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ABSTRACT

Diagnosis of Acid Placement from Downhole Temperature
Measurements. (August 2012)
Xuehao Tan, B.S., Tsinghua University;
M.S., Texas A&M University

Co-Chairs of Advisory Committee:  Dr. A. Daniel Hill
Dr. Ding Zhu

Placement of a sufficient volume of acid in all desired zones is critical for a successful
acid stimulation treatment. Particularly in thick, highly heterogeneous carbonate
formations, the acid distribution is crucial for optimal stimulation results. A variety of
diversion methods are applied in acidizing treatments to evenly place acid along the
well, but the effectiveness of these diversion methods is generally only inferred from the
rate and pressure behavior during the treatment, and is not known with any certainty.
Recently, distributed temperature sensing technology has enabled us to observe dynamic
temperature profiles along the wellbore during and immediately following an acid
treatment. This technology allows us to monitor and evaluate treatments and diversion
methods in real-time and to capture a sequence of temperature profiles at different times
during and after acid injection.

We developed a transient thermal model for reservoir, coupled with a wormhole
penetration model. Then the reservoir model is combined with a vertical well

temperature model as the forward model, which can predict the temperature behavior



v

inside formation and wellbore during and after a treatment. We applied the forward
model in a synthetic two-layer example, and it shows that the temperature increase
caused by the reaction between acid and carbonate rock indicates the acid distribution.

An inversion model was also developed to analyze the temperature data
measured after treatments to obtain the acid flow profile for a vertical well. The
inversion method applied in this work is Markov chain Monte Carlo (MCMC) method,
which is a stochastic method to search globally for possible results. We discuss the
approach to realize the inversion procedure and to make the inversion more efficient.

We also applied the comprehensive thermal model for hypothetical cases and
field cases. The results from the inverse model give us quantitative understanding of acid
distribution, which helps us to confirm the success of the acid treatment and diversion

methods.
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NOMENCLATURE

constant defined in Eq. 2.92
area of the j" surface
average area

function of interstitial velocity
concentration of HCI1

covariance matrix

heat capacity of the wellbore fluid

heat capacity of acid solution

heat capacity of rock

time-dependent function for estimating injection temperature
depth

time function in the wormhole model
total depth of the wellbore section
observed data vector

residual vector

specific kinetic energy

specific potential energy

specific internal energy of rock

specific internal energy of acid solution

energy
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Ereaction

f

f(t)

Mg
NHcl

Nac

PVt
I:)Vbt-opt

Qi

energy released by reaction in the control volume
objective function

time-dependent function in Ramey’s equation
sensitivity matrix

forward model

standard gravity

geothermal gradient

thickness of the layer

heat transfer coefficient for the jth surface

heat for formation

Hessian matrix

specific enthalpy of acid solution
identity matrix

Jacobian matrix

permeability

molecular mass of rock

mole of HCI1

acid capacity number

pressure

pore volumes to break through
optimum pore volumes to break through

injection rate
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q: heat flux caused by conduction in radial direction

q: heat flux caused by conduction in vertical direction

Qreac reaction heat released by consuming unit mole CaCO; or HCI
R; reaction term in formation thermal model

r radius

S skin factor

t time

T temperature

Tm measured temperature data

U overall heat transfer coefficient for the completion

u velocity of acid solution in the formation

Uw velocity of fluid in the wellbore

\Y volume

Vi interstitial velocity

Vi-opt optimum interstitial velocity

V; the specific cumulative volume injected into the j" layer
Vh velocity of wormhole growth

Vworm volume of newly-created wormhole region in one time step
w mass rate of fluid inside wellbore

Ws constant in wormhole model

W constant in wormhole model

Wi time delay constant



X parameter vector

Z Z factor for Ramey’s equation
Z coordinate in vertical direction
Subscript

a acid

accu accumulation

b surface

d damaged

dis dissolved

e reservoir

f fluid

G geothemal

i injection

in input

m number of grid

out output

p production

R reservoir

rw radial direction at the wellbore radius
S damaged

W wellbore



wf
wh
Superscript

P

Greek

Pr

ox

Ac
e
f

As

wellbore

wormhole

number of time step

angle of slanted well

dissolve power of acid
upgrading parameter
wormhole efficiency

average thermal conductivity of acid solution and rock
thermal conductivity of cement
thermal conductivity of earth
thermal conductivity of fluid
thermal conductivity of steel
viscosity

density of rock

density of acid solution

porosity
initial porosity

prefix for difference
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1. INTRODUCTION
1.1  Background

In carbonate formations, matrix acidizing is commonly applied to enhance well
performance by removing the near-wellbore formation damage and creating wormholes
inside the formation. For a successful acid stimulation treatment, placement of a
sufficient volume of acid in all desired zones is critical. Particularly in thick,
heterogeneous carbonate formations, acid distribution is crucial for optimal stimulation
results. Meanwhile, a variety of diversion methods are applied to evenly place the acid
along the well, but the effectiveness of these diversion methods is generally only
inferred from the rate and pressure behavior during the treatment, and is not known with
any certainty. Therefore, diagnosis of acid flow profile has important impact on
optimizing acid treatments and evaluating diversion results.

Recently, distributed temperature sensing technology (DTS) has enabled us to
observe dynamic temperature profiles along the wellbore during and immediately
following an acid treatment. This technology allows us to monitor and evaluate
treatments and diversion methods in real-time and to capture a sequence of temperature
profiles at different times. These temperature profiles contain information related to
formation properties, treatment effectiveness and acid distribution. It is possible to reveal

the acid distribution from the interpretation of downhole temperature measurements.

This dissertation follows the style of SPE Journal.



During acidizing treatments, acid solution reacts with carbonate rock and releases
the reaction heat, which causes the temperature of the acid solution and rock inside the
formation to increase. After treatments, this temperature increase caused by reaction heat
also influences the temperature behavior in the wellbore during shut-in and flow-back
periods. Reaction heat is strongly dependent on the amount of acid that has been
injected. Therefore, the temperature increase by heat of reaction may provide us a

mechanism to interpret the acid flow profile from temperature data.

1.2 Literature Review

1.2.1 Downhole Temperature Monitoring

Recently, distributed temperature sensors (DTS) have been widely applied in the field to
provide accurate and continuous downhole temperature measurements during production
period as well as during the entire acid stimulation treatment (injection, shut-in and
flow-back periods).

DTS with optical fibers is based on optical time-domain reflectometry
(Carnahan, et al., 1999). A pulsed laser is coupled to an optical fiber that is the sensing
element. The light is backscattered as the pulse propagates through the fiber owing to
density and composition as well as to molecular and bulk vibrations. Some of the
backscattered light is guided back to the light source and split off by a directional
coupler to a receiver. Under ideal conditions, the intensity of the backscattered light
decays exponentially with time. As the speed of the light within the fiber is known, the

distance that the light has passed can be derived from the time along the decay curve.



The backscattered light consists of several spectral components: Rayleigh, Brillouin and
Raman bands (Fig. 1.1). The Raman spectral band is caused by thermally influenced
molecular vibrations. Therefore, the Raman spectral band can be used to obtain
information about the distribution of temperature along the fiber. There are two
components for the Raman backscattered light, Stokes and Anti-Stokes, one being only
weakly dependent on temperature and the other being strongly affected by temperature.
The relative intensities between the Stokes and Anti-Stokes are a function of temperature
at which the backscattering occurred. Therefore, temperature can be determined at a

remote point in the optical fiber.
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Fig. 1.1—Mechanism of Fiber Optic Temperature Monitoring
(Ouyang et al., 2004)

This technology has broad applications. Tolan et al. (2001) showed the

application of DTS combined with remotely operated hydraulic interval control valves



(ICVs) as an economical management tool for controlling water encroachment. Johnson
et al. (2004) discussed the possibility of using DTS to monitor steam breakthrough in oil
and gas producing wells. Johnson et al. (2006) interpreted DTS data to obtain the flow
profile for gas wells in a multilayer formation. Huckabee (2009) summarized
applications of DTS technology for monitoring hydraulic fracturing stimulation and
evaluating well performance for unconventional gas reservoirs.

DTS technology has shown its potential for real-time monitoring well
performance and delivering qualitative analysis during production and stimulation.
Furthermore, if quantitative analysis of DTS data is available, it will be extremely
helpful for understanding downhole flow conditions and optimizing production and
stimulation. At this point, temperature models for different flow conditions need to be

developed.

1.2.2 Temperature Modeling and Interpretation

Ramey (1962) presented an approximate solution to simulate the transfer of heat
between fluid in the wellbore and the earth due to the difference between fluid and
formation temperatures. The analytical solution gave an estimation of temperature of
fluid, tubing and casing as a function of depth and time during injection of hot or cold
fluid. It is assumed that the heat transfer in the wellbore is steady-state and heat transfer
to the formation is unsteady radial conduction. Hasan and Kabir (2002) extended
Ramey’s model to a slanted wellbore. Besides, their model can simulate the fluid
temperature in the wellbore during production or injection, as well as two-phase flow

inside the wellbore. They introduced the relaxation length parameter depending on the



mass rate in the wellbore, the outer radius of casing, the overall heat transfer coefficient
for completion and a time-dependent function. However, these models only considered
the fluid flowing inside the wellbore without fluid communicating between wellbore and
formation.

Izgec et al. (2006) presented a transient wellbore simulator coupled with a semi-
analytical temperature model to simulate wellbore-fluid-temperature profiles in flowing
and shut-in wells. The wellbore/reservoir simulator entails simultaneous solution of
mass, momentum, and energy balance equations. Furthermore, Sui et al. (2008)
developed a coupled wellbore/reservoir thermal model showing that the combination of
transient temperature and pressure is sufficiently sensitive to individual layer properties
to determine layer permeability and skin values in multilayered systems. Both wellbore
and reservoir thermal models are transient. The model requires a multilayer transient
testing relying on a series of step changes in surface flow rate with acquisition of
stabilized rate profiles before each rate change. Ochi et al. (2008) applied a coupled flow
and thermal model to interpret the downhole temperature and pressure data and
determined the gas production profile and water flow rate. They assumed that the flow in
the reservoir is steady state and the inflow from the reservoir is one-dimensional. The
reservoir is segmented and each segment has only single-phase flow. Li and Zhu (2009)
used a streamline simulation method to solve the flow problem in the reservoir for fast
track of reservoir flow. Then a transient, three-dimensional multiphase reservoir thermal
model was developed to calculate the reservoir temperature. Both the reservoir flow

model and thermal model were integrated with a horizontal well temperature model to



predict the pressure and temperature distribution in a horizontal well system. The results
of their model show that the temperature features in a horizontal well can detect the
location and amount of water breakthrough.

All of the above reservoir models are during the production period. However,
during acid injection, a reservoir thermal model is also required to simulate the
temperature behavior inside the formation with heat of reaction included. Medeiros and
Trevisan (2006) simulated the temperature profiles in a sandstone formation during acid
treatments. They included the reaction heat in their numerical model and predicted
temperature profiles inside the formation. Their results (Fig. 1.2) showed that the
formation temperature was increased 3-4 K by the contribution of reaction between acid
and calcite. They assumed that 8.8% of the rock is calcite and 20% of the calcite will be
removed after acidizing. In a carbonate formation, a higher temperature anomaly caused

by reaction should be expected.
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Fig. 1.2—Temperature response in the formation with a constant injection
temperature (298 K) (Medeiros and Trevisan, 2006)



1.2.3 Flow Profiling by DTS Data

Based on these temperature models, measured temperature data can be interpreted to
diagnose fluid flowing profile during both production and injection. Wang et al. (2008)
developed a model based on the steady-state energy balance equation to determine the
production profile for a reservoir with multiple production zones. The model is
applicable for both gas and oil wells and it contains two parts: forward simulation and
flow profiling. The forward simulation calculates temperature behavior for a given
production profile by considering geothermal profile, fluid properties, formation
properties, well completion as wells as Joule-Thomson effects. The flow profiling part
estimates the production profile based on measured temperature data. Yoshioka et al.
(2005) discussed their thermal model to determine the inflow profiles of oil, gas and
water in horizontal, multilateral and multi-branching wells. The interpretation mainly
depends on Joule-Thomson effects. In the model, the reservoir is separated into finite
segments. For each segment, the flow is assumed to be single phase, steady state flow,
and an analytical solution is used to simulate reservoir fluid flow. Li and Zhu (2009)
further developed Yoshioka’s model. They used streamline simulation method to solve
the flow problem in the reservoir. A transient, three-dimensional, multiphase reservoir
thermal model and a horizontal wellbore thermal model were developed to calculate
reservoir temperature and wellbore temperature.

