used to determine
leak locations in vertical wells. Huckabee [9] applied
DTS data to diagnose fracture stimulation and evalu-
ate well performance. In 2010, Li et al. [10] observed
DTS bottom-level reservoir temperature data, plus
inversed inflow profile along the horizontal section
and set up a downhole inflow control valve (ICV) to
research the relationship between temperature profile
and inflow profile. Gonzalez et al. [11] found conven-
tional testing methods unsuitable for the development
of shale gas reservoirs, and presented a DTS technol-
ogy application able to provide continuous, real-time
downhole information to describe shale gas well frac
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turing and production.

Temperature models began with temperature log-
ging. Thus far, researchers have put forward some
models to simulate temperature changes under
both steady-state and varying conditions. In 1962,
Ramey[12] posited the earliest temperature model.
Based on Ramey’s model and considering the con-
densation factor, that is, the change of phase state,
Satter [13] modified the model of steam injection
wells to calculate heat loss and wellbore temperature.
In 1972, Witterholt et al. [14] proposed a model de-
scribing heat exchange between fluid, wellbore and
reservoir, by which the wellbore temperature and
surrounding reservoir temperature distribution are
calculated. The following year, Steffensen R J et al.
[15] reported a Joule-Thomson effect generated by
pressure loss where fluid flux can significantly affect
the temperature curve. Miller [16] presented one of
the earliest transient-temperature-of-reservoir models
in 1980, which model also predicts how temperature
changes in a reservoir will be affected by fluid inflow
or outflow from a wellbore. The following decade,
Sagar et al. [17] established a general model to pre-
dict temperature profiles in two-phase-flow wells,
while extending Ramey’s equation to inclined wells
and accounting for the Joule-Thomson effect caused
by pressure change along the wellbore. Subsequent-
ly, Hasan and Kabir[18] developed Ramey’s model
further. Izgec et al. [19] developed a coupled well-
bore-reservoir model for transient fluids and heat
flow. By analytic methods, Yoshioka et al. [20] stud-
ied horizontal wellbore temperature, while Zhuoyi
Li[21] also researched horizontal wellbore tempera-
ture phenomena using numerical solution.

On the basis of previous works, this paper estab-
lishes both wellbore and reservoir models, as well
as a coupled model, which consider skin factor and
non-Darcy flow. Arriving temperature, which impacts
temperature along wellbore, is also investigated here,
and wellbore temperature distribution curves of frac-
turing horizontal wells are plotted. Finally, the effects
of relevant parameters and different well completion
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methods are also analyzed.

2.Model Development

The overall model consists of a wellbore model, a
reservoir model and a coupled model, which models
are detailed in the following sections.

2.1 Wellbore Model

For this study, the wellbore model developed by
Yoshioka et al. [22] was adopted directly, which con-
sists of both wellbore flow and wellbore thermal mod-
els. Wellbore flow and thermal behaviors are treated
here as steady-state phenomena.

Figure 1. Differential volume element of a wellbore

2.1.1 Wellbore Flow Model
The mass conservation equation for a given well-

The general expression of was first proposed by
Willhite [26], where

“4)

In this case, heat conduction between fluids is also
neglected. In terms of this model, therefore, the heat
flux in the open pipe area consists of only convection
as depicted in Figure 2.

Figure 2. Energy transport through a perforated/slotted
pipe
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bore under steady-state conditions is:

Q)
where v is the ratio of the open section versus the
total well length.
According to momentum balance, the pressure
equation is obtained by the following formula:

@)

Here, fis the friction factor, which was established
as a model for horizontal wells by Ouyang[23] in
1998.

2.1.2 Wellbore Thermal Model

Based on the energy balance equation for wellbore
temperature, a horizontal well is assumed to be in a
steady state, with one-dimensional temperature. Ig-
noring kinetic shear, viscous shear and heat transfer
between fluids, the ultimate one-dimensional, sin-
gle-phase, steady-state wellbore temperature equa-
tion is[27]:

3)

2.2 Reservoir Model

2.2.1 Mass Balance

The mass balance for fluid flow in permeable me-
dia is given as:

(%)
while, according to Darcy's law, the Darcy veloc-

ity is:

(6)

In this work, a numerical simulation (Eclipse,
2006) was used solve the above equations.

2.2.2 Energy Balance

Neglecting kinetic energy change and consider-
ing convection, conduction, viscous dissipation and
thermal expansion in the heat-transfer problem, while
also dropping the time derivative term, yields[20]:

()

In this study, no flow in the z-direction within the
reservoir is assumed. Here, we use the finite-differ-
ence method to find the reservoir’s temperature dis-
tribution. When not otherwise specified, the top and

No. 7— 2015




Engineering science

bottom boundaries are assigned a constant tempera-
ture, while all other reservoir boundaries are set equal

In this case, all parameters can be solved by nu-
merical dispersion, from which we obtain the follow-
ing large linear matrix of temperature equations:
AT=B 9

where A is the coefficients matrix, T is the un-
known temperature vector, and B is the source term.
Coefficients matrix A has five linear domains, which
include non-zero elements, while all other elements
in matrix A are zero. From here, a program can be
developed to solve this set of equations to obtain the
temperature in a gas reservoir.

