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Abstract

With the development of deep water wells and geothermal
wells, it is still a challenge to accurately predict heat transfer in
wellbore modeling. Bottom Hole Circulating Temperature
(BHCT) is a significant parameter for cement design, which
may cause cement displacement problem or failure due to
inappropriate temperature evaluation and prediction. Even
though computer simulators and correlations had been
developed to match with field measurement data, it is still
unconvincing or too sophisticated for field utilization. In this
study, a simplified simulator was presented to dynamically
calculate wellbore temperatures. For verification, a state-of-the-
art large scale Computational Fluid Dynamics (CFD) wellbore
model had been developed and numerical simulations had been
conducted to investigate heat transfer during cementing
process. Multiple phases were involved including mud, spacer,
cement and displacement fluid, whose rheological models were
all treated as Yield Power Law (YPL) with different physical
and thermal properties. The simulation results included the
BHCT evolution with time and wellbore temperatures at end of
cementing job. The proposed simulator was verified by
providing comparison of simulation results from the developed
simulator and CFD solver. Because of the large scale of this
CFD model, it was able to realize the near wellbore formation
cool-down effect at the end of the cementing job.

An offshore field case with multiple geothermal gradients
was used to validate the proposed simulator. At the end, with
the proposed simulator, sensitivity analysis of BHCT with the
influences of pump rate and number of injected bottom-ups for
pre-job operation was also presented to improve the
understanding of heat transfer in wellbore and near wellbore
region, also to identify practical guidelines and solutions to
optimize cementing design.

This study presented here not only serves to verify and
validate the proposed simulator used for engineering purpose,
but also illustrated what the capabilities of the new CFD model
are, and what could be achieved in the very near-future in better
simulating and thereby planning for complex cementing
scenarios such as offshore wells and geothermal wells.

Introduction

It has long been known that temperature during circulation
and after cement placement is one of the most important
parameters for the design of a slurry and the success of cement

jobs. BHCT is influenced by the following parameters:
circulation time, circulating rate, fluid inlet temperature,
geothermal temperature (including the sea), wellbore geometry
including (pipe, hole dimensions, well deviation, presence of
riser), sea depth and currents, fluid densities and thermal
properties. The normally used American Petroleum Institute
(API) correlations had been realized that it did not consider
important parameters affecting the temperature evolution,
especially in offshore well operations (Wedelich et al., 1987,
Guillot et al, 1993). The reason is that API correlation used the
True Vertical Depth (TVD) and a single temperature gradient
(computed from the Bottomhole Static Temperature (BHST))
to make the estimations. However, it didn’t include factors such
as circulation rate and time, temperature of the injected fluid
and sea temperature and currents. Computer thermal simulators
had been developed to fill this gap. However, the validation of
simulator models is difficult or unconvincing, as there always
exists a set of input parameters that can match observed
temperature on a particular well but not all other wells.

Goodman et al. (1988) developed improved circulating
temperature correlations for various cementing scenarios. The
correlations were developed from wellbore thermal simulators’
results and compared to field measurements. Guillot et al.
(1993) proposed a numerical simulator for calculating
cementing temperature, which had been created and used in a
cementing software. This model selected API database wells to
allow a proper validation. A minimal data set consists of the
description of well geometry, flow rate, inlet temperature, type
of fluid pumped, BHST, fluid density, fluid rheology and time
at which the measurements were performed. However, there
was no information concerning formation type, well deviation
or the presence of multi-geothermal gradients was available.
So, in their study, formation type was assumed to be sand for
all cases, and wells were assumed vertical, and a linear
geothermal gradient. The outcome included wellbore fluid
temperature, and surrounding formation temperature as
function of depth and time. As result, sensitivity of formation
type to temperature prediction was small. In Calvert and
Griffin’s (1998) study, two simulators were used to compare
circulating temperature with API prediction. The results of
simulation with drill pipe in hole showed the inaccuracy of
using API schedules in deep water. The simulators were also
used to calculate circulating temperature when circulating with
casing in the hole.
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Nowadays, the application of CFD tool for simulation had
been widely used from mechanical, chemical to petroleum
industries. CFD modeling technique has been used in recent
years to unravel the dynamic behavior of fluid movements with
reference to cementing (Chen et al., 2014; Xie et al., 2015;
Karbasforoushan et al., 2016; Durmaz et al., 2016; Enayatpour
and Eric van Oort, 2017). Heat transfer problem in wellbore
modeling also involves fluid flow dynamics behavior and plays
asignificant role in the planning of cementing design. However,
there is very limited literature associated with prediction of
wellbore temperature for cementing operations using CFD
simulation tools. Tarom and Hossain’s (2012) study proposed a
practical method through development of a simplified semi-
analytical model to apply for predicting temperature profile
along the wellbore. For verification of their proposed model,
their study carried out numerical simulations through ANSYS
Fluent to simulate heat transfer in wellbore with multiple layers.
The simulated case was a transient case of 2-D wellbore which
surrounded by different layers of tubing, casing, cement sheaths
and formation. This study threw light on the capabilities of CFD
package, e.g. Fluent, to simulate wellbore fluid flow and heat
transfer between wellbore fluid and its surroundings.

