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Karstic-fault oil pools are a new type of carbonate reservoirs which is consisted of groups of large caves with high oil storage
potential. In this study’s examinations of high-yielding wells, it was found that many valuable reservoirs relate to the drilling
wells through fractures or karst caves, and it was not possible to determine the reservoir depths through the method of seismic
prospecting precisely due to its poor vertical resolution. The conventional logs cannot be run in the case of no mud circulation
due to leaking to the caves. If the depths of the reservoirs cannot be determined, then it becomes difficult to achieve long term
and stable development of the oil resources in the reservoirs. The heat transfer between wellbore and formation during oil
production processes was simulated by CFD. The Horner method was used for estimating the flow temperature during the
stable production stage using the temperature curve measured after shut-in. This research presented a scheme which could be
used to effectively determine the depths of karstic-fault reservoirs by static and flow temperature logs. The proposed method
was applied to a well located in the Tahe Oilfield of the Tarim Basin. The application of the method will aid in deepening our
understanding of the distribution of fault-karst reservoirs, as well as in supporting the future stable and sustainable high-
yielding oilfield production of similar reservoirs.

1. Introduction

A new type of carbonate reservoir, referred to as karstic-fault
systems, has been discovered in the Tahe Oilfield, Tarim
Basin, in northwestern, China. This type of reservoir consists
of a group of large caves which are interconnected by high
permeability fractures or large caves, characterized by poor
matrix porosity and permeability [1, 2]. The karst caves have
been observed to be distributed randomly, discretely, and
discontinuously along the deep faults [3]. However, there
potential certainly exists for significant oil production once
the karstic-fault systems have related to production wells
[4, 5]. The investigation conducted by Li Yang [6] found that
the cave reservoirs contributed to more than 95% of the
productivity in those blocks which had been put into devel-
opment in the Tahe Oilfield.

However, it has been found that accurate depth predic-
tions in karstic-fault carbonate reservoirs are challenging
problems, since the reservoirs are highly heterogeneous and
ultradeep, with known depth ranges of 5,000m to 7,000m

[7]. It has been observed that particularly after a period of
production, the caves which are connected to the production
wells tend to be replenished with oil from deeper deposits. At
such times, it is urgent to determine the reservoir depths in
order to update the understanding of the reservoir situations,
as well as the development plans.

It has been found that the caves in karstic-fault systems
develop longitudinally [8]. In addition, when drilling activi-
ties move closer to the target horizon, there will be a great
deal of mud leakage, which makes it impossible to continue
the drilling processes. If mud leakage occurs after drilling to
a certain depth, then the drilling can be smoothly resumed
after effective plugging measures have been taken [9]. How-
ever, many lost points and significant leakages may occur
within the karstic-fault systems, and sealing effects have been
found to be frequently useless. In other words, the mud loss
layers are not completely blocked, or repeated losses may
result from the lifting and lowering of the drilling tools.
Subsequently, the drilling operations will be impeded and
the measurements will be affected, resulting in the loss of
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open-hole logging data and in the inability to accurately
determine the reservoir depths [10].

As a type of geothermal heat indicator, the temperature
data have been considered to be a natural tracer of ground-
water or oil flow in such fields as geothermal energy, oil
and gas, and groundwater research [11–13]. It appears to be
a promising approach for characterizing the connectivity
patterns of those types of main flow paths [14, 15].

Temperature profiles along wellbores can be easily
and continuously obtained using temperature probes in
observational wellbores [16]. Temperature logs are records
of moments in transient processes caused by the shut-in
(cooling) and production (heating) processes. During the
production of karstic-fault reservoirs, both the temperatures
of the wellbores and surrounding formations tend to
increase. If production processes are continued over a long
period of time, then the temperatures of the wellbores will
become stable. This is referred to as the flow temperature.
After shut-in, the formation and wellbore temperature return
to the initial temperature. The temperature log data are nor-
mally measured during the shut-in state and are also related
to the shut-in times [17].

In recent years, the development of numerical simulation
processes has provided a convenient and effective means to
study both temperature and flow fields [18]. The computa-
tional fluid dynamics (CFD) technique was implemented to
analyze the flow behavior of oil in wells and caves, because
CFD makes it possible to numerically solve flow, mass, and
energy balances [19]. This study found that in the previous
related research reports, the adopted transient wellbore sim-
ulations had mainly focused on the mud circulation during
the drilling and subsequent shut-in stages. The purpose of
this study was to estimate the initial formation temperatures
in order to determine the composition of the drilling fluids
and the thickening times of the cement slurry [20–22].