2.3 Coupled Model

The objective of the coupled model is to find
the arriving temperature, 7,, which is dependant on
method of well completion. For a well contained in
the grid, Figure 3 illustrates the thermal/flow system
used in this work.

Figure 3. Integrated temperature behavior

to distributed geothermal temperature. The resulting
finite-difference equation is:

®)

2.3.1 Engaged Reservoir and Wellbore

For this investigation, the model of a coupled res-
ervoir and wellbore developed by Zhuoyi Li[21] was
adopted directly. The arriving temperature, 7, as the
link between reservoir grid temperature and well-
bore temperature, must be found to solve temperature
equations 3 and 7. Hence, the pressure from the grid
to the wellbore becomes:

(10)

By combining equations 7 and 10 under appropri-
ate boundary conditions, we obtain the arriving tem-
perature thus:7, =T'|,_, .

During drilling, well completion and/or produc-
tion, formation damage may occur, increasing loss
of pressure and affecting temperature behavior at a
given flow rate. Stabilized grid distribution is one
approach which prevents formation damage, which
damage can now be estimated by use of effective
permeability. Assuming that the formation damage
is within radial range, as shown in Figure 4, where
permeability is represented by k, and radius by W the
effective permeability is derived as:

(11)

Figure 4. Estimate formation damage effect by effective permeability

In this situation, gas viscosity is low and gas flow
velocity is usually very high, especially in the area
near the wellbore. Considering non-Darcy flow, the
relationship between pressure and flow rate is:

(12)

where a is the Darcy flow factor and b is the

non-Darcy flow factor. Here, ¥ represents pseudo-
pressure as:
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(13)

2.3.2 Disengaged Reservoir and Wellbore

When the reservoir and wellbore are not engaged,
pressure changes in the reservoir have no effect on
the pressure in the wellbore, since there is no fluid
interaction between the reservoir and wellbore. In this
case, Equation 7 becomes:
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(14)

As well, the concomitant boundary conditions
would be:

(15)

and

(16)

Solving Equation14, we obtain the arriving tem-
perature, 7, of no connection between reservoir and
wellbore. According to the behavior of these equa-
tions, reservoir grid, arriving temperature and well-
bore temperature are bound by interaction.

3. Solution Procedure

During solution, the interactive nature of grid and
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temperature characteristics is in full play. Solving
first for gas reservoir pressure distribution, wellbore
pressure is consequently also solved. Next, apply the
found reservoir pressure value to solve for reservoir
temperature. Finally, solve wellbore temperature us-
ing the coupled model iteratively until the solution
reaches convergence, which procedure is detailed in
Figure 5. Convergence condition is defined by a rela-
tive error of less than 10—6, which may be calculated
by the equation below.

a7

where 7', is the matrix of wellbore temperature,
and superscript 7 is the transpose of the matrix.

Figure 5. Calculation procedure for temperature distribution along the wellbore
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4. Results And Discussions

As shown above, we may obtain the reservoir tem-
perature and wellbore temperature iteratively. The
model well considered here is completed, cased and

perforated (Fig. 6); plus, it is assumed that the well is
producing at a constant rate of 24000m?/d. The pro-
duction profile is shown in Figure 7, while details of
the well and reservoir properties are shown in Table 1.

Figure 6. Synthetic well completion method

Table 1. Basic parameters of reservoir and well

Parameters value
Reservoir depth (m) 2000
Initial reservoir temperature (Degrees Celsius) |82
Initial reservoir pressure(Mpa) 28.5
Permeability (mD) 10
Reservoir thickness (m) 10
Gas density (kg/m?) 150
Heat capacity [J/(kg-(Degree Celsius)] 2150

Total heat conductivity [w/m-(degree Celsius)]|2.25

Reservoir size (mxmxm) 600x890%10
Grid size 60x89x1
Horizontal well length (m) 600

Well radius (m) 0.1

ID (m) 0.066

OD (m) 0.0889

Pipe wall: relative roughness 0.01

Figure 7. Gas flow rate profile in synthetic example

The arriving temperature, 7, ,is related to skin
factors and the perforated locations. Figure 8 depicts
comparison between the arriving temperature profile
comparison with and without the skin factor, wherein
arriving temperature in consideration of skin factor is
lower than that without skin factor. The cause of this
difference is that greater pressure loss is generated
near the wellbore under damaged formation condi-
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tions, leading to reduced arriving temperature as the
result of the Joule-Thomson effect. Another factor of
concern is change in arriving temperature along the
perforated sections, which holds the line along the
non-perforated sections.

Temperature along the wellbore is also related to
skin factor and the perforated locations. As shown in
Figure 9, a clear influence is effected by skin factor on
the wellbore temperature.