In this study, a simplified dynamic temperature modeling
technique was proposed and has now been embedded in
cementing software, CEMPRO, for oilfield applications. For
validation, a 2-D wellbore model with the whole wellbore cross
section was developed and simulated using ANSY'S Fluent flow
modeling software. Some simulation results including BHCT
with time, and wellbore temperatures (temperature inside
casing, annulus temperature between casing and formation) at
the end of cementing job. Sensitivity analysis was also carried
out by the proposed model to reveal the evolution of BHCT
with time, provide guidelines for circulation operations or
cementing design purposes.

Wellbore Thermal Simulator Description

The proposed simulator was fulfilled by solving a series of
energy equations including inside casing, on casing wall, on
inner string wall, in stationary annulus, interface of wellbore
and formation and formation itself. In stationary fluid, walls,
cased hole sections and formations, conductive heat transfer in
radial direction was occurred. And convective heat transfer was
occurred in inner string/pipe, annulus and outside pipe or riser
above mudline. Gauss-Seidel iterative method was used to
solve these equations.

The energy equation inside annulus in forward operation
with two different fluids was expressed as Eqn (1):
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For the energy equation inside drill pipe in forward operation,
Eqn (2) gave:
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where C; and C; are the heat capacities of fluid 1 and fluid 2,
V1 and V; are fluid velocities, p1 and p; are fluid densities. Uop
and Ujp are overall heat transfer coefficients at fluid-formation
interface and drill pipe - annulus interface respectively. The
terms qg; and gz are volumetric flow rates, and h; and h, are
convective heat transfer coefficients of fluid 1 and fluid 2.

For the meshing, additional grid points are set for wellbore
configuration, and pipe section change. The mesh in radial
direction first sets grid points to calculate temperature inside
pipe, on the pipe wall, inside annulus and wellbore/rock
interface. Mesh extends into formation with an increasing mesh
size from the well/rock interface. Examples of schematics of
discretization for onshore and offshore wells (with risers) were
shown in Fig. 1 and Fig. 2, respectively.

For cased holes, the thermal resistance and overall heat
transfer coefficient between annulus and wellbore/formation
interface were given by Eqn (3) and Eqn (4):
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For offshore well with water depths and installation of risers,
the thermal resistances were given by Eqn (5) and Eqgn (6) for
annulus of water and annulus of air, respectively:
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Fig. 2 Discretization of offshore well with riser
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Numerical Simulations for Verification

ANSY'S Fluent numerical simulator is a package that has
broad capabilities to model multiphase flow, turbulence, heat
transfer, etc. for a wide range of industrial applications
including drilling, cementing, cutting transportation. Fluent has
been used as a tool to validate and simulate cementing process
to calculate Displacement Efficiency (DE), using Volume of
Fluid (VOF) model to capture volume fraction of each phase in
the fluid domain (Wang and Dai, 2018). Fluent also can solve
the heat transfer problems using energy equations. Depending
on the problem we are solving, natural, forced and mixed heat
convection mechanism, conjugate (fluid/solid) heat transfer,
radiation heat transfer mechanism, transient and steady-state
heat transfer conditions are some of the capabilities embedded
in Fluent software. Therefore, the ANSYS Fluent can be a
powerful and reliable tool to solve heat transfer problems in
cementing process. The ANSY'S Fluent was chosen to compare
with our thermal model for verification.