In this study, the variations in the wellbore and formation
temperature fields under production and shut-in modes were
simulated. The relationship between the temperature levels
and time was summarized from the obtained results. Then,
based on this study’s findings, the Horner method was used
to predict the flow temperatures at specific production times
using the shut-in temperatures. At the same time, the influ-
ences of the karst cave parameters on the temperatures in
the wells were discussed, and a method to predict the cave
lengths was formulated. Finally, a multistage approach was
proposed for the purpose of determining the depths of
karstic-fault reservoirs using the well temperature logs. The
method was then applied to a well in the Shunbei area of
the Tahe Oilfield, and promising application results were
obtained.

2. Background and Methodology

2.1. Geological Feature and Physical Model. It has been
observed that large caves tend to generate “bright spots” in
seismic images, which are produced by the high-reflection
energy in a plane (Figure 1(a)). The positions of these “bright
spot” seismic facies have been found to generally leak drilling
mud, and the wells are characterized by high and stable oil
production. In Figure 1(a), the area circled by a blue dotted
line indicates a karst cave area. This area had been targeted
by the drillers but could not be drilled through. In the study
area, following the onset of production in well D, a consider-
able flow of industrial oil was obtained. The researchers
believed that the oil had originated from the bottom of the
karst cave [7].

The schematic diagram in Figure 1(b) details this study’s
geometric model of the simulations and shows the oil pro-
duction process. As indicated in Figure 1(b), this study’s
physical model was divided into the three following sections:
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Figure 1: (a) Seismic image of karstic-fault reservoir [7]. (b) Schematic of production well, h is the depth difference between the bottom-hole
and the reservoir.

2 Geofluids



(a) wellbore, (b) surrounding formation, and (c) cave (as the
flow channel). The karstic cave was located at the bottom-
hole area, which could not be accurately measured by the
logging data. The oil had entered the well through that flow
channel. The symbol h in Figure 1(b) indicates the depth
differences between the bottom-hole and the reservoir; in
Figure 1(b), 0.15m is the wellbore diameter; R is the radius
of a cavern as a flow channel; and 50m was selected as the
research object in this study, in accordance with the propor-
tions described in Figure 1(a).

2.2. Methodology. It has been found that in deep under-
ground drillings, the temperature-depth profiles are approx-
imately straight lines, and the slope of the line represents the
geothermal gradients. In addition, when there are no external
interference effects, the temperature balance will be main-
tained. However, once the formation fluid begins to flow,
the thermal balance will be destroyed. In this study, the focus
was on the examination of karstic-fault reservoirs (typically
below 6,000m in depth). It is generally considered that the
vertical flow of thermal fluid from karstic-fault reservoirs
are the main causes of geothermal anomalies.

The three types of temperature and flow patterns for the
observed well and reservoir are shown in Figure 2. This study
focused on distinguishing whether the well and reservoir
were directly connected or connected through the cave sys-
tem. In such a system, the heat tends to be carried via vertical
wellbore flow and then dissipates to the surrounding rock.
However, it has been observed that when the relative posi-
tions of the reservoirs and wells are different, then the flow
and static temperature curves measured in the wells will also
significantly differ. In the cases where the wells are directly
connected to the reservoir, the intersection of the static and
flow temperature curves will be located in the reservoir area,
as detailed in Figures 2(a) and 2(b). However, when they are
connected by caves, there will be no intersection in the well
area, as illustrated in Figure 2(c).

The third case detailed in Figure 2 was that which was
mainly discussed in this study. It was expected that the tem-
perature extension line would intersect below the curve.
However, it was unclear how the intersection should be
determined. The inversion framework proposed in this study
had the following three main steps:

(1) Gathering of the well parameters: the well parameters
included the radius and depth, oil and formation
properties, and well temperature

(2) Determination of the flow temperature curve during
the production period: the numerical simulation
results indicated that the well temperature would
change greatly in a very short period after the shut-
in. Due to the different radii, the heat transfer effi-
ciency between the fluids in the well and the surround-
ing formations was different from that between the
fluids in the karst cave and the surrounding forma-
tions. It was found that during the production period,
the fluid temperature is continuous at the connection
between the well and the cave. However, the tempera-

ture recovery rates would be different after the shut-in.
It was impossible to directly predict the temperature
changes in the cave from the well temperature curve
during the shut-in state, and the reservoir depth could
not be inferred. Therefore, it was necessary to deter-
mine the well flow temperature during the production
period