Some research has been conducted regarding the determination of the flow
profile during water or acid injection. Gao and Jalali (2005) presented a wellbore

temperature model based on an analytical solution to interpret distributed temperature



data in horizontal wells. The model can be applied to determine the injection profile for
water-injection wells. Clanton et al. (2006) discussed the possibility of using a fiber-
optic DTS system for real-time monitoring of acid stimulation treatments. Based on a
qualitative analysis of the temperature data, they discussed the application of DTS for
monitoring the acid front movement, volume of acid leaking off into the formation,
cross-flow during shut-in, and also effectiveness of diversion methods. Glasbergen et al.
(2007 and 2009) presented both qualitative and quantitative analysis of temperature data
during an acid treatment. They concluded that a qualitative evaluation of continuous
wellbore temperature can provide an assessment of fluid placement, diversion effects
and the existence of cross flow of fluid between zones within the wellbore. Regarding
the quantification of the flow distribution, they first analyzed the effect of flow
distribution on the temperature profile by solving the forward problem. Then the results
of analysis were applied to quantify the acid distribution from the temperature data, as
the inversion problem. For cases in which the temperature profile has a characteristic
that can lead to a unique solution, they suggested to solve the inversion problem and
obtain the flow profile. When the inversion problem is not unique, they suggested the
tracer slug to quantify the flow distribution. To apply the tracer slug concept, they
intentionally made a sequence of temperature disturbances and tracked the movement of
a fluid slug. Applying this method, the velocity of the fluid slug in the wellbore and
consequently the acid leakoff profile can be determined. However, there are some
limitations of this tracer slug concept. To obtain the flow profile throughout a treatment,

the method requires frequent change in the operation and a sequence of temperature



disturbances needs to be created repeatedly. Meanwhile, the tracer slug may lose its
temperature signature with time due to the heat transfer with surroundings.

To realize the interpretation from measured temperature data to flow profile, an
inversion method is always necessary to minimize the least-square difference between
the forward model results and the observed data. Yoshioka et al. (2005) and Sui et al.
(2008) used the gradient-based method, Levenberg-Marquardt method in their inversion
models. Li and Zhu (2009) applied the traditional Markov Chain Monte Carlos (MCMC)
method, which is a stochastic method searching the solution domain globally and judge

the acceptance of samples by the Metropolis-Hastings (M-H) algorithm.

1.3 Objective

The objective of this study is to determine the acid distribution along a vertical well in a
multi-layer carbonate formation by using downhole temperature measurements. Based
on the acid flow distribution, we can evaluate the efficiency of treatments and improve
the design of diverting methods. The interpretation depends on the forward model that is
a reservoir thermal model coupled with a wellbore thermal model. The reservoir thermal
model is a transient and single phase model by assuming the flow in the formation is 1D
radial flow. Convection, conduction and heat of reaction are considered in the reservoir
model. Wormhole propagation is also included. For the wellbore thermal model, we
include convection and conduction inside wellbore, as well as the thermal effect caused
by fluid transporting between the reservoir and the wellbore. The temperature behavior
in the wellbore and formation is simulated with the forward model during acid injection,

shut-in and flow-back periods.
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With the forward model, we can interpret the downhole temperature data
measured during shut-in and flow-back periods to the acid injection profile by
developing an inversion model. The inversion model can also be used to determine layer
properties such as permeability, damaged skin and damage radius from temperature data.
We also apply the model to field cases, using temperature data to determine acid

distribution and confirm the success of acid treatments and diversion methods.
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2. FORWARD MODEL*
2.1 Introduction

In this section, a forward model is developed to predict downhole temperature behavior
as a function of acid distribution in a multilayer carbonate reservoir. The forward model
consists of a reservoir thermal model and a wellbore thermal model.

The reservoir model is a transient thermal model by assuming the flow inside the
formation is 1D, radial and single phase flow. It considers the wormhole growth,
convection, conduction and heat of reaction. The reservoir model can calculate the
temperature behavior inside formation for different layers during acid injection, shut-in
and flow-back periods if the acid distribution is given.

The wellbore model can simulate the transient temperature response inside the
wellbore during acid injection, shut-in and flow-back. For the injection period, an
analytical solution is applied to simulate the heat transfer between the fluid inside the
wellbore and formation. For shut-in and flow-back periods, the governing equations are
derived from energy balance for a control volume. The wellbore thermal model
considers convection and conduction inside the wellbore, convection from the reservoir
to the wellbore and conduction between the formation and the wellbore fluid.

All of the wellbore model equations and the reservoir model equations are

coupled and discretized to be solved numerically. With this combined model, we can

*Part of this section is reprinted with permission from “Determining Acid Distribution
Using Distributed Temperature Measurements” by X. Tan, D. Zhu and A.D. Hill, 2009.
Paper SPE 124743.
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predict the temperature behavior in both the formation and the wellbore during the entire

acid stimulation treatment.
2.2 Reservoir Model

Reservoir thermal model is developed to calculate the temperature inside the reservoir
during acid injection, shut-in and flow-back periods. The model considers conduction
and convection as well as the heat of reaction, and is developed based on the energy
balance over a control volume in the formation. A wormhole propagation model is also
required to calculate the position of the wormhole front and determine the heat of

reaction.
2.2.1 Reservoir Thermal Model during Acid Injection

The physical system assumed to develop the reservoir thermal model is illustrated in
Fig. 2.1. Wormholes are assumed to develop from the wellbore. At the front of this
wormhole region, we assumed a small reaction region defined as the newly-created
wormhole region during a unit time. Beyond the wormhole region and the reaction
region, we also have the spent acid region and the formation region. In the spent acid
region, the fluid is water containing reaction products, calcium chloride and CO,. The
formation region has not been affected by the acid and is filled with original formation
fluid.

Assuming radial flow of an incompressible fluid in the near-wellbore region and
instantaneous thermal equilibrium between acid and rock, the formation thermal model

for vertical wells can be derived by considering conduction and convection in the near
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wellbore formation. Besides, we need to consider the reaction between acid and
carbonate rocks which releases heat and results in a temperature increase. Applying an

energy balance over the control volume in the near-wellbore region (Fig. 2.2), we have

Eaccu = Ein - EOUI + Ereaction ........................................................................... (2.1)

where E,., 1s the energy accumulation in the control volume, E;, is the energy flowing
into the control volume, E,y is the energy flowing out of the control volume, and E caction

is the energy released by reaction between acid and rock.

Wormhole Front

Spent Acid Front

Formation
Region

Reaction Region

Fig. 2.1—Physical system assumed to develop the formation thermal model
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Fig. 2.2—Energy and mass transfer over a control volume of the near-wellbore region

The energy that accumulates in the control volume is
Eaceu = {[ps¢(as + € + ep)]l+At - [ps¢(l35 +e + ep)l }X 2arArAz

+{pr(1=#)g |..; —[Pr(—P)0g ] I 2AANAZ oooooi (2.2)

In the above equation, ps and pr are densities of solution and rock, respectively, ¢ is the
average porosity in the treated region, e is the specific kinetic energy, e, is the specific

potential energy, U is the specific internal energy of acid solution and Uy is the specific

internal energy of rock. The energy that flows into the control volume is
Ei. = [psu(l-] +e + ep)]r X2 AZAL +(, X 2A0AZAL . (2.3)

where H is the specific enthalpy of the fluid, u is the velocity of fluid, g, is the heat flux

caused by heat conduction. The energy that flows out of the control volume is

B = ol +e, +e, )| x27(r + ANAZAL 4, x272(F + AAZAL .....(2.4)

The energy released by reaction is
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E =RIOX2ITATAZAL, ..o (2.5)

reaction

where R; is the reaction heat released in a unit volume of formation during a unit time.

Then the energy balance equation for the control volume is

Aol +e, + e, )lx 2721A2AY + Al pg (1 - #)iig RArATAZ

= —A[psu(l-] +e +e, )]x 27rAZAL — psu(ﬁ +€ +e, )HN 2ArAZAt
—AQ, X270 AZAt — Q. 5 27AFAZAL
F Ry X2AEATAZAL (..o (2.6)

Dividing Eq. 2.6 with 22rArAzAt , we have

A[p5¢(ljs +& +ep)]+ A[PR(1_¢)0R] __A[IOSU(F| + & +ep>]_ psu(|:| +& +eP>r+Ar

At At Ar r

_ Aqr _ qr+Ar + R
Ar r

Taking the limits, At — 0,Ar — 0, Eq. 2.7 becomes

ool +ecve, )] dlon0-gyin] ol vecre, ]| pultivecte,)

ot ot or r

B (2.8)
or r

After reorganization, the governing equation is

6[ps¢(l]s +8, +ep)]+ pr(1-9)g] 1 a[rpsu(lfl +6, +ep)]_l o(rd,) R
ot a or o 2.9)
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In Eq. 2.9, ex can be neglected because the difference between the velocity flowing in
and velocity flowing out is small. The change of e, is zero since the fluid is flowing

horizontally in radial direction. Then we have

o), dpa(-9)is] 1 elepub)_1olra) o 2.10)
ot ot r or ror | ereeereresseereisrereiererearenenes .

If a constant injection rate is also assumed, we have

0 =270F,Uy, = 27800U (o (2.11)

The product of r and u is a constant. Besides, if ps and pr and ¢ are assumed to be

constants, Eq. 2.10 becomes

a ad 1 oH 1a(rg
ps¢_5+pR(1_¢)?R:_Fpsrwuwa___(—r)

R e 2.12
~ (2.12)

r r or

If the fluid is assumed to be incompressible, we can assume

AH 2 dlg ® CpglT o (2.13)

g = CorAT . coooeeirrrreseseesessesssssssse s s (2.14)

In Egs. 2.13 and 2.14, C,s and Cyr are the heat capacities of acid solution and rock,

respectively. T is the temperature.

g, in Eq. 2.12 is the heat flux caused by radial heat conduction in the formation

and can be calculated by
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where A is the average thermal conductivity for both acid solution and rock, and can be
considered as a constant. Substituting Eq. 2.13-Eq. 2.15 into Eq. 2.12, we have the

energy balance equation as,

o(CT) o(C gT) 1 o(C..T)
ps¢ = +pR(l_¢)—pR:__psrwuw =
ot ot r or
18 GTY e (2.16)
+——(rﬂ,—j+Ri
r or or

We can assume that heat capacities of acid solution and rock, C,s and Cpr, are constants,

then we have

oT oT 1 or 10 oT
ps¢cpsEJFPR(l_(/j)chE=_Fpsrwuwa+Fa(mEj+ R e (2.17)

To solve this partial differential equation, the reaction term, R;, needs to be determined,

which will be introduced in the next section.

2.2.2 Determination of the Reaction Term

Because the reaction between carbonate rock and acid is exothermic, reaction heat has
significant effect on the temperature behavior. The heat of reaction is shown as a source
term in the energy balance equation, the last term on the RHS in Eq. 2.17. To determine
the reaction term in the energy balance equation, we need to know two parameters. The

first is the reaction heat released when a unit mole of acid is consumed. The second is
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the amount of acid consumed during injection, which also indicates the amount of rock

that is dissolved.