The energy equation is expressed in the following form
(Fluent theory Guide, 2010):

2 (PE) + V- (B(0F +p)) = V- (kegs VT = X by +
Where k. is the effective conductivity, and fjis the diffusion
flux of species j. The first three terms on the right-hand side of
Eqgn (7) represent energy transfer due to conduction, species
diffusion, and viscous dissipation, respectively. Sjincludes the
heat of chemical reaction, and any other volumetric heat
sources.

In this study, a large scale 2-D wellbore model was created.
In this model, it is supposed that there are fluids into wellbore
and annulus section and the solids parts include casing and
formation. Therefore, the solution is for the mixing of fluid and
solid including different properties for each material.

Geometry

Among various options of casing and borehole sizes, we
chose a very frequently used wellbore size for simulation. The
hole 1.D. is 12 % inches, and the casing O.D. is 9 5/8 inches,
casing I.D. is 8.921 inches. The well is supposed to be a vertical
onshore well with measured depth of 1200 ft. There is 0.2 ft gap
between casing bottom and hole bottom to simulate what
happenes in an actual wellbore. Modeling deeper wells is not
feasible due to very long computation time and limitations of
the program. A simplified display for the model geometry was
shown in Fig. 3.

The main purpose of this simulation is to calculate the
BHCT during cementing job, and wellbore temperature at the
end of job. To obtain the results more rapidly, this large and
long model was meshed to keep the node number at a minimum
while maintaining a good degree of accuracy. Achieving this
degree required considerable amount of experimenting and
time. Quadrilateral elements with four nodes, which has fluid
velocity, pressure, temperature was used for meshing. To
achieve structured mesh, multi-zone Quad/Tri method was
applied in meshing method option. Since temperature change
on both vertical direction and radial direction were considerably

slow, the mesh size of the formation was selected to be 4.4 ft x
6.2 ft. For the wellbore, the vertical mesh size is 1.5 ft, and
horizontally all the conduits and casing were meshed to have at
least 3 nodes. At the wellbore bottom, there is relatively large
fluid gradient happened, so that region is specially taken into
account and has denser elements to reduce calculation errors. A
close-view of the meshing results at bottom hole can be seen in
Fig. 4. Overall, this 2-D wellbore and formation model had
45817 nodes, and 12333 elements in total.

1200 ft

Hole (ID 12 %”)
Casing (OD 9 5/8")

\

Fig. 3 A display of the 2-D cross section formation and
wellbore model

[ Fluid zone
I Formation

I casing

Fig. 4 A close-view of meshing information at formation
and bottom hole

Physical Settings for Simulation Work

After meshing the geometry, the model was required to
define specified conditions for computations. Throughout the
whole simulation, there are four different kinds of fluid
materials and two solid materials to be defined. Lists of thermal
and physical properties for fluids and solids as input data were
shown in Table 1 and Table 2, respectively.

Initially, the fluid domain was occupied by native mud
(primary phase), and then spacer, cement and displacement
fluid were pumped into wellbore in sequences, which were all
considered as secondary phases. All fluids were assumed to be
incompressible and there was no phase change in the
workstring, annulus and formation. For simplicity, the injection
rate for each phase was kept constant during the simulation. The
inlet temperature was assumed to be the same, 75 °F. The



4 Wang, Y. and Dai, H.

AADE-19-NTCE-004

formation temperature was simply supposed to have single
temperature gradient of 1.5 °F/100 ft. The surface temperature
was 75 °F. There was no source or sink of heat in wellbore and
formation. Specially, cement hydration heat is not included. A
list of pumping schedule was shown in Table 3. The injected
amount of spacer is 60 bbl. Cement fluid was then injected
following spacer, the injected volume is one annulus volume.
Then, the last fluid, displacement fluid was injected to push
cement in place. The injected volume of displacement fluid is
equal to the inside casing volume.