(3) Calculation of the reservoir depth: when oil flows into
a wellbore from a reservoir through a karst cave, the
bottom-hole flow temperature is related to the reser-
voir depth, cave radius, and flow velocity. Therefore,
the reservoir depth could be inferred using the prop-
erties of the oil, well production data, and tempera-
ture values

2.3. Numerical Simulation. The numerical simulations in this
research study were divided into two independent sections,
which utilized the same software and calculation parameters.
The first section was the simulation of well and surrounding
formation temperature field during the production and shut-
in periods. The simulation results were used to summarize
the methods for determining the flow temperature. The sec-
ond section consisted of the simulation of the temperature
values with the changes in the cave parameters. A method
by which to determine the longitudinal length of the karst
cave was proposed based on the simulation results.

2.3.1. Governing Equations. In the numerical simulations, the
mass conservation, momentum conservation, and energy
conservation controlled the flow and heat transfer rates
[23, 24]. The control equations are as follows:

momentum conservation

∂ ρuð Þ
∂t

+ ρ u:∇ð Þu = ∇: −p + μ ∇u + ∇uð Þτð Þ½ � + F ð1Þ

mass conservation

∂ρ
∂t

+ ρ∇: uð Þ = 0 ð2Þ

energy conservation

∂ ρCρT
� �
∂t

+ ρCρu:∇T+∇q =Q

q = −λ∇T
ð3Þ

where ρ is the fluid density, kg/cm3; u is the flow velocity,
m/s; μ is the fluid viscosity, Pa·s; p is the pressure, pa; Cp is
the constant pressure heat capacity, J/(kg·); q is the heat flux,
W/m2; λ is the thermal conductivity, W/(m·k); T is the tem-
perature, k; F represents the influence of volume force, and
the gravity is not considered in this paper, F = 0.Q represents
the influence of the heat source that has been ignored in this
paper, so Q is equal to 0.
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2.3.2. Thermal Boundary Conditions. The radial infinite and
the bottom of formation maintain the initial temperature

TΩ = T0 + gT ⋅ z ð4Þ

The flow inlet was located at the bottom of the model,
and the equations were as follows:

T in = T0 + gT ⋅ z ð5Þ
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Figure 2: Illustration of temperature fields for production wells at different reservoir locations: (a) middle; (b) bottom; (c) below.
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uin =
v production status

0 shut − in status

(
ð6Þ

The flow outlet is at the top of the model

pout = 0 ð7Þ

Where TΩ is the temperature of formation boundary, k;
T0 is the surface temperature, k; gT is the geothermal gradi-
ent, k/m; z is the formation depth, m; T in is the inlet fluid
temperature, k; uin is the fluid velocity at the inlet, m/s; υ is
the fluid inflow velocity, m/s; pout is the outlet pressure, pa.

2.4. Parameters. The following stages were required to be
completed, in order, from a development plan to stable oil
production: drilling, completion, and production. Then, fol-
lowing the completion and production stages, the shut-in
stage would be conducted from time to time. The well tem-
perature measurements were made during the shut-in
periods, and the logs were used to monitor the production
conditions in order to develop new development plans. The
well temperatures measured during the different develop-
ment stages held different meanings. In this study, for the
convenience of understanding, the symbols shown in
Figure 3 were used to distinguish the different well tempera-
ture meanings.

The simulation parameters used in this study are shown
in Table 1, in which the changes in density and viscosity with
temperature and pressure were not considered.

2.5. Mesh Generation. Since the wellbore radius was 0.075m
and the karst cave radius was 50m, the size difference was
extremely large. Therefore, when the two parts were mod-
eled, the quality of the grid was very poor. In order to address
this issue, the two parts were separately simulated. The
results of cave simulations could then be used as the input
of the wellbore simulations. An unstructured grid was used
in the simulation. Figure 4 is the schematic diagram of mesh.
The number of nodes in the radial boundary of the formation
is set to 50. The grids are radially distributed from the inter-
face to the formation boundary [25]. The grids of wellbore
center are refinement. The further the mesh is from the inter-

face, the larger the size will be. The boundary layer of inter-
face is refined with the inflation method. Five layers of
inflation were set at the wellbore side of the interface, and
10 layers of inflation were set at the formation side. The infla-
tion thickness closest to the interface was 0.002m and then
increased successively. The maximum length of the grids
set vertically is 0.5m, so the number of grids in the whole
model exceeds 1,000,000.