Metallurgical and Mining Industry




Temperature along the non-perforated section
changes very little, whereas changes along the per-
forated sections are obvious. Also revealed in the be-

Engineering science

low figure is increased wellbore temperature with de-
creasing skin factor.

Figure 8. Arriving temperature profile with and without skin factor

Figure 9. Wellbore temperature profile comparison between different skin factors

Figure 10 illustrates comparison between skin
factors on the wellbore temperature derivative curve.
When compared with the wellbore temperature pro-
file (Fig. 9), the temperature derivative data from

non-perforated sections are almost constant, which
phenomenon is helpful in identification of non-perfo-
rated wellbore sections.

Figure 10. Temperature derivative comparison between different skin factors

Differences between arriving temperature and
wellbore temperature are shown in Figure 11, where
the non-perforated sections are also easily recognized
by a horizontal line. In addition, the temperature dif-
ference is smaller here, accounting for greater skin
factor due to intensified Joule-Thomson effect near
the wellbore.

As mentioned earlier, the temperature along
wellbore is also related to non-Darcy flow factor.
First, the arriving temperature profile is to be ana-
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lyzed, whose profile comparison with and without
non-Darcy flow factor is depicted in Figure 12. As
shown, the arriving temperature with non-Darcy
flow factor is less than that without non-Darcy flow
factor, the reason for which is generation of greater
pressure loss near the wellbore under non-Darcy flow
phenomenon, in turn producing decreased arriving
temperature by the Joule-Thomson effect. In addition,
perforated sections may also be easily recognized by
jumping data.
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Figure 11. Difference between arriving temperature and wellbore temperature

Figure 12. T, with and without non-Darcy flow factor

Figure 13 illustrates the wellbore temperature pro-
file comparison between different non-Darcy flow
factors, and Figure 14 shows temperature differences
between the arrival location and the wellbore. Both
figures display perforated sections and non-perforat-
ed sections, however Figure 14 is more clear. As well,
the non-Darcy flow factor affects the wellbore tem-
perature. According to Figure 13, greater non-Darcy

flow factor generates lesser wellbore temperature due
to reduced arriving temperature. Furthermore, Figure
14 confirms that greater non-Darcy flow factor gener-
ates increased temperature differential between arriv-
al location and the wellbore along perforated sections.
Temperature differential is minimal along non-perfo-
rated sections, providing a basis for non-perforated
sections judgment.

Figure 13. Wellbore temperature profile comparison of different non-Darcy flow factors

Figure 14. Difference between arriving temperature and wellbore temperature
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Temperature along the wellbore is also related to
well completion methods, for which consideration
Figure 15 presents 4 different well completion meth-
ods with constant wellbore length. It is assumed that
the horizontal well is producing at a constant pro-

Engineering science

duction rate of 60000m?®/d, without consideration of
skin factor and non-Darcy flow, but considering the
Joule-Thomson effect. By calculating 4 cases, tem-
perature and temperature derivative curves (Fig.16)
were derived and plotted.

Figure 15. Schematic Diagrams of 4 Well Completion Methods

It can be seen from Figure 16 a-d that well com-
pletion methods have a significant effect on temper-
ature distribution and temperature derivative, espe-
cially along the perforated areas. However, according
to the temperature derivative curves, the impacts are
relatively moderate along the non-perforated interval.

Figures 16(a) and (b) present temperature deriv-
ative curves for non-perforated sections as horizon-
tal lines, while the perforated sections vary. The dif-
ference here is caused by lack of gas flow into the
wellbore along non-perforated sections. As a result,
wellbore temperature decrease is constant due to con-

Metallurgical and Mining Industry

(@)

(b)

stant gas flow rate in the wellbore. By contrast, gas
continuously flows into the wellbore along the perfo-
rated sections, thus gradually increasing the gas flow
velocity in the wellbore, leading to a greater temper-
ature decrease.

The influences of manufactured fractures on tem-
perature and temperature curve can be seen in Fig-
ures 16 ¢ and d, where temperature curves decrease
significantly along the fractured sections. In the same
position, however, temperature derivative curves for
the fractured sections show data jumps, easing identi-
fication of fractures.
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(©)

(d
Figure 16. Effect of Well Completion Method on Temperature and Derivative

5.Conclusions And Recommendations

A wellbore temperature model for hydraulic-frac-
turing horizontal wells in gas reservoirs is estab-
lished in this paper, which considers skin factor and
non-Darcy flow factor. This model can be applied to
predict the temperature along the wellbore. By study-
ing both coupled reservoir and wellbore temperature
models, temperature response type curves may be
plotted by algorithm, and temperature influence fac-
tors may also be analyzed.

Here, skin factor, non-Darcy flow factor and well
completion method are all demonstrated to affect
temperature along the wellbore. As well, variations in
data may serve as indicator for identification of per-
forated sections.

This progressive model is the basis of interpret-
ing temperature phenomena in hydraulic-fracturing
horizontal wells. On this basis, future investigation
should produce a needed inverse model, able to trans-
late DTS data into flow rate profile, skin factor and
other physical characteristics, further refining drilling
and extraction processes.
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