Table 1. Input data of fluid properties for cementing

simulation
. . Thermal | Specific |Injection
FLI:JSItd I(Dkzr}?rl]%/ Rheology |Conductivity| Heat, C,| Rate
(w/m-c) | (j/kg-c) | (bpm)
YPL
Mud | 1800 | k=0.6 1.385 3768 0
n=0.54
YPL
Spacer| 1800 | k=0.6 1.385 2512 8
n = 0.54
YPL
Cement| 1850 | k=0.55 1.385 3920 8
n=0.57
Disp. YPL
fluid 1800 | k=0.6 1.385 3768 8
n = 0.54

Table 2. Input data of solid properties for cementing

simulation
. Thermal .
Solid List (Dker}f]:?)’ Conductivity Specg'/"kH_gat’ Cr
g (W/m-c) 9
Casing | 7848.8 45 879.2
Formation | 2240.8 1.59 1256

Table 3. A list of pumping schedule used for model

simulations
Pumping Volume Time Elapsed time
fluid (bbl) (min) (min)
Spacer 60 75 75
Cement 66.944 8.368 15.868
Disp. fluid 92.781 11.598 27.466

The initial temperature of the wellbore was the same as
geothermal temperature. The temperature was constant at the
same depth. In formation, there was only heat conduction and
no convection (fluid flow) in formation included in this study.
For boundary conditions, we set inlet at surface as velocity inlet
condition, and outlet as mass flow-out condition. The mass flow
rate for each phase was specified. The heat transfer between
solid and fluid at the interfaces between casing and annulus
fluid, interfaces between fluid and formation was achieved by

matching these interfaces at different zones into coupled walls.
It is a crucial step in conjugate (solid/fluid) heat transfer
modeling process because it enabled to compute conduction of
heat through solids (casing or formation) and coupled with
convective heat transfer in fluid. The very far-away formation
border, or formation wall had not been disturbed and kept the
geothermal temperature. However, the near-wellbore region of
formation should have temperature variance.

Simulation Results

After setting the initial and boundary conditions, the
numerical solver was needed to be set to simulate a reasonable
cementing job, which requires a step-by-step solution process
during simulation. In this specific study, different fluids were
injected and the inlet condition was changed following the
procedures. Throughout the whole simulation, the VOF fluid
flow model and energy equation were used, and laminar flow
model was also used because these fluids were flowing in
laminar flow pattern. Fig. 5 gave an example of velocity
contour based on the Y-axis direction, located at bottom hole
section. To view actual fluid flow downward through the casing
and flow upward at the casing shoe to annulus, a velocity vector
was also plotted in Fig. 5. We can see at bottom hole, there was
large fluid velocity gradient in which the fluid velocity
suddenly changes to smaller value close to 0. Therefore, we
need denser meshes at the bottom hole region, also, we can see
that there was no velocity at the walls.

contour-1
¥ Velocity (miture)

361e+00
331400
3.02e+00
2.73e+00
244e+00
2 14e+00
1.85e+00
1566400
1.27e+00
2.75e-01
88301
391e-01
98202
-194e.01
-4 BBe-01
278601
-1.07e+00
-1.36e+00 1
1866400
-1.95e+00
-2.24e+00

[fv's]
0 320840
—

Fig. 5 Mixture velocity contour and velocity vector at Y-axis
direction near bottom hole

Initially, the highest temperature occurred at the bottom
hole, which was 93 °F by calculating from a linear geothermal
gradient of 1.5 °F/100 ft and surface temperature of 75 °F.
However, during cement placement operation, the hottest
temperature will occur at some depth above the bottom hole in
the annulus. During the circulation, the surface fluid is pumped
into wellbore and heated up in the path traveling down to the
bottom by gaining heat from annulus fluid. After the fluid
reaches the bottom hole it turns into the annulus and flows up
through the annulus. The annulus fluid will gain heat from
formation and also lose heat to the workstring fluid at the same
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time. In the near bottom hole section, the annulus fluid will gain
more heat than it loses, resulting in being heated up and
temperature increases. At a certain depth, the heat gained and
heat lost by the annulus fluid reach a balance and the fluid
temperature reaches its maximum. The heat gained by the
annulus fluids was then less than the heat they lost, which
caused a decrease of temperature when flowing above that
certain depth. The maximal temperature is initially at bottom
hole and will move up during circulation. The depth where the
maximal temperature occurs at the end of job depends on fluid
properties, hole size, pump rate and circulation time.