Assuming the reservoir rock is limestone with CaCOj; as the main composition

and the acid used is hydrochloric acid, the reaction formula is

CaCO, +2HCI - CaCl, + H,0+CO, ....cooveeeeeeeeeeeeeeeeeee, (2.18)
The heat of reaction for consuming one mole of hydrochloric acid can be calculated by

Qreac = Z|AH (resultants)| - Z|AH (reactants)| ........................................... (2.19)

AH here is the heat of formation of a certain substance. The heat of formation of

reactants and resultants are listed in Table 2.1.

TABLE 2.1—HEAT OF FORMATION OF THE REACTANTS AND

RESULTANTS FOR LIMESTONE (Perry et al. 1963)
Substance AH, kcal/mol

CaCOs -289.5

HCI -39.85

CaCl, -209.15

H,O -68.32

CO, -94.05

The heat of reaction for consuming one mole of acid is
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Qreac =|—209.15 - 68.32 - 94.05| —|— 289.5 — 2%39.85|
=232kcal (molCaCO;) (2.20)
=1.16kcal /(molHCI)

In the SI unit system, we have

Qieac =9.71kJ /(moICaCO, ) =4.855kI (MOIHCI) ..o, (2.21)

In order to formulate the reaction term, R;, we need to track the wormhole growth
by applying a wormhole model. In the newly-created wormhole region, the volume
fraction of dissolved rock and consequently the amount of rock dissolved can be
determined by applying wormhole models. In addition, a wormhole model is also
required to track the wormhole penetration into the formation because the propagation of
wormholes indicates the position of the reaction region. In this work, we applied the
wormhole model developed by Buijse and Glasbergen (2006) to simulate the wormhole

growth. In their model, the growth rate of the wormhole front, Vs, is given by

Vir (T ) =Wage Vi (B )2 BV () oo, (2.22)

where V; is the interstitial velocity of the acid, ryy is the radius of wormhole front, Wes is

a constant, and B(V;) is a function of V;, defined by

BV, )= (1= xXp (CWaVi2)) oo (2.23)

and Wg is a constant. Wer and W are defined by
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Viopt and PVyeopt In the above equations are the optimum interstitial velocity and the

optimum pore volumes to breakthrough, respectively. They can be obtained empirically

from core flow tests (Fig. 2.3).

100

Pore Volumes to Breakthrough

Fredd, SPE38167
Calcite, 0.5N HCI, 20°C
fitted curve (Eq. 5):

Wegr = 1.1 (cm/min
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)

¢ X\ | W, = 8 (emimin)?
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04+---—-N---——- T R
| | ¥
| | |
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Fig. 2.3—Core flow test results. Pore volumes to breakthrough as a function of injection

rate (Buijse and Glasbergen, 2006)

Economides et al. (1994) presented the wormhole efficiency which can be

calculated by

(1) =N pc PV (1)
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Wormhole efficiency is the volumetric fraction of rock that is dissolved in the wormhole
region. In Eq. 2.26, PV, is the pore volume to breakthrough, and Nuc is the acid

capacity number. They can be calculated by

viy  vi'”

PV, (t) = o 2.27
=5 O Wy BV 227
. S (2.28)

(1_¢i)PR

In Eq.2.27, both V; and Vy,, are functions of time. As a result, PVy, is also a function of
time. In Eq. 2.28, B is the dissolving power of the acid, C,,is acid concentration in

weight fraction, and ¢; is the initial porosity. The volume of rock in the newly-created

wormbhole region in one time step is given by

Vo) = 2]l 0+ AD? =L 7 DA=4) oo (2.29)

Multiplying the wormhole efficiency to Eq. 2.29, we obtain the volume of dissolved

rock in one time step,

Vo () = () 2]l (€4 AD? = (02 ] D= 80) e (2.30)

The number of moles of HCI consumed in one time step is

N, (1) = %M ................................................................................ 2.31)

where My is the molecular weight of CaCOs. Then, the reaction term in the Eq. 2.17 is

defined by
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V..
R(t)= Mo e (2.32)
M p r ArAzAt

In Eq. 2.32, Qqeac 1 the reaction heat released by dissolving unit mole of HCI.
2.2.3 Reservoir Thermal Model during Shut-In and Flow-Back

After the acid treatments, the well is generally shut down for a short period and
temperature data can be measured within this time period. During a shut-in period, we
assume that fluid in the formation and wellbore stays static and cross-flow does not
exist. We also assume that no reaction happens during the shut-in period. Therefore, the
conduction in the formation and wellbore will be the only heat transfer phenomenon to
change the temperature. The governing equation for the shut-in period in the formation
is

or or 10 or
— +Pr1=P)C g —=——| M — | e, 2.33
ps¢Cps ot pR( ¢) pR ot rér[ arj ( )

In Eq. 2.33, the terms on the LHS are accumulation terms for acid solution and rock,
respectively. On the RHS, the only term is the heat conduction term in radial direction.
When a stimulated well is put back on production after acid stimulation and shut-
in period, the fluid inside the formation flows back into the wellbore. The fluid with
higher temperature due to the reaction heat will enter the well eventually, causing a
temperature anomaly in the wellbore. During this flow-back period, the convection
dominates the heat transfer and we also assume that no reaction happens during the

flow-back period. The governing equation for the flow-back period is
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Py St (1= 9C i o =~ P %g[rﬂZ—Ij
The only difference between Eq. 2.33 and Eq. 2.34 is the convection term on the RHS in
Eq. 2.34.

Reservoir thermal models for injection, shut-in and flow-back periods have been
developed. We can use these models to simulate temperature behavior in the reservoir
during the entire acidizing treatment. Meanwhile, to predict the temperature profile in

the wellbore, a wellbore thermal model is also necessary.

2.3 Wellbore Model

Since most of the DTS can measure the temperature of fluid inside the wellbore, it is
necessary to develop a wellbore thermal model to calculate the temperature in the well
during different periods. The wellbore model needs to be coupled with the previously
developed formation thermal model to capture the effect of all significant thermal
processes involved during the acid stimulation treatment, shut-in and flow-back periods,

including heat of reaction, conduction and convection.
2.3.1 Estimation of Injection Temperature

To estimate the acid temperature right before it enters the formation, we need to
calculate the temperature of acid when it flows through the non-perforated wellbore as a
function of time. Ramey (1962) introduced an analytical method to calculate the
temperature behavior in the wellbore during acid injection by considering the heat

transfer between the fluid inside the wellbore with lower temperature and the formation
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with higher geothermal temperature. However, before acid treatments, it is common that
wells are on production for several months. The temperature in the wellbore at the end of
the production is higher than the geothermal temperature at the same depth, since the
hotter fluid from lower producing zones is flowing upwards in the well. Therefore, the
temperature of the near-wellbore formation is heated up and deviates from the original
geothermal temperature. Thus, we first need to calculate the wellbore temperature at the
end of the production period, and consider this temperature as the new near-wellbore
formation temperature for the injection period. Then, Ramey’s model will be applied to
predict the wellbore temperature during acid injection. With the new higher near-
wellbore formation temperature, the acid will be heated up faster compared with the
original geothermal temperature.
During production, based on the model developed by Hasan & Kabir (2002), we

have

Top =Tn — G 5in (D~ D) —(1-e® = 2 | (2.35)

For vertical wells, f=90°, Eq. 2.35 can be reduced to

T =T — 0 [(Dtotal -D) —(1—e‘D‘Dm'”ZP )zp] ............................................ (2.36)

where Ty, is the wellbore temperature during production period, Tr is the reservoir
temperature at the bottomhole, g is the geothermal gradient, Dy, is the total depth of
the well above the producing zones, D is the depth, and Z, is a coefficient for the

production period, which is calculated by
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_WCy [, + f(Oru]
P 27U

where w is the mass flow rate inside the wellbore, C,¢ is the heat capacity of the wellbore
fluid, A. is the thermal conductivity of the formation, r; is the inner radius of the tubing,
U is the overall heat transfer coefficient for completion, and f(t) is a time-dependent
function that depends on the boundary condition assumed for the heat conduction
problem.

To calculate the overall heat transfer coefficient, the completion for non-
perforated section can be simplified as Fig. 2.4. In Fig. 2.4, S means steel, and is for
tubing and casing. W means the water in the annulus, and C stands for cement. r; is the
inner radius of tubing, r; is the outer radius of tubing, r3 is the inner radius of the casing,
r4 is the outer radius of the casing and rs is the outer radius of cement. The thermal
conductivity of steel, water and cement are summarized in Table 2.2 to calculate the

overall heat transfer coefficient of the completion.



26

! r

S| W S| C Formation

rn 1, 1314 Ts Te

Fig. 2.4—Completion schematic for non-communicating section

TABLE 2.2—THERMAL CONDUCTIVITIES FOR COMPLETION
MATERIALS
Substance Thermal conductivity, W/(m'K)
Steel 43
Water 0.58
Cement 4

The overall heat transfer coefficient U can be determined by Eq. 2.38

(McAdams, 1942)

U hA  AA hA  hA  AA LA,

1 A +xlA1 N A N A +x3A1 +X4A1

In Eq. 2.38, x; is the thickness of the i layer, h; is the heat transfer coefficient for

the i surface, A; is the area of the i" inner surface, A;’ is the area of the i" outer surface,

and A is the average area of the i™ layer. These areas can be calculated as
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AL = 270, Dol ovveeeeeeeeeeeeeieeeee e (2.39)
Ay = 27, Diga) cvveeeeeveemeeeeeee e (2.40)
A = 23D ) cvveeeeereeeeeeeiee et (2.41)
A= ﬁ .............................................................................................. (2.42)

After several months of production, the temperature of the near-wellbore
formation is no longer the original geothermal temperature. It is almost the same as the
wellbore temperature at the end of the production. During the injection, we assume that
the near-wellbore region temperature is the wellbore temperature at the end of
production and heat transfer between wellbore and formation is controlled by the
difference between the wellbore fluid temperature and the near-wellbore formation

temperature. During injection, from Ramey’s equation (Ramey, 1962), we have

where Tg is the geothermal temperature, Ty, is the wellbore temperature during injection
period, and Z; is a coefficient for injection period, which can be calculated by Eq. 2.37.
Instead of using Tg, we use Ty, as the temperature of the near-wellbore formation in the

equation, then Eq. 2.43 becomes

dTwi Twi TWP

T T o e e 2.44
dD Z. Z (2-44)

Multiplying e’ on both sides, we have
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i g0z, __Tui o012 +TﬂeD/Zi ............................................................ (2.45)
dD Z. Z

After reorganization, Eq. 2.45 becomes

—WMePh Mg
dD Z:

Wi ooz, , Tui g0z, _Two goiz (2.46)

The two terms on the left-hand side can be combined as

Integrating Eq. 2.47 with D on both sides,

.
T,e°'% :jzﬂeD/ZidDw(t) ................................................................. (2.48)
i

Then substituting Ty, (Eq. 2.36) into the Eq. 2.48 and reorganizing, the final solution is

Twi =(Tr =96 Dptar +96Z, —96Zi)+9sD

Z2e Pea/ e s (2.50)
_ 9c Zp Z eD/Zp +C(t)e‘D/Zi
+ /.
p i

Applying the boundary condition that the wellbore temperature is the same as the

injection temperature at the surface, T.;=T; at D=0, we have

gezge—o,‘ml/zp
Ti :(TR_gGDtotaI+gGZp_gGZi)_ﬁ*—C(t) ..................... (251)

And the constant C(t) is given by
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nggeiDMI/Zp
C(t)=TI _G-R _gGDtotaI +gGZp _gGZ|)+ .................. (2.52)
Z,+Z;
We combine Eq. 2.50 and Eq. 2.52, and after simplification, the final solution is
~Dywi /2
9eZpe ™" bz
Twi =Ty +96Z, —9cZi) + gGD_Gp—e ’
Z,+Z;
Dy /Z
gGZ;2)e oal / £p o7
+| T -T,—0gZ,+0gZi+———— | '~
i~ b~ 9c%p *Ues R (2.53)
where Ty, is the geothermal temperature at the surface, which can be calculated by
T = TR =0 Digtal cveeverveeremeermerenenert ettt ettt (2.54)

2.3.2 Wellbore Thermal Model during Flow-Back and Shut-In

Fig. 2.5 illustrates the energy and mass transfer over a control volume of a

communicating section of the wellbore during the flow-back period in a vertical well.