3. Results

3.1. Well Temperature during Production Period. During the
simulation process, the longitudinal lengths of the wellbore
and surrounding formations were 500m, and the formations
were homogeneous and isotropic. The wellbore radius was
set as 0.075m, and the formation radius was 30m. The
bottom-hole depth was 7,250m, and the h was 0m.
Figure 5 illustrates a cross-sectional view of the wellbore
and the formation temperature after production began in
the well. During the production process, high-temperature
fluid flowed through the wellbore. The fluid was then cooled,
and the formation temperature had risen. Figure 6 shows the
changes in the formation radial temperature distribution
over time around the well at a depth of 7,000m. The
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Figure 3: Well development stages and corresponding temperatures.

Table 1: Simulation parameters.

Name Symbol Unit Value

Oil density ρ kg/m3 796

Oil constant pressure heat capacity Cp J/(kg·k) 2200

Oil viscosity μ Pa·s 0.002

Oil thermal conductivity λ W/(m·k) 1

Formation density ρf kg/m3 2715

Formation constant pressure heat
capacity

Cf J/(kg·k) 700

Formation thermal conductivity λf W/(m·k) 3.1

Geothermal gradient gT k/m 0.0178

Surface temperature T0 k 20

Oil inflow velocity υ kg/s 1.39
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temperature changes in the formations were relatively gentle
when compared to the sharp changes observed in the fluid
temperature in the well. The reasons for this were that the

formations had contained no fluid, and that the scale was sig-
nificantly larger. As the production time continued, the heat
continued to spread into the surrounding formations, and
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Figure 4: Schematic diagram of mesh.
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the temperature levels in the formations located around the
well continued to rise. At the same time, the temperature
levels in the well had tended to stabilize after one day.

3.2. Well Temperature during Shut-in Period. Figure 7 shows
a cross-section of the temperature recovery process during a
shut-in period which occurred after 100 days of stable pro-
duction. Following the shut-in, the wellbore and formation
temperature levels gradually returned to the initial formation
temperature. Therefore, it was determined that the length of

production time exerted an effect on the temperature recov-
ery following the shut-in period.

3.3. Horner Method (HM). Figure 8(a) details the wellbore
temperatures at different times during the production pro-
cess. The dotted line in the figure indicates the initial forma-
tion temperature, and the solid lines represent the transient
flow temperatures during the different times (counted in
days). It was observed that after production had begun, the
wellbore temperature began to rise and then quickly reached
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Figure 7: Temperature distribution at different times after shut-in.
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a plateau level. Then, after the shut-in, the temperature level
in the wellbore began to drop. The temperature levels were
observed to drop the fastest in the first three days, and then
had clearly decelerated (Figure 7(b)). In addition, during
the early stages of the shut-in period, the temperature levels
of the wellbore fluid rapidly decreased due to the fluid no lon-
ger flowing, and the heat not being vertically transferred
through the wellbore. The efficiency of vertical convection
by the oil was determined to be higher than the radial heat
conduction during well heat transfer. Therefore, the forma-
tion temperature levels slowly changed, while the wellbore
temperature levels were observed to change quickly.

The Horner method (HM) is widely used in the field of
petroleum reservoir engineering to process the temperature
and pressure recovery data for wells which are producing at
constant flow rates. The initial formation temperatures can
be estimated by examining the temperature values at differ-
ent times following the shut-in period on semilogarithmic
plots [26].

TS = T f +Mln
tc + ts
ts

� �
M = q

4πλf
ð8Þ

Where ts denotes the production time, d; tc is the shut-in
time, d; and q indicates the heat flow rate per unit of length.
Therefore, from the formulated semilog plots, the undis-
turbed formation temperatures and parameter M can be
obtained.