Fig. 6 was a plot to compare the calculated BHCT. As
mentioned previously, there are four types of fluids involved in
cementing job, e.g. mud, spacer, cement, displacement fluid.
Initially, the fluid domain was occupied by mud, then spacer
was injected at inlet to displace mud in the wellbore and flow
till bottom hole, then circulated up to annulus. At the initial 6
minutes, the BHCT had a good match between the simulator
and Fluent, then the discrepancy started to occur. The largest
difference was occurred around 10 minutes from the start of
injection, which was approximately 2 °F, which was fairly
acceptable considering this large scale geometry and some
acknowledged errors such as computer round-off errors. The
discrepancy tended to decrease with time and showed a good
match again in the displacement fluid injection stage, with an
error of less than 1 °F. The intermixing behavior between
multiple phases makes it difficult to simulate the actual fluid
velocities and viscosities since these fluids are all non-
Newtonian fluids and have complex rheological properties.
What’s more, the wall roughness condition added more
challenges to predict the actual position of the injected fluid and
their movement at downhole condition. However, as the
circulation continues, the bottom hole temperature will stabilize
and remain at constant temperature as predicted in both
simulators.

95

Spacer :
%0 *{\ Displacement
N 92.781 bbl
85
=
E 80
@
75
——CEMPRO Simulation
—— Fluent Simulation
70
1] 5 10 15 20 25 30

time (min)
Fig. 6 Comparison results of BHCT between the proposed
simulator and Fluent solver

At the end of cementing simulation, it is also important to
view the temperature profile through the entire wellbore,
basically inside the conduit and annulus. Table 4 and Table 5
showed the comparison results of the performances of the

proposed simulator (CEMPRO) and CFD solver, showing the
temperature at inside casing and temperature at annulus at 10
different depths. In Table 4, by comparisons of inside casing
temperature, we can see the percentage error between 0 and
1.2%. In Table 5, compared with Table 4, the percentage errors
of annulus temperatures were bigger than those of inside casing
temperatures. But the errors were ranged from 0.9% to 3.2%,
which clearly demonstrated the proposed simulator had good
agreement with the Fluent solver.

Table 4. Inside casing temperature comparisons at different

depths

Inside Casing.| Inside Casing. | Percentage

MD (ft) T (°F) T (°F) error
(Fluent) (CEMPRO) (%)
0 75 75 0
122 | 75 | 75 | 0
305 | 751 | 75 | 0.1
488 | 751 | 76 | 1.2
549 | 752 | 76 | 1.1
670 | 752 | 76 | 1.1
854 | 752 | 76 | 1.1
1000 | 752 | 76 | 1.1
1098 | 753 | 76 | 09
1200 | 753 | 76 | 09

Table 5. Annulus temperature comparisons at different depths

° ° Percentage

o ) | ARTED | RIECE | e
(%)
0 76.7 78 1.7
122 | 763 | 78 | 2.2
305 | 759 | 78 | 2.8
488 | 7157 | 78 | 3
549 | 756 | 78 | 3.2
671 | 756 | 77 | 1.9
854 | 754 | 77 | 2.1
1000 | 754 | 77 | 2.1
1098 | 753 | 77 | 23
1200 | 753 | 76 | 09

In Fig. 7 we showed comparison results of formation
temperature contour plot to demonstrate the formation cool-
down effect near wellbore at the end of cementing job. To
clearly see what happened in near wellbore region, a partially
zoomed image can see the differences between the initial and
end times. Initially, the temperature near wellbore were the
same with far-away formation temperature. A zoomed view in
a partial region shows no temperature change near wellbore
region. At the end of job, from the zoomed view image we can
see the blue line represented the wellbore temperature was close
to 75°F. The formation near wellbore was cooled down with the
evidence of concavity near the wellbore. However, it is
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necessary to state that this is only the results after 27 mins, we
can see more obvious change when the simulation time
increases.

Legend Initial End job Initial End job

9.30e+01
9.21e+01
9.12e+01
9.03e+01
8.94e+01
8.85e+01
8.76e+01
8.67e+01
8.58e+01
8.49e+01
8.40e+01
8.31e+01
8.22e+01
8.13e+01
8.04e+01
7.95e+01
7.86e+01
7.77e+01
7.68e+01
7.59e+01
7.50e+01

[f] —

Fig. 7 Formation temperature distributions at initial and end of
job

Comparison Results with Field Data

The field case we chose was from an offshore well (Chen
and Novotny, 2003). This well was a deep water well with
multiple geothermal gradients. The total depth is 5778 ft with
water depth of 3780 ft. The circulation fluid returned to surface
with a riser O.D. of 21 inches and riser 1.D. of 19 % inches, as
shown in Fig. 8. The casing size was 20 inches. The circulation
fluid, basically seawater, was pumped into wellbore through a
5 inches drill pipe to the circulation depth of 5721 ft, and then
fluid returned to surface through annulus. In order to measure
the wellbore temperature change, three gauges were installed:
one at bottom hole depth, 5721 ft to measure BHCT, the other
two installed at annulus, depths at 0 ft and 4786 ft, to record the
return fluid temperature and annulus temperature, respectively.
Fig. 8 also plotted the static temperature profile before
circulation. The ambient temperature was 77 °F and Bottom
Hole Static Temperature (BHST) was 59 °F.