4+ Az 3 b Efn—coi?\'
———- .

et ~T ............... 1 Eicona
Mip

Ei)z—cmzd Ez’mcom‘

Fig. 2.5—Energy and mass transfer over a control volume of a vertical well during the
flow-back period
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The wellbore models can be derived by applying energy and mass balances over
this control volume. For a vertical well during the flow-back period, the energy balance

equation for communicating sections is
Eacct T Ein Bt oo (2.55)

The accumulation energy in the control volume is

Eacou = {[ps (U5 +ey +ep)]I+At ~[ps (0, +e, +ep)]t }x 97, v A (2.56)

In the above equation, ps is the density of wellbore fluid, ey is the specific kinetic

energy, e, is the specific potential energy, and Uy is the specific internal energy of fluid.
The energy that flows into the control volume is

E, = [psuW<I3| +e, +ep)]Z x ar2At+q, x ar At
oA, +e ve, )| 2, AZA 4 4, <270, AZAL .. 2.57)

where H is the specific enthalpy of the fluid, uy is the velocity of fluid inside the
wellbore, g, is the heat flux caused by heat conduction in z direction, uy, is the velocity
of fluid at the wellbore radius flowing into the wellbore from the reservoir, H; is the
specific enthalpy of the formation fluid entering the well, and ¢, is the heat flux of heat

conduction from the formation to the wellbore. The energy that flows out of the control

volume is

Ep =R e, e, )| xarZAt+ G,y X A2A (2.58)

Then after each term is substituted into the energy balance equation, we have



{[ps (G +e, +ep)l+m —[ps (Gg +e, +ep)l }x Az
= [puuu(Fi +e +e, )| xar2at+q, xar2at
+ [psu,w(l-] e+ ep)]rw x 27T, AZAL

+4, xZMWAzAt—[psuw(ﬁ +e, +ep)] x 7t 2 At

Z+Az
Dividing Eq. 2.59 with 71, AzAt , it becomes

Alp, (0, +e, +ep)]__A[pSuW(I:| +e, +ep)]_ Ad,

At Az AZ

+ [psurw(l—]r +e, +ep>]rw x%+ 2rq'

w w

Taking the limits, At - 0and Az — 0, we have

olp, (U +e, +ep)] _ _a[psuW(I:I +e, +ep)]_ ad,

ot oz 0z .
+ [psurw(ﬁ, +e, +ep)]rw x%+%

If the fluid is assumed to be incompressible, we can assume

dH 2 dlig = CpedT e
1

e, =Eu2 ........................................................................

By = 07 e,

After substitution, we have
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1 1
0 C.T+-u2+g9z 0 pu.|C T+—u?+0z
|:ps( ps 7 wtd j:| ~ |:ps w( ps > wtd j:|_6qz

ot 0z

0z
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1 2 20
+{psurw(CpSTrW+EufW+gzﬂxr—+% ....... (2.65)

wo T
where T is the fluid temperature inside the wellbore, Ty, is the arriving temperature, p; is
the density of the acid solution and Cp is the heat capacity of the acid solution. Both p
and C,; are considered to be constants.

In Eq. 2.65, the term on the LHS accounts for the accumulated energy in the
control volume. On the RHS, the first term is convection in the z direction, the second
term is conduction in the wellbore, the third term represents the energy from the
formation to the wellbore by convection and the last term is the energy transferred from

the formation to the wellbore by conduction. In Eq. 2.65, both T, and ¢, can be
calculated from the reservoir thermal model.

If the flow rate is constant, u,, does not change with time, we have

Oy _
ot

) O (2.67)
ot
Besides, the heat flux caused by conduction in the z direction is
oT
o o ettt ettt naeeneene e 2.68
qz f oz ( )

where A¢ is the thermal conductivity of the wellbore fluid.

Then Eq. 2.65 becomes
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oT oT ou 3 ou
psts E = psts Wg_pscps 6_ZW E s éa_ZW Ps9uy,
ou 2 1
_psga—z"vz+if —2+{psuM(CpST,W +—Up, + gzﬂx_
w
20 (2.69)
rW
For communicating sections, uy, and u,, are related by
Uy 7 U 270, AZ = Uy IS e (2.70)
After simplification, we have
O 1 2 e 2.71)
oz r,
Substituting Eq. 2.71 to Eq. 2.69, we get
or oT 2 3 2
pscps E = _pstsuw E - pscpsTurw a _Epsuvzvurw a
- ps9qu,, — P qu iz + A ﬂ
PsYUy = PsGUny r, f Pe
1 2 20
{,osurw(CpsTrW+—ufw+gzﬂx—+i ................................... (2.72)
2 r, o,
After reorganization, we have
oT aT T 1
psts E = _pstsuw E + j“f 82_2 - 3psu\iurw a — Ps9Uy,
2 1 2 20
- p,QUu,, —Z {psurw(CpST,W +Eufw + gzﬂx— T (2.73)
rW rW rW

For non-communicating sections, since there is no fluid entering the wellbore

from the formation, the heat only can be transferred between the wellbore and the
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formation by conduction through the completion. The governing equation Eq. 2.73 is

reduced to
oT oT o°T , 1
psts E = _pscpsuw E + A 32_2 —3psUyUpy, a
—psguw—psgurWEZJr& ...................................................... (2.74)
r-W rW

During a shut-in period, it is assumed that fluid stays static both in the formation
and wellbore. We also assumed no cross-flow happens during shut-in period. In this

case, Uy, and uy, are equal to zero in Eq. 2.74. The energy balance equation is reduced to

oT o°T 24
cC.—=A1, —+—/¢
ps ps at f 822 rW

2.4 Injection Distribution and Layer Properties

In the previous section, our forward model is to predict the temperature behavior with a
given injection distribution. Furthermore, the injection rate distribution is dependent on
layer properties, such as original permeability, damaged permeability and damage
radius. If we extend our forward model to calculate the temperature response from layer
properties, rather than the injection profile, we may invert these layer properties from
temperature measurements directly.

Economides et al. (1994) introduced a set of equations to calculate the acid

distribution based on pressure difference and layer properties, as Eqgs. 2.76-2.80.

4V, _(2066x10fp,, = p. K, (2.76)
T T B .
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In Eq. 2.76, \TJ is the specific cumulative volume injected into the jth layer
(gal/ft), pwr is the wellbore pressure, pe is the reservoir pressure, r. is the reservoir radius,
1y, 1s the wellbore radius, k; is the permeability of the j™ layer and sj is the skin factor for
the j™ layer. ¢y is defined as

| 226*107 aCy,puak
r2

w

c et (2.77)

1]

cy; represents the skin effect caused by filter cake. If we assume that there is no filter
cake, c;;=0.

The skin effect during acid injection for a layer with damaged zone is

S (2.78)
ks rWh rW

where k; is the damaged permeability, ry is the damaged radius and ry;, is the wormhole
radius.
For layers without damaged zone or the wormholes penetrating beyond the

damaged region, the skin is

In Eq. 2.78 and Eq. 2.79, the wormhole radius is calculated by the Buijse and

Glasbergen’s wormhole model.
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Eq. 2.76 cannot be solved explicitly for \7J , S0 an iterative method must be used

to solve for \7J as a function of injection time. Then we can get the injection rate for each

layer as a function of time by

Combining this part with our previous developed forward model gives us a new
forward model, from which we can calculate the temperature response by knowing the

layer properties.
2.5  Forward Model Solution

The developed forward model, including the reservoir model and wellbore thermal
model needs to be discretized and solved numerically since the equations are nonlinear
and include source terms. The solution of the forward model will show the relationship
between the temperature behavior and thermal properties of rock and acid, total injection
rate and acid distribution. In this section, both the reservoir thermal model and wellbore
thermal model are also validated by comparing with analytical solutions and some

numerical simulation results.
2.5.1 Finite Difference Equation for Reservoir Thermal Model

To illustrate the finite difference procedure for the reservoir thermal model, we use the
governing equation (Eq. 2.17) during acid injection as an example. The accumulation
terms on the LHS are discretized by backward differencing. On the RHS, the convection

term with first-order derivative is discretized by the upwind scheme and the conduction
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term with second-order derivative is discretized by central differences. The discretized

energy balance equation is

P+l _ TP TPH _TP
m T m oL, (1= m_—'m
,05¢C ps At pR( ¢)C pR At
T p+1 _T p+1 T p+1 _T p+1
Z_L'rwuwpscps m m-1 _'_i m m-1
I’m Ar rm Ar
T p+l1 —2T p+l1 +T p+1
AT BB R
r

In Eq. 2.81, m denotes the m™" grid and p represents the pth time step.

The numerical solution uses an implicit method to achieve better accuracy,

numerical stability and flexibility for time step size compared with explicit method. For

each grid, one equation like Eq. 2.81 will be generated, and in total we have n-2

equations. n is the number of grids. These equations combined with two boundary

conditions will be solved together to get the temperature at each grid for one time step.

To solve this discretized equation, two boundary conditions and one initial

condition are required. The boundary conditions during acid injection are

T ’r:rW:Ta
T |r:r :TG

e

where Ta is the acid temperature before it enters the formation, calculated from the

analytical injection temperature solution (Eq. 2.53), and Tg is the geothermal

temperature at a certain depth. For the initial condition, we assume that temperature
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everywhere in the formation is equal to the geothermal temperature at t=0, and it can be

written as

2.5.2 Finite Difference Equation for Wellbore Thermal Model

Following the same finite difference procedure as for the reservoir thermal model, the

discretized wellbore thermal model during flow-back is

Tp+1 _Tp Tp+1 _T p+1 Tp+1_2T p+l1 +Tp+l
C m mo_ _ C. u m m-1 + A m+1 m m-1
Ps ps At Ps ps-w oz A22
.1 2
_3psuwurw__psguw —pPs9U,, —Z
My My
1 2 20
{psurW(CpSTrw+Eufw+gzﬂxr—+% ........................ (2.84)

To solve this equation, boundary conditions are required. At the bottomhole, the
temperature equals to the geothermal temperature at the same depth (Tg), and at the
bottom of the non-communicating section (z=D,), the temperature in the wellbore is the
acid temperature (T,). T, is calculated from the injection temperature estimation part.
The boundary conditions can be written as

T |z=Dp =T,

Tl20=Ts

The initial condition for the wellbore model is also necessary. We assume that at

t=0, the wellbore temperature is a constant that equals to T,, which is related to the
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production rate and production time before the acid stimulation, as well as the injection

rate and injection time.

2.5.3 Forward Model Solution Procedure

To simulate the temperature response for a multilayer carbonate formation during the

entire acid treatment, we need to solve the coupled formation and wellbore thermal

model according to the following procedure:

1.

Use the analytical solution (Eq. 2.53) to get the temperature profile in the
wellbore after certain time of production and injection. From the solution, we
can obtain Ty, as a function of depth at the end of the injection and consider it
as the initial condition for the wellbore thermal model during shut-in and
flow-back. The wellbore temperature at the depth of producing layers, T,,
also can be calculated to be one boundary condition for the reservoir thermal
model.

Solve the discretized reservoir energy balance equation for acid injection for
each layer during the entire injection time. The temperature profile in the
formation at the end of injection is considered as the initial condition for
shut-in or flow-back reservoir thermal model.

Solve the discretized reservoir energy balance equation for each layer during
shut-in or flow-back periods. We can obtain the arriving temperature T, for
each time step and each layer.