As shown in Figure 8, this study’s selected depths were
6,750m, 7,000m, and 7,125m, and the temperatures at the
different shut-in times were draw on a semilogarithmic plot.
It can be seen in the figure that the temperature recovery
curve could be divided into three regions, and the curve
shape of Region II was consistent with Eq. 9. In addition
when the curve was in Region I, then the shut-in time was
very short and the temperature level in the well had changed
only slightly. When the curve was in Region III, the shut-in
duration was long enough that the temperature in the well
had almost returned to the initial formation temperature. It
was observed that when the production times were short,
Region III may not have been as obvious, and the steady
flow temperature during production would need to be
determined using the temperature data in Region II. If the
production time was short, then the time gap between tem-
perature measurements after shut-in should be reduced
appropriately. When the production time was relatively
short, then ðtc + tsÞ/ts in Eq. 9 changes. The segmentation
values of different regions in Figure 9 also need to be recon-
sidered. Specific parameters should be selected according to
the production data and temperature data of a specific pro-
duction well.

3.4. Well Temperature and h. In the present study, in order to
determine the longitudinal length of the karst cave, the rela-
tionship between the length of the karst cave and the temper-
ature of the bottom hole was determined using numerical
simulations. In the simulations, the radius of the karst cave
as the flow channel was 50m, and the formation radius was
500m. The depth of bottom-hole was set as 7,400m. The

temperature changes of the oil production processes in the
karst cave and wellbore were simulated with h changing.
The results are shown in Figure 10.

The temperature differences of bottom-hole were used
to determine h, and then the depth of the reservoir was
determined. Figure 11 shows the temperature distribution
in the karst cave and the relationship between h and
▽Tb, where ▽Tb represents the temperature differences
in the steady flow temperature and static temperature at
the bottom-hole.

In this present study, when the bottom-hole flow temper-
ature was known, then the reservoir temperature could be
obtained using Eq. (9). Subsequently, the h and reservoir
depth could be accurately determined.

h = 18:313∇Tb2 + 19:545∇Tb ð9Þ
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4. A Case

In addition, using the abovementioned numerical simulation
process, a method for predicting the flow temperature was
successfully obtained using the temperature logs during the
shut-in periods, and the equation for the reservoir depths
using the differences between the bottom-hole static and flow
temperatures. In practical application, the method proposed
in this study can be divided into three steps: (1) data collec-
tion is performed; (2) flow temperature is calculated by the
HM method; (3) the longitudinal length from the oil source
to the bottom of the well is calculated using Eq. (9). The tem-
perature logs of well D in the study area were used to predict
the depth of the reservoir, as shown in Figure 12. The tem-
perature log was measured at different times during the

shut-in period, after stabilized production had been main-
tained for a long period of time. The bottom-hole depth of
well D was determined to be 6,950m, and a predicted flow
temperature of 424.9 k was obtained using the Horner
method. Since the difference in the static flow temperature
was 6 k, and h was determined to be 800m using Eq. (9),
the depth of the reservoir was 7,750m. On that basis, the
temperature distribution in the cave was successfully
obtained by a numerical simulation process in this study.

Seismic analysis has achieved promising results in
describing the profile of fault-karst traps, which describes
the internal fracture-cavity structure [27]. However, it cannot
determine the specific depth of the reservoir by means of seis-
mic analysis. The reservoir prediction results in this paper are
compared with the profile of fault-karst obtained from seis-
mic data (Figure 13). The predicted depth of 7750m is
800m different from the completion depth of 6950m. There
is a large karst cave connected with the well on the profile of
the seismic fault-karst traps, and oiliness is found in the karst
cave and its underlying zone. It can be inferred from the fig-
ure that the source of oil in the well is deep and located far
away from the well.

5. Conclusion

In this study, through the numerical simulations of the oil
production processes, it was found that the well hole temper-
ature measurements were related to the shut-in times. It was
observed that following the shut-in period, the fluid temper-
ature in the wellbore rapidly decreased, and this process was
related to the production time. It could be seen that the
longer the production time was, the more complex the tem-
perature recovery process would be. Moreover, there was an
obvious partitioning phenomenon observed in the semilog
plot. However, when the production process was stable, the
wellbore temperature increased rapidly and soon reached a
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stability level. The temperature variations in the formations
surrounding the wellbore were observed to be smaller than
those in the wellbore, with the duration accompanying the
entire production time.

In this research study, a well temperature recovery rule
after shut-in was obtained via an HM. It was determined that
during the development of karstic-fault reservoirs, the caves
were the main flow channels. In addition, the changes in fluid
temperatures were an important means by which to deter-
mine the reservoir depths. Therefore, in accordance with
the differences in the bottom-hole static and flow temper-
ature levels, the depths of reservoirs can be accurately
predicted. The workflow of this study’s proposed method
was applied in a well in the Tahe Oilfield for verification
purposes, with strong application results obtained.
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