Temperature (‘F)

Annulus 0 50 100

Depth: 0 ft

MD 1 TVD (1)

Drill pipe —

1000 {1000

Riser

2000 {2000

3000 13000

Seawater Zone

Formation Zone
Casing o

Annulus
Depth: 4786 ft

5000 15000

Inside Drill pipe
Depth: 5721 ft
5778

srrd ™
Fig. 8 Offshore well configuration and static temperature
profile before circulation

The temperature comparisons between the proposed
simulator and field measured data were investigated. The
temperatures at three different depths where the gauges were
installed were listed in Table 6, Table 7 and Table 8,
respectively. The times that were measured were 20 mins, 40
mins and 60mins (end of job). The differences were calculated
as well. Fig. 9 plotted measured and simulated temperature at
three sensor depths. The BHCT dropped rapidly during the first
5 mins circulation. Compared the results at three locations, the
percentage errors were ranged from 1% up to 11.5%. Taken into
account the insufficient information about the cementing
operations, the simulation provided a generally acceptable
result.

Table 6. Measured and simulated temperatures at circulation
depth (5721 ft)

time Measured | Simulated Perg;arr;trage
(min) (°F) (°F) )
20 51.5 54 4.9
40 | 533 | 57 | 6.9
60 | 544 | 58 | 6.6
Table 7. Measured and simulated temperatures at depth 4786
ft
Time Measured | Simulated Per:rerr;trage
(min) | (°F) (°F) )
20 515 52 1
40 | 533 | 55 | 3.2
60 | 539 | 57 | 5.8
Table 8. Measured and simulated temperatures at return
surface
time Measured | Simulated Perecrerrcl)trage
(min) (°F) (°F) %)
20 68.9 61 11.5
40 | 657 | 61 | 7.2
60 | 648 | 62 | 43
i \ ( i L— T
E® %51 ‘/l é:n

0 20 20
Time (min)

At depth 8721 ke

&0 80 °

—measured

20 a0 sa 50
Time (min)

CEMPRO

a0 0 0
Time (min)

Fig. 9 Measured and simulated temperatures at circulation
depth of 5721 ft, at depth of 4786 ft, and at return surface

Effects of Pre-cementing Job on Wellbore

Temperature

After verified with CFD solver and validated with field
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measured data, a series of sensitivity analysis were carried out
to investigate the effects of variables, including pump rate,
circulation time which is determined by the number of injected
bottom-ups. Before pumping cement, a designated fluid,
usually mud, is required to be pumped into wellbore and
circulated up one or more bottom-ups to cool down the wellbore
temperature. To investigate heat transfer with one single fluid
circulation through wellbore, a typical well configuration and
several case scenarios were generated for the sensitivity
analysis. The well was an onshore vertical well with measured
depth of 10,000 ft. Hole 1.D. is 12 Y% inches, casing O.D. is 9
5/8 inches, and 1.D. is 8.921 inches. The circulating fluid was
drilling mud with density of 11.5 ppg, the rheological model is
Herschel-Bulkley model where K is 1.253 Ibf-s*n/100ft?, n is
0.54. The yield point is 2.5 Ibf/100ft?, and the gel strength is 2.5
Ibf/100ft>. The formation has a single linear geothermal
gradient of 1.5 °F/100 ft. Ambient temperature is 75 °F.