Solve the discretized wellbore energy balance equation during shut-in or

flow-back with the temperature profile from step 1 as the initial condition
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2.6 Forward Model Validation

In this section, we will validate our forward model by comparing the simplified
formation thermal model with analytical solutions and comparing the formation thermal
model with the reaction term with published numerical simulation results. For the
wellbore thermal model, we will verify the injection temperature estimation part by

comparing with FLUENT simulation results with the same simulation conditions.
2.6.1 Compare Reservoir Thermal Model with Analytical Solution

When we neglect the conduction term and reaction heat term in the reservoir thermal

model, Eq. 2.17 becomes

APsfCysT)  Apr(=¢)CpeT]_ 1 0(rpUC,T)

................................... 2.86
ot ot r or (2.86)
If a constant injection rate is assumed, we have
Q=27NFU, = 270U (oot (2.87)

The product of r and u can be considered as a constant for constant injection rate case.

We assume ps, ¢, Cps, pr, and Cpr are constants. Then Eq. 2.86 can be simplified as

aT 1T
[p.4C s + P (1—¢)ch]5 R T ————— (2.88)
After reorganization, we have
a _ "5 C ps L (2.89)

ot _[ps¢cps+pR(1_¢)CpR]Far
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The partial differential equation in this form has an analytical solution, and results are

compared with the numerical solution from our forward model by dropping the

conduction and heat of reaction terms.

If we define

A= rwuwpscps
[ps¢Cps +pR(1_¢)CpR]

Eq. 2.89 is reduced to

ngAlg:O ......................
ot r or

Using the method of characteristics, the temperature T is moving with the characteristic

velocity:
dr_A
e

Thus, the characteristics are given by

where 1 is a constant from integration.

Applying the initial condition,

T,,r<r,
Tr,0)=9_" "
Ts.r2r,
We obtain
[y = e

Then, the solution is given as



T,.r <{2At+r,

T ) =1 0 e

T, r > 2At+r1,
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This analytical solution can be used to verify the numerical solution when only

the convection in the formation is considered. A comparison between the analytical

solution and numerical solution is in Fig. 2.6 for 60 minutes and 120 minutes injection.

We assumed that the wellbore temperature is 139 °F throughout the injection, and the

geothermal temperature is 170 °F. The injection rate is 1 bbl/min and remains constant

during the injection. Other parameters used to simulate this example are summarized in

Table 2.3. In Fig. 2.6, the numerical results show good agreement with the analytical

solutions. The numerical results can capture the location of temperature front with

acceptable numerical dispersion.

in
bbl/min
ft
kg/m?
kg/m?
J/(kg'K)
J/(kg'K)
°F
°F
fraction

TABLE 2.3—INPUT DATA FOR RESERVOIR THERMAL MODEL VALIDATION
Wellbore radius 35
Injection rate 1
Layer thickness 10
Density of acid solution 1070
Density of rock 2710
Heat capacity of acid solution 4187
Heat capacity of rock 1040
Acid temperature 139
Geothermal temperature 170
Porosity 0.2
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Fig. 2.6—Comparison between analytical solution and simplified numerical solution

2.6.2 Compare Reservoir Thermal Model with Numerical Results

To validate our reservoir thermal model with convection and heat of reaction, we
compare the results with Medeiros and Trevisan (2006) numerical solutions. We use the
same simulation conditions as their work. The injection temperature is 298 K, and the
formation temperature is 318 K. They assumed that 8.8% of the rock is calcite and 20%
of calcite will be removed after acidizing. Only the effect of reaction between calcite and

acid is shown in Fig. 2.7.
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Fig. 2.7—Comparison between numerical solution with heat of reaction and Medeiros and
Trevisan’s solution

We can see from Fig. 2.7 that our numerical simulation results capture the
position of temperature front as well as the shape of the temperature peak caused by
reaction. The heights of temperature peaks are also matched. This validates our reservoir
thermal model with convection, conduction and reaction terms. Other parameters used to

calculate these temperature profiles are listed in Table 2.4.
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TABLE 2.4—INPUT DATA FOR RESERVOIR THERMAL MODEL VALIDATION WITH
MEDEIROS AND TREVISAN’S SOLUTION
Wellbore radius 35 in
Injection rate 1 bbl/min
Layer thickness 3 m
Density of acid solution 1080 kg/m?
Density of rock 2150 kg/m?
Heat capacity of acid solution 4180 1/(kgK)
Heat capacity of rock 1960 1/ (kg'K)
Acid temperature 298 K
Geothermal temperature 318 K
Porosity 0.15 fraction

2.6.3 Compare Injection Temperature Estimation with FLUENT Results

To estimate the injection temperature in the wellbore, we applied an analytical solution
by combining Hasan & Kabir’s solution with Ramey’s solution. To validate this
solution, we run FLUENT to numerically simulate the temperature behavior in the
wellbore with the same injection and production conditions, as well as the same
completion configuration. We assumed a 7000 ft long wellbore without inflow or
outflow to the formation and acid is injected at the surface. The surface temperature is
100 °F, and the geothermal gradient is 0.01 °F/ft. The other input parameters are listed in
Table 2.5. Fig. 2.8 shows the comparison between the results from this work and
FLUENT results after 2 months of production at 3000 B/D and 1 hour injection at 5
bbl/min for the 7000 ft wellbore. The results from analytical model and FLUENT have
good agreement for both the temperature profile at the end of production and the

temperature profile after 1 hour injection, which verifies our combined analytical model.



TABLE 2.5—INPUT DATA FOR ESTIMATION OF INJECTION TEMPERATURE
Casing O.D. 7 in
Casing I.D. 6.366 in
Tubing O.D. 4.5 in
Tubing I.D. 3.958 in
Surface temperature 100 °F
Reservoir temperature 170 °F
Geothermal gradient 0.01 °F/ft
Earth thermal diffusivity 0.04 ft’/hr
Earth thermal conductivity 1.4 Btu/(hr-ft-°F)
Production time 2 months
Production rate 3000 B/D
Injection time 60 minutes
Injection rate 5 bbl/min
05 T T T T T T T T
NN Production Temperature-Analytical '
""" Production Temperature-FLUENT
1000 - g Injection Temperature-Analytical -
‘\‘ N Injection Temperature-FLUENT
h ~ . Geothermal Temperature
2000 -~ N\ ‘ .
3000 -~ -
&= \
£ \
oy
2 4000 - . -
5000 -~ -
6000 -~ .
7000 r r r ‘ r r AN
100 110 120 130 140 150 160 170

Temperature, F

Fig. 2.8—Comparison between analytical solution and FLUENT solution for injection
temperature estimation
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3. FORWARD MODEL RESULTS AND DISCUSSION*
3.1 Introduction

In this section, the developed forward model will be applied for a hypothetical example
throughout the entire acidizing treatment to study the effect of acid distribution and layer
properties on the temperature behavior. The objective is to determine if the dynamic
temperature response will provide enough information to quantify the acid profile or
determine the layer properties. The example we set up is shown in Fig. 3.1. The wellbore
depth is 7000 ft and there are two 50 ft-thick producing zones. The two layers are

separated by a non-producing zone with a thickness of 50 ft.

A
7000 ft
A A

v
A

50 ft Layer 1
A

50 ft
A
il 50 ft Layer 2

Fig. 3.1—Two-layer example for illustration of the forward model

*Part of this section is reprinted with permission from “Measurement of Acid Placement
with Temperature Profiles” by X. Tan, M. Tabatabaei, D. Zhu and A.D. Hill, 2011.
Paper SPE 144194.
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3.2  Temperature Behavior in the Wellbore during Acid Injection

To estimate the temperature of acid when it enters each layer, we need to calculate the
temperature of acid when it flows through the long wellbore section (7000 ft). The
completion configuration and other parameters assumed are listed in Table. 3.1. Firstly,
we calculate the temperature in the wellbore after 2 months of production, as shown in
Fig. 3.2. In Fig. 3.2, the red dashed line is the geothermal temperature and the blue curve
is the temperature in the wellbore after 2 months of production. Since it takes 21 minutes
for acid to reach the top productive zone, we calculate the temperature in the well after
21 minutes injection as the green curve in Fig. 3.2. At 7000 ft, the temperature of the
acid is 139 °F, and that will be used as the acid temperature for the reservoir thermal

model.

TABLE 3.1—PARAMETERS FOR ESTIMATION OF INJECTION TEMPERATURE
IN THE TWO-LAYER EXAMPLE
Casing O.D. 7 in
Casing I.D. 6.366 in
Tubing O.D. 4.5 in
Tubing I.D. 3.958 in
Surface temperature 100 °F
Reservoir temperature 170 °F
Geothermal gradient 0.01 °F/ft
Earth Thermal diffusivity 0.04 ft*/hr
Earth Thermal conductivity 1.4 Btu/(hr-ft-°F)
Production time 2 months
Production rate 3000 B/D
Injection time 21 minutes
Injection rate 5 bbl/min
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Fig. 3.2—Temperature profiles in the wellbore after 2 months of production and 21
minutes of injection

3.3 Temperature Behavior in the Reservoir during Acid Injection

In the example shown in Fig. 3.1, the two layers have different permeabilities,
porosities, and damage conditions. The combination of these reservoir properties and
damage conditions controls the volume of injected acid into each layer. Layer properties
are assumed and listed in Table. All the other input data are listed in Tables 3.2 and 3.3
for this example. In Table 3.3, Cyc is the acid concentration, My is the molecular weight

of carbonate rocks, Qe 1s the heat of reaction generated by consuming a unit mole of
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acid, Tg; and Tg, are the geothermal temperature for Layer 1 and Layer 2, respectively,

and T, is the injected acid temperature, which is 139 °F in this case.

TABLE 3.2 —FORMATION PROPERTIES IN THE TWO-LAYER EXAMPLE
Layer1 Layer 2
Permeability 10 md 20 md
Damaged permeability 5md 10 md
Damage radius 1ft 0.5 ft
Thickness 50 ft 50 ft

TABLE 3.3 — PARAMETERS FOR THE FORWARD
MODEL IN THE TWO-LAYER EXAMPLE
Parameters Values Units
Cre 15% fracton
Cor 1040 J/(kg-K)
Cos 4186.8 J/(kg-K)
Mg 0.1 kg/mol
Qreac 4855 J/(molHCl)
M 0.3 ft
Tex 170.3 °F
Tes 171.25 °F
T, 139 °F
Pr 2710 kg/m’
Ps 1080 kg/m>
A 3.6 W/(m-K)
Viopt 0.9 cm/min
PVit-opt 0.95 fraction
O; 0.2 fraction
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With assumed layer properties, we can apply Eqs. 2.76-2.80 to generate the
injection rate profile under the constant pressure injection with the Buijse and
Glasbergen’s wormhole model, as shown in Fig. 3.3. For this constant pressure injection
case, it is assumed that the pressure difference between the injection pressure and the
reservoir pressure is 1000 psi. Each layer has an increasing injection rate due to the
propagation of wormholes and the reduction of the skin factor. However, Layer 2, with

lower initial skin factor, accepts more acid than Layer 1 during the 20 minutes of

injection.
1.6
1.4
—
//
1 //

e ayer 1

/ — | ayer 2

Injection rate, bbl/min
¢ o :
o]

o
o)}
S

\i’

o
()

0 2 4 6 8 10 12 14 16 18 20
Injection time, min

Fig. 3.3—Injection rate distribution for the two-layer example during 20 minutes of
constant pressure injection
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During acid injection, we simulated the temperature in the formation for both

layers, and the result in Layer 1 after 20 minutes injection is plotted in Fig. 3.4. There

are three sections of these temperature profiles: the low-temperature section near the

wellbore is the acid temperature section, the middle high temperature section is the

reaction temperature section and the final section is the reservoir temperature section. In

the first section, the acid enters the formation and keeps the original injection

temperature. In the third section where the formation has not been touched by the acid,

the temperature keeps the original geothermal temperature, which is 170.3 F

in this

case. In the second section, the temperature is increased significantly, which is because a

large amount of heat has been released due to the reaction between acid and carbonate

rocks.
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Fig. 3.4—Temperature profile in the formation for layer 1 after 20 minutes of injection
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If we continue injecting acid for another 20 minutes, the temperature profile in

the formation at the end of 40 minutes is plotted in Fig. 3.5 as the red curve. Obviously,

after another 20 minutes of injection, acid penetrates deeper into the formation.

Meanwhile, the shape of temperature peak is also changed due to the dispersion caused

by conduction. The change of shape is also because that the fast moving wormhole front,

where the reaction happens, stretches the temperature peak.

The comparison of temperature behaviors in layer 1 and layer 2 at the end of 20

minutes injection is shown in Fig. 3.6. In Layer 2, acid penetrates deeper than in layer 1

since a larger volume of acid has been injected. Layer 2, with higher injection rate, also

has higher temperature in the reaction section (increased 6 F ) and Layer 1 has relatively

lower temperature in the reaction section (increased 4F ).
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Fig. 3.5—Temperature profiles in the formation for layer 1 after 20 and 40 minutes of
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Fig. 3.6—Temperature profiles in the formation for layer 1 and layer 2 after 20 minutes of

injection

In previous examples, we assumed that the carbonate rock only consists of

limestone. However, in reality, dolomite commonly exists in carbonate reservoirs. If acid

is injected into the formation, the reaction between dolomite and HCI can be expressed

as

CaMg(CO;, ), +4HCI — CaCl, + MgCl, +2CO, +2H,0 .........cccoomrrrrrrr. (3.1)

Then the reaction heat released is different from the reaction between acid and

limestone. The reaction heat is determined by the same approach as limestone.

The reaction heat is calculated by
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Qreac = 2 _|AH (resultants)| — D" |AH (Feactants)| ...............cocoeeeeeeeererrereeennns (3.2)

The heat of formation of each reactant and resultant is listed in Table 3.4.

TABLE 3.4—HEAT OF FORMATION OF THE REACTANTS
AND RESULTANTS FOR DOLOMITE (Perry et al. 1963)
Substance AH, kcal/mol

CaMg(COs), -558.8

HCl -39.85
CaCl, -209.15
MgCl, -189.76
H,O -68.32
CO, -94.05

Then reaction heat released by acid reacting with dolomite is calculated as

Qreac =|—209.15-189.76 —2*68.32 — 2*94.05| — |- 558.8 — 4 *39.85|

= 5.45kcal /(molCaMg(CO;,),)
=1.36Kkcal /(MOIHCI) ....coooiiieeee e (3.3)

In the SI unit system, we have

Qreac = 22.8kJ/(MoICaMg(CO; ), )=5.7kJ AMOIHCI) ... (3.4)

We notice that this reaction heat is slightly larger than that of limestone.
However, the reaction between the acid and the dolomite is much slower than the
reaction between the acid and the calcite. Therefore, the pore volume to breakthrough in
a dolomite formation is much larger than that in a limestone formation, which means
wormholes may not exist or wormholes are very short and penetrate very slowly in a

dolomite formation.
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3.4  Temperature Behavior in the Reservoir during Shut-in and Flow-Back

After the acid injection, the well is shut down for a short time or flowed back
immediately. During these periods, the temperature increase caused by heat of reaction
will be dispersed due to the heat transfer with surroundings. We use the temperature
profile in the formation at the end of injection as the initial condition for shut-in and

flow-back problems.

It is assumed that the well is shut down for 30 minutes after 20 minutes of
injection, and other stimulation conditions are the same as Tables 3.2 and 3.3. The
temperature profiles in layer 1 and layer 2 are shown as Fig. 3.7 and Fig. 3.8,
respectively. During shut-in period, the temperature anomaly caused by heat of reaction
is dispersed because of heat conduction inside the formation. After 30 minutes of shut-
in, the temperature anomaly is only 1 °F higher than the geothermal temperature for
layer 1 (4 °F before shut-in) and 4 °F for layer 2 (6 °F before shut-in). However, we can
notice that the temperature gradient at the wellbore radius is changing with shut-in time.
For layer 1, the initial temperature gradient at the wellbore radius is 0, since the near-
wellbore formation is filled with cold acid. After 30 minutes of shut-in, the temperature
gradient at the wellbore radius has increased to 29 °F/ft. For Layer 2, due to the large
volume of acid that has been injected into the formation, the temperature gradient at the
wellbore radius is still 0 after 30 minutes. This will result in different heat flux from the
reservoir to wellbore for different layers, since the heat flux is proportional to the
temperature gradient. Consequently, the wellbore temperature has different behaviors

during shut-in period at different depths.
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Fig. 3.7—Temperature profiles in the formation for layer 1 during 30 minutes of shut-in
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Fig. 3.8—Temperature profiles in the formation for layer 2 during 30 minutes of shut-in
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It is also possible that the wellbore is put on production right after the acid

injection. In this situation, the temperature anomaly from reaction heat will flow back

into the wellbore and be detected by DTS in the wellbore. We assume that the flow-back

rate for layer 1 is 0.58 bbl/min and the flow-back rate for layer 2 is 1.4 bbl/min. The

temperature profiles in the formation after 10 minutes of flow-back are shown in Fig. 3.9

and Fig. 3.10 for layer 1 and 2, respectively. We can observe that the temperature

anomaly caused by reaction flows back to the wellbore in both layers. In layer 1, after 10

minutes, the hot fluid caused by reaction already flows into the wellbore. In layer 2, it

takes almost the same amount of time for the temperature anomaly to flow into the

wellbore since the flow-back rate for layer 2 is higher. These fluids with higher

temperature from both layers will be detected by DTS placed inside the wellbore.
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Fig. 3.9—Temperature profiles in the formation for layer 1 during 10 minutes of flow-back
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Fig. 3.10—Temperature profiles in the formation for layer 2 during 10 minutes of flow-
back

3.5  Temperature Behavior in the Wellbore during Shut-in and Flow-Back

During shut-in period, we assume there is no fluid flowing in the reservoir or wellbore,
and no cross-flow happens. Therefore, conduction inside wellbore and conduction from
the formation to the wellbore are the only heat transfer phenomena. For the acid
stimulation shown in Table 3.2, after 30 minutes shut-in, the wellbore temperature is

shown in Fig. 3.11. The shaded areas indicate the production layers.

From Fig. 3.11, we can observe that non-communicating sections are warmed by

the geothermal temperature, which is the normal warm-back. For the top layer, since
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acid was taken during acid injection, it initially shows a lower temperature compared
with non-communicating sections. After 22 minutes, the top layers starts to be warmed
up by conduction from the formation, which is because the temperature gradient at the
wellbore radius is greater than 0 in the top layer after 20 minutes (Fig. 3.7), which will
cause a heat flux from the formation to the wellbore and heat up the wellbore fluid. For
the bottom layer, due to the large amount of acid that has been injected, after 30 minutes
of shut-in, Fig. 3.8 shows that the temperature gradient at the wellbore radius is still 0.
Therefore, the heat flux is 0 and the wellbore temperature keeps the original acid

temperature during the 30 minute shut-in period.
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Fig. 3.11—Temperature profiles in the wellbore during 30 minutes of shut-in
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If the well is shut down for a longer time, 90 minutes, the temperature profiles in

the wellbore are shown in Fig. 3.12. After 30 minutes, the fluid in the wellbore at the

bottom layer starts to be heated up due to heat flux caused by conduction. Meanwhile, at

the top layer, the temperature is also increasing but slower than the bottom layer since

less acid has been injected in to the top layer and the temperature increase caused by

reaction is less. At 90 minutes, both layers show higher temperature than non-

communicating zones, and the bottom layer with more acid injected has the highest

temperature. These different temperature behaviors during shut-in depends on the

amount of acid that has been injected into different layers and the temperature anomaly

caused by reaction, providing us a mechanism to quantify the acid profile from the

temperature data measured during shut-in period.
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When the well starts to produce again following acid injection, the fluid in the
formation will flow back into the wellbore. The higher temperature due to the reaction
heat will be detected by the sensor. Since the reservoir fluid will mix with the fluid
inside the wellbore, the temperature signal is dispersed by this mixing process depending
on the amount of reaction heat generated during the injection. If the reaction heat just
increased the temperature slightly, there is a possibility that the temperature increase
disappears in the wellbore. If the reaction heat generated is significant, the temperature
peak may still be detectable after the mixing. Fig. 3.13 shows the temperature in the
wellbore for different flow-back times. Although the mixing of the formation fluid with
the wellbore fluid can dissipate the temperature signal, we still detect that at both layer 1
and layer 2, after 3 minutes, there are high temperature anomalies in the wellbore due to
the large amount of reaction heat released and the anomaly is flowing upward in the
wellbore with time. At 10 minutes, the temperature anomaly from the bottom layer
arrives at the upper layer, and mixes with the fluid entering the wellbore from the upper
layer. The mixing process changes the shape of the temperature anomaly. This unique
phenomenon enables the quantitative determination of the acid distribution during a

flow-back period.
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4. INVERSION METHOD*
4.1 Introduction

The inversion procedure is required to interpret the measured temperature data to obtain
the injection distribution. Inversion models can search a particular domain and find the
solution by minimizing the objective function. The objective function for this problem is

defined by

3 L L @.1)

where T, is the observed temperature data, and T¢g is the temperature calculated by the

forward model which is a function of injection distribution.
4.2 Inversion Algorithm

In general there are two types of inversion methods, stochastic methods and gradient-
based methods. Gradient-based inversion methods calculate the search vector using the
gradient or the Hessian of the objective function. This requires the calculation of
parameter sensitivities, which are partial derivatives of the observed data with respect to
model parameters (injection rate for this work). Generally, the gradient-based methods
provide faster convergence. However, this method may result in local minima when
there are many parameters to invert. In such a case, a unique solution is not guaranteed.

Stochastic methods can avoid the local minimum problem because they can search the

*Part of this section is reprinted with permission from “Measurement of Acid Placement
with Temperature Profiles” by X. Tan, M. Tabatabaei, D. Zhu and A.D. Hill, 2011.
Paper SPE 144194.
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global parameter space. The main drawback of stochastic methods is that when the
parameter number is large, computation becomes expensive, which hinders its
application in some cases.

4.2.1 Levenberg-Marquardt’s Method

Since the gradient-based inversion methods are relatively faster than the stochastic
methods, we started with solving the inverse problem by applying the Levenberg-
Marquardt’s method (Marquardt, 1963), which is a gradient-based inversion algorithm.

In Levenberg-Marquardt’s method, we define the error or residual vector,e between

observation d and model calculation g(x) as

For a gradient based method, the objective function is minimized by updating the
parameter vector x by adding a gradient-relative term at each step:

X T X A OK | eeeitiieeeiiee et e ettt e et e et et e et e e be e e e be e e abee e abeeeearee e taeeeaneeans 4.4)

n+l n n

The update rule for the Levenberg-Marquardt method is

S, =—(H+ ) ' W=—(3734 A1) 37 oo (4.5)

where W is the gradient of f(x),
W= VE(X)Z T8 oo (4.6)

Jis the Jacobian matrix of vectore,
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oe, og O

0%,  OX, oX,,
J=Ve=|ox ox, DX, [ reeremeeei (4.7)

m m

| 0%, OX, oX,,

de, oo,  Oe,

H is the Hessian matrix of f(x), and rigorous solution of Hessian matrix is

m
H=JTJ4 D 0T ciiiissseseeseeseeeeeeseeeeesssesssssssssssesssssese e cesessssssseeneeneees (4.8)

j=1
where m is the number of elements in e, T is the Hessian matrix of e. For lower residuals

or a quasi-linear system, H can be approximated as

This approximation does not affect the final minimum but only the search procedure.
The Jacobian matrix, J can be obtained by

J=Ve=V[C*(d=g(X))]=-C* Va(X)==C* G worvriorrerrrrrrrerrrrrr (4.10)
where G is the sensitivity matrix of forward model g. So, it can be calculated from
forward model by giving a small perturbation ofx. If we use injection rate, q, as the

parameter, the sensitivity matrix is:

a, o .
oq, 0q, aq,
G =Vg(x)=| aq, TR IO (4.11)
oT, o
| dq, o, |

The sensitivity is determined by
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oy :chal(q"""q‘ )T d ) (4.12)

aq; A

We use the perturbation &; = 0.01g; . For a system with N parameters, we need

calculate the forward model N times to obtain the sensitivity in one update step.