Fig. 10 plotted the annulus profiles after one bottom-up
circulation with pump rates of 5 bpm, 15 bpm and 25 bpm.
Initially, the annulus temperature was the same as geothermal
temperature from 75 °F at surface to 450 °F at bottom hole.
After circulation, at certain depth the annulus temperature
above that depth increased and annulus temperature decreased
below that depth. And as we expected, initially the highest
temperature was occurred at bottom hole, but the highest
temperature was occurred at upper annulus depth above the
bottom hole at the end of circulation. With flow rate of 5 bpm,
the depth of hottest temperature was around 8000 ft. With the
increase of flow rate from 5 bpm to 15 bpm, the depth of hottest
temperature increased to 8500 ft. And with the flow rate of 25
bpm, the hottest temperature was occurred at 8800 ft.

Temperature (°F)

0 20 40 60 80 100 120 140 160 180
0 \
——Q=5bpm \
—=Q=15bpm
2000 Q=25bpm

4000
Temperature (°F)
160 165 170 175 180

6000 -\

6000 7000 N \
N \ \

8000 \

8000 )
9000 (7 \
(7

10000 /

10000 .

Fig. 10 Annulus temperature profile after one bottom-up
circulation at various pump rates

MD (ft)

MD ( ft)

The BHCT is the ultimate result of heat transfer between
circulation fluid and formation. Fluid viscosity, fluid thermal
property, pump rate, circulation time, and hole size all have
impact on BHCT and should not be ignored. Fig. 11 plotted the
BHCT with the increased number of injected bottom-up
circulations. The flow rates considered for analysis were 5 bpm,

10 bpm, 15 bpm and 20 bpm. Circulation time was also plotted
with BHCT because with different flow rates, the circulation
times were also different even with the same number of bottom-
ups. First, with the increased number of bottom-ups, the
circulation times were increased for each scenario with
different flow rate. Second, with the increased number of
bottom-ups, the BHCT was reduced up to 20 °F from 1 bottom-
up to 2 bottom-ups, and was reduced 10 °F from 2 bottom-ups
to 3 bottom-ups. Compared between these different pump rates,
the BHCT was the lowest with pump rate of 5 bpm at and before
3 bottom-up circulations. With circulation of 4 bottom-ups, the
BHCT was the same even with different flow rates. However,
the 5 bpm scenario would result in the longest circulation time,
which was not a good choice. This plot can guide us to
demonstrate that when several bottom-ups circulations are
required, it is necessary to pump with high flow rates to reduce
the circulation time and achieve an equivalent result to pumping
with low flow rates. On the other hand, BHCT decreases with
the increase number of bottom-up circulations, but with a
reduced decreasing rate. It is recommended that less than 5
bottom-ups circulations would achieve a good wellbore
conditioning result.
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Fig. 11 Effect of number of injected bottom-up circulations on
BHCT at various pump rates

Conclusions

In this study, the proposed simulator that had been used in
cementing software, CEMPRO, were compared with CFD
Fluent solver. Numerical simulations done by CFD flow
modeling technique was used to verify the proposed simulator.
To mimic the actual cementing operation, pumping different
fluids in sequences were fulfilled to unravel dynamic wellbore
temperature and formation temperature variance. The purpose
of this study is not only to validate the reliability of the proposed
thermal simulator, also to justify how effectively the proposed
simulator can be used to solve similar thermal problems by
saving long computational time which is not desirable by the
industry for a routine engineering calculation. In general, based
on the CFD verification, offshore field case validation and
sensitivity analysis performed in this study, the following
conclusions were made:
1. The wellbore thermal simulator technique and

methodology are appropriate and provide acceptable

simulation results if given enough job details.
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From the CFD simulation and the proposed simulator
comparison, we observed that BHCT rapidly decreases
during the spacer fluid injection, and gradually remain
lightly decrease or steady at end of job.

Sensitivity analysis with various pump rates demonstrated
that the impact of pump rate to BHCT and the depth of
hottest temperature increased with the pumping rate.

As expected, BHCT continues to decrease with the
increase number of bottom-up circulations, but with a
reduced decreasing rate. As more bottom-ups circulations
are required, higher pumping rates are recommended to
reduce the circulation time. Economically, it is
recommended that the pumped volume should be less than
5 bottom-ups circulations.
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Nomenclature
CFD = Computational Fluid Dynamics
BHCT = Bottomhole Circulating Temperature, ‘F
API = American Petroleum Institute
TVD = True Vertical Depth, ft
BHST = Bottomhole Static Temperature, ‘F
MD = Measured Depth, ft
DE = Displacement Efficiency
VOF = Volume of Fluid
YPL = Yield Power Law
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