Therefore, we can calculate the update parameter X by
X, =—(H+ A1) 'w=—G"C/G+ ) G"C;/(d=0(X)) orrrrrrrrrrrrrron (4.13)
Starting from an initial guess X,,, we can use Eq. 4.13 to calculate the update parameter

oX iteratively. The iteration will stop when the objective function converges by using

the following criteria:

F(X, )= F(X, 1) & crrrrrereereeeieeseeses e (4.14)
Or
f(Xn)_f(XnH)
o) By oo ee e (4.15)

where ¢, and ¢, are relative small residuals.

However, we discovered that this method is inefficient especially for the cases
with more than 2 parameters to be inverted. For many cases we have run, this method
caused the searching path to be trapped in the local minima and we were not able to
determine the true injection distribution. In addition, we observed that the Levenberg-

Marquardt’s inversion method is highly dependent on the initial guess.
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4.2.2 Markov Chain Monte Carlo Method

In our study, we interpreted the measured temperature data by using Markov Chain

Monte Carlo (MCMC) method (Wadsley, 2005). MCMC method is a stochastic

inversion algorithm which works well for non-linear problems like this one. The general

idea of MCMC method is to construct a Markov chain by sampling from a proposed

distribution. In our case, the proposed distribution is uniform because all the samples

have the same probability without any prior information. In this work, we choose the

acid injection rate for each time period as the parameter and use the traditional

Metropolis-Hastings (M-H) MCMC algorithm (Metropolis et al., 1953 and Hastings,

1970) to minimize the objective function. The MCMC inversion procedure is as follows:

1.

2.

Obtain the observed data.

Propose an initial guess of acid distribution.

. Use the initial guess to run the forward model, and get the temperature

response.

Calculate the objective function, f.

Generate a new acid distribution based on a random sampler. In this work, we
use the uniform distribution to sample.

Run the forward model again and get the new temperature data and new
objective function.

Use M-H algorithm to decide the acceptance of the new acid distribution.

If the new acid distribution is accepted, store it and go to step 2, else, go to

step 5.
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The M-H algorithm follows these steps:

1. Calculate R(x,,X,) = (ﬁq(%;
1 21X

f(x,)
f(x)

3. p= min{l, R(X;, xz)}, if p>1, accept the new injection rates, else

2. Because we use uniform distribution for Step 5, so R(X,,X,) =

4. Draw u from uniformU = (0,1), if u < p, accept the new injection rates, else,
keep the old injection rates in the chain.
After testing the MCMC method, we observe that although it takes more time to
find the solution for the inversion problem, MCMC method works perfectly for the cases
with several parameters, and is able to locate the global minimum of the objective

function.
4.3  Hypothetical Examples for Inversion Method
4.3.1 Inversion Results for Constant Pressure Injection Case

The same two-layer example used to test the forward model is applied to show the
results of the inverse model. The injection rate for each layer is assumed to be Fig. 3.3.
The objective is to invert the injection rate of each layer from temperature
“measurements”. In this synthetic case, Fig. 3.13 is considered as the measured
temperature data to start the inversion procedure. Other input parameters are listed in
Table 3.3. We run the inverse model by applying the MCMC method. Without any prior
information, the most reasonable initial guess is that acid distribution is uniform for two

layers. With the uniform initial guess, the temperature profiles calculated by forward
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model and measured temperature data are plotted in Fig. 4.1 after 5 and 10 minutes of
flow-back. It is obvious that the temperature profile from the forward model does not

catch the characteristics of the temperature anomaly at the location of two production

layers.
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Fig. 4.1—Comparison of temperature profiles calculated with uniform initial guess and
temperature data for the case with constant pressure injection

To invert the continuous injection rate distribution, computation is extremely

extensive. To save the computational time of the inverse problem, we divided the entire
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injection period into several time periods and assign a constant injection rate for each

time period (Fig. 4.2).
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Fig. 4.2—True injection rate profiles and average injection rate of each time period for the
case with constant pressure injection

After several trials, we find out that 10 sections for each layer give us acceptable
results with reasonable computational time. Using this approach, there are 20 parameters
for this two-layer example (10 parameters for each layer). If we define the average rate
for each time period as integrating the true distribution over the time period and then

dividing by the length of the corresponding time period, the expected result from the
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inversion model is that for each time period, the inverted rate is close to the average rate
for this period, which will give us a good estimation of the injected acid volume for each
layer. The inversion results are shown in Fig. 4.3. From Fig. 4.3, although the inverted
injection rate for each time period does not match the average injection rate perfectly,
the error is small. Thus, we can expect that the inverted volume for each layer can match
the true value very well. Table 4.1 summarizes the inversion results. We invert the
injection volume for each layer with little error. The error is introduced by dividing the
injection rate history into 10 time periods and approximating the injection rate profile for
each time period with one constant injection rate. The match of temperature profiles

after running the inversion model is shown in Fig. 4.4.
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Fig. 4.3—True injection rate profiles, average injection rates and inverted injection rates
for the case with constant pressure injection
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TABLE 4.1—VOLUME MATCH FOR
CONSTANT PRESSURE INJECTION CASE
Layer 1 Layer 2

True volume, bbl 9.91 23.72
Inverted volume, bbl 9.95 23.68
Error, % 0.4% 0.2%
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Fig. 4.4—Match between forward-model-calculated temperature profiles and temperature
data after running inverse model for the case with constant pressure injection

4.3.2 Inversion Results for Layer Properties

Besides using temperature data to invert the injection distribution, we can apply the
inverse model to determine layer properties from temperature measurements, such as

permeability, damaged permeability and damage radius. We extended our forward
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model by adding the relation between the layer properties and acid distribution (Eq. 2.76
to Eq. 2.80). We still use the previous two layer example, with acid temperature of 139
°F and geothermal temperature of 170.3 °F.

Figure 4.5 shows the measured temperature data and calculated temperature
profile with initial guess of layer properties. The mismatch in Fig. 4.5 is significant. The
simulated temperature is not able to catch the temperature anomaly in the measured data.
Fig. 4.6 shows the match of temperature profiles after running the inverse model. The
temperature profiles calculated by forward model now capture the existence of the
temperature anomaly as well as the shape and location. Besides, the forward model
results give us an almost perfect match of temperature, which indicates that the
estimation of layer properties should be accurate. Table 4.2 summarizes the comparison
between inverted layer properties and true values as well as the initial guess. We can see
that after running the inversion model, the inverted layer properties for each layer agree

with the true values. This extends the application of our temperature model in the field.
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Fig. 4.6— Match between forward-model-calculated temperature profiles and temperature
data after running inverse model for inversion of layer properties
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TABLE 4.2—INVERSION RESULTS FOR LAYER PROPERTIES
rey, ft Ks1, md k., md re, ft ksp, md k,, md
Initial Guess 2 7 15 2 7 15
True Values 1 5 10 0.5 10 20
Inverted Values 0.97 4.85 10.27 0.52 9.8 19.82
Error 3% 3% 2.7% 4% 2% 0.9%
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5. APPLICATION OF DOWNHOLE TEMPERATURE MEASUREMENTS
51 Introduction

In the previous sections, we have developed a comprehensive thermal model to predict
the temperature in the formation and wellbore during the entire acid stimulation, and a
hypothetical example was shown to illustrate the application of the model to interpret the
downhole temperature measurements to get the acid distribution or layer properties. In
this section, we will apply our model to an actual field case, and help to determine the
flow profile for different stages, including the pre-stimulation acid wash and the main
acid stage. The results will provide us a quantitative understanding of fluid distribution
of each zone during different stages, and help us to confirm the success of the acid
treatment and the effectiveness of diversion methods.

The field is located in the Middle East area, and the mineral is mainly calcite.
The well was completed as a perforated gas producer. The well was stimulated by matrix
acidizing with 20% HCI diversion with 2.375 inches coiled tubing, and the perforations
were at 7160 ft -7370 ft and 7400 ft -7500 ft. The bottomhole temperature is 214 °F, and
surface temperature is 104 °F. Temperature data is measured during the shut-in period
after the acid wash and the main acid stage, and can be used to do the interpretation. The
well schematic is shown in Fig. 5.1. The inner and outer diameter of casings and tubing
are listed in Table 5.1. The DTS fiber optic is placed inside the coiled tubing, and
attached to the inner wall of the coiled tubing, as shown in Fig. 5.2. Other input

parameters are summarized in Table 5.2 and Table 5.3.
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Fig. 5.1—Schematic for a well in the Middle East area

TABLE 5.1—TUBING AND CASING DIAMETERS FOR THE

FIELD CASE
Outer diameter Inner diameter
4.5 in tubing 4.771in 4.5in
7 in casing 7 in 6.094 in
9.63 in casing 9.63in 8.435in

78
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Fig. 5.2—Location of DTS fiber optic

TABLE 5.2—PERFORATION LOCATIONS AND
TEMPERATURE FOR THE FIELD CASE

Perforation intervals 6160-6370 ft

6400-6500 ft

Bottomhole temperature 214 °F

Surface temperature 104 °F
Geothermal gradient 0.01 °F/ft

TABLE 5.3—INPUT PARAMETERS FOR THE FIELD

CASE

Parameters Values Units
Cor 1040 1/(kgK)
Cps 4186.8 J/(kg-K)

Mg 0.1 kg/mol

Qreac 4855 J/(molHCl)

Pr 2710 kg/m’

ps 1080 kg/m?
Viopt 0.9 cm/min
PVitopt 0.95 fraction

O; 0.2 fraction

79



80

To calculate the heat flux from the formation to the wellbore, the overall heat
transfer coefficient for the completion is needed. Due to the injection of acid with the
coiled tubing, the heat flux from the formation will go through the completion as well as
the coiled tubing. Thus, the coiled tubing also needs to be considered in the calculation
of the overall heat transfer coefficient. Since the completion is complicated between
5638 ft and 6079 ft, we separate the completion into three sections: 0 ft — 5638 ft, 5638
ft — 6079 ft and 6079 ft — 6770 ft. Each of these sections has one value for the overall
heat transfer coefficient. Eq. 2.38 is applied to calculate these three overall heat transfer
coefficients of the completion, and the completion schematics including the coiled
tubing for three sections are plotted in Figs. 5.3-5.5. In these figures, S means steel, W

means water and C means cement. The calculation results are summarized in Table 5.4.

é SWS| W S| C Formation

I I 13 Ig Is Ig¢ 1I7 Te

Fig. 5.3—Schematic for the completion and the coiled tubing between 0 ft and
5638 ft
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Fig. 5.4—Schematic for the completion and the coiled tubing between 5638 ft and
6079 ft.
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Fig. 5.5—Schematic for the completion and the coiled tubing between 6079 ft and
6770 ft
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TABLE 5.4—OVERALL HEAT TRANSFER COEFFICIENTS
During injection During shut-in
0 ft - 5638 ft 19.7 Btu/(hr-ft’-°F) 14.2 Btu/(hr-ft*-°F)
5638 ft - 6079 ft 14.6 Btu/(hr-ft*-°F) 11.3 Btu/(hr-ft*-°F)
6079 ft-6770ft  18.6 Btu/(hr-ft’-°F) 13.68 Btu/(hr-ft’-°F)

5.2 Pre-Stimulation Acid Wash

After the preflush stage, the well was washed with 96 barrels of breakdown acid (20%
HCI). Then the well was shut down at 21:39. During the shut-in period, the DTS
temperature measurements were conducted from 21:53 to 23:05 (72 minutes). In order to
determine the acid distribution, we follow the same procedure as for the hypothetical
example. The injection rate history is divided into 5 time periods, and we assign the

average injection rate for each period to approximate the rate history (Fig. 5.6).
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Fig. 5.6—Injection rate history and average injection rates for the acid wash stage
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Before the inversion model is applied, the acid temperature in the wellbore when
it arrives at the perforated zones needs to be calculated. We apply Ramey’s solution (Eq.
2.43) to estimate the injection temperature in the wellbore. The temperature of acid at
the surface is 104 °F. The injection temperature profile is plotted in Fig. 5.7 against the
geothermal temperature. This temperature profile is used as the initial condition for the

wellbore thermal model during the shut-in period.
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Fig. 5.7—Estimation of acid temperature in the wellbore at the end of injection for the acid
wash stage

The DTS data measured at 21:53 and 23:05 is shown in Fig. 5.8 by red and green

curves, respectively. We also plot the wellbore temperature at the beginning of the shut-
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in. This temperature profile is the temperature at the end of the injection period. The
temperature increase from 21:53 to 23:05 is plotted in Fig. 5.9. We can observe that
from 5000 ft to 5600 ft, the temperature was warmed back by the geothermal
temperature. Between 21:39 and 21:53, the temperature for this section was increased by
3-4 °F, and between 21:53 and 23:05, the temperature for this section was warmed by 8
°F. This normal temperature warm-back will be considered as the base line for the
interpretation, and the temperature of other sections will be compared with it. For the
section from 5600 ft to 6170 ft, it showed a relative lower temperature at the start of the
shut-in period and is warmed back faster from 21:53 to 23:05. The temperature in this
section was increased 1-2 °F from 21:39 to 21:53, which is smaller than the temperature
increase for the normal warm-back section (5000 ft to 5600 ft). From 21:53 to 23:05, the
temperature increase was 13-14 °F, compared with 8 °F for the section from 5000 ft to
5600 ft. The similar temperature behavior can be found for the bottom perforated
interval (6400 ft to 6500 ft). The temperature for this section was warmed by 3-4 °F from
21:39 to 21:53, and from 21:53 to 23:05, the temperature increase was 16-17 °F. This
temperature behavior indicates the existence of a large amount of acid in these sections.
At the beginning of the shut-in period, the wellbore was surrounded by the cold acid, so
the temperature was warmed back slowly. During the next 72 minutes of shut-in, the
temperature peak caused by reaction in the formation was dispersed and caused a heat
flux from the formation towards the wellbore. This heat flux heated up the wellbore fluid
and caused a larger temperature increase from 21:53 to 23:05. The temperature profiles

indicate that the section from 5600 to 6170 also accepted the acid, although this zone is a
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non-perforated section. The acid might flow upwards behind the casing and enter the
formation. On the other hand, the top perforation interval (6160 ft to 6370 ft) was
showing different temperature behavior. The temperature increase for the top perforated
interval was 12-14 °F from 21:39 to 21:53, and from 21:53 to 23:05, the temperature was
increased by 8 °F, which is similar to the normal geothermal temperature warm-back
during this period of time. The explanation of this temperature behavior is that this zone
accepted a small amount of acid. As a result, the acid did not penetrate deeply into the
formation. At the beginning of the shut-in period, the temperature caused by reaction
inside the formation already had some impact on the wellbore temperature and increased
the temperature significantly. From 21:53 to 23:05, the temperature peak in the
formation had been completely dispersed, and the wellbore fluid was warmed by the

geothermal temperature.
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Fig. 5.8—Temperature data during the shut-in period after the acid wash
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Fig. 5.9—Temperature increase from 21:53 to 23:05 for different depths during the shut-in
period after the acid wash

To quantitatively understand the acid distribution, the inversion model developed
is applied here, and the match of temperature profiles is plotted in Fig. 5.10. To achieve
a better match between the calculated temperature and the actual temperature data, we
divide the top perforated interval into several small layers. Although the temperature
match is not perfect, we capture the characteristic of the temperature behavior for
different sections. The percentage of acid for different sections is listed in Table 5.5.
From the inversion results, 17% of the acid flows into the bottom perforated section, and
9% of the acid is unevenly placed among the top perforated zone. Most of the acid
entered the sections from 5600 ft to 6160 ft, indicating that a lot of acid flowed upwards

behind the casing and entered this section.
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Fig. 5.10—Temperature data and match from 21:53 to 23:05 during the shut-in period after
the acid wash

TABLE 5.5—ACID DISTRIBUTION FROM THE
INVERSION MODEL FOR THE ACID WASH
Section Acid percentage
5600 ft-5800 ft 26%
5800 ft-6160 ft 48%
6160 ft-6370 ft 9%
6400 ft-6500 ft 17%

For better understanding the temperature behavior in the wellbore, we use the
inverted acid distribution to calculate the reservoir temperature profiles for different
sections at the end of the injection periods, as shown in Figs. 5.11-5.13. The temperature
behavior in the bottom layer is plotted in Fig. 5.11. We can observe that the acid
penetrated into the formation relatively deeper, and the temperature increase caused by

reaction was about 10 °F. Therefore, at the beginning of the shut-in period, the
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temperature in the well was warmed back slowly, and afterwards, the high temperature
peak started to affect the wellbore temperature, causing a faster temperature warm-back.
The temperature behavior in the formation for the top layer is plotted in Fig. 5.12. The
acid did not penetrate deeply in this layer. When the injection was stopped for a short
time, the temperature peak caused by reaction already had effect on the wellbore
temperature. Thus, during the first 14 minutes of shut-in period, the temperature in the
well for this section was increased significantly. Since the temperature behaviors in the
well for the bottom layer and the section from 5600 ft to 5800 ft were similar, so we can
expect that the formation temperature at the end of the injection were also similar, as
shown in Fig. 5.13. However, in this section, the temperature peak caused by reaction
was not as high as that in the bottom layer. The temperature increase from the reaction is
about 6 °F, compared with 10 °F for the bottom layers. This is the reason why the

wellbore temperature at the bottom layer was increased by 16 °F and the wellbore

temperature at the 5600 ft-5800 ft section was increased by 8 °F.
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Fig. 5.11—Temperature profile inside the formation for the bottom perforated interval at
the end of the acid wash stage
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end of the acid wash stage
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Fig. 5.13—Temperature profile inside the formation for the 5600 ft-5800 ft section at the
end of the acid wash stage

5.3  Main Acid Stage

After acid wash, the main stage of acidizing was injected with coiled tubing. In this
stage, 156 barrels of acid were pumped. The pumping stopped at 5:15 and the
temperature data was measured during the following shut-in period from 5:59 to 7:10.
We follow the same analysis procedure as for the pre-stimulation acid wash section.
Based on the injection rate history, we also divide it into 3 time periods. For each time
period, average injection rate for this time period is used to approximate the rate history
(Fig. 5.14). The acid temperature in the well before it enters the formation is calculated

with Ramey’s equation. The injection temperature profile as a function of wellbore depth
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is shown in Fig. 5.15, and this temperature profile is used as the initial condition for the

wellbore model during the shut-in period.
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Fig. 5.14—Injection rate history and average injection rates for the main acid stage
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Fig. 5.15—Estimation of acid temperature in the wellbore at the end of injection for the
main acid stage

The temperature data at 5:59 and 7:10 are plotted in Fig. 5.16. The initial
temperature profile in the wellbore at 5:15 is also shown in green curve. The increase of
the temperature from 5:59 to 7:10 is shown in Fig. 5.17. We can observe that from 5000
ft to 5400 ft, the fluid in the well was warmed by the geothermal temperature. Between
5:15 and 5:59, the temperature for this section was increased by 6 °F, and between 5:59
and 7:10, the temperature was increased by 8-9 °F. For the section from (5400 ft to 5800
ft) and the two perforated intervals, the temperature showed a relatively larger
temperature increase (9 °F and 18 °F) compared with the normal geothermal temperature

warm-back from 5:15 to 5:59. From 5:59 to 7:10, the temperature of these sections is
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only increased by 8 °F, which is similar to the geothermal temperature warm-back
during this time period. This temperature behavior is because the effect of reaction
inside the formation heated up the wellbore fluid during the first 44 minutes shut-in
period. During the next 71 minutes of shut-in, since the effect of reaction had been
completely dispersed, the temperature increase was only due to the geothermal
temperature warm-back. On the other hand, the section between 5800 ft and 6160 ft had
different temperature behaviors. After the first 44 minutes of shut-in, the temperature
increase was relatively small (6-7 °F). From 5:59 to 7:10, the temperature warm-back
was about 12 °F. The interpretation is that in these zones, the acid penetrated deeper into
the formation. At the beginning of the shut-in period, the warm-back was slower due to
the cold acid surrounding the wellbore. If the wellbore was shut down for longer time,
the temperature peak caused by heat of reaction in the formation would generate a heat

flux towards the wellbore and increased the wellbore temperature significantly.
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By applying our inversion model, we can match the temperature data with our
forward model (the green and purple curves), as shown in Fig. 5.18. We also divide the
top perforated interval and the section from 5400 ft to 6160 ft into several small intervals
to get a better temperature match. After running the inversion mode, the quantitative
analysis of these temperature data is shown in Table 5.6. 20% of the acid was injected
into the bottom perforated zone and 12% of the acid entered the top perforated interval.
The rest of the acid was distributed among the section between 5400 ft to 6170 ft,

indicating that most of the acid was flowing upward behind the casing and entered this

section.
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Fig. 5.18—Temperature data and match from 5:59 to 7:10 during the shut-in period after
the main acid stage
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TABLE 5.6—ACID DISTRIBUTION FROM THE
INVERSION MODEL FOR THE MAIN ACID STAGE
Section Acid percentage
5400 ft-5800 ft 26%
5800 ft-6160 ft 42%
6160 ft-6370 ft 12%
6400 ft-6500 ft 20%

We use the inverted acid distribution to calculate the reservoir temperature
profiles for different sections at the end of the injection periods, as shown in Figs. 5.19
and 5.20. The temperature behavior in the bottom layer is plotted in Fig. 5.18. We can
observe that the temperature increase caused by reaction was about 12 °F. Therefore,
during the first 44 minutes of shut-in, the temperature in the well was warmed back
significantly. From 5:59 to 7:10, the high temperature peak was dispersed and the effect
of reaction diminished. The geothermal temperature caused a relatively slower
temperature warm-back from 5:59 to 7:10. The temperature behavior in the formation
for the section from 5800 ft to 6000 ft is plotted in Fig. 5.19. The acid penetrated deeply
in this layer. When the injection was stopped for a short time, the wellbore was
surrounded by a large amount of the cold acid. Therefore, the wellbore temperature was
heated slowly. After another 71 minutes of shut-in, the temperature peak caused by
reaction had effect on the wellbore temperature and increased the wellbore temperature

much faster.
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Fig. 5.19—Temperature profile inside the formation for the bottom perforated interval at
the end of the main acid stage
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6. CONCLUSIONS

We have developed thermal models to simulate the temperature behavior in the
formation and along the wellbore during the entire acid treatments, including acid
injection period, shut-in period and flow-back period. This forward model consists of a
formation thermal model and a wellbore thermal model considering the effects of both
mass and heat transfer in the wellbore and the formation. The model simulates all
significant thermal processes involved during a treatment, including heat of reaction,
conduction and convection. Furthermore, we extend our forward model to calculate the
temperature behaviors with given layer properties, since the acid distribution is
dependent on permeability, damaged permeability and damaged radius. Then, an inverse
model was developed to interpret the acid injection distribution or layer properties from
the measured temperature data. We evaluated both gradient-based and stochastic
inversion methods and found out that for this case, stochastic methods are more reliable.
Therefore, we implemented an MCMC inversion algorithm as the inversion model. The
method has been applied to hypothetical examples as well as the field cases. With the
inversion model, we determine the acid distribution as well as layer properties. It is

concluded from this study that

1. Temperature measurements contain enough information to determine the acid
distribution or layer properties during an acid treatment.

2. During acid injection, due to the fast reaction of acid and carbonate rock, a large
amount of reaction heat is released, causing a temperature anomaly in the

formation.
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3. During shut-in or flow-back, the temperature anomaly caused by heat of reaction

will change the temperature profile in the wellbore. For shut-in, the zone that has
taken more acid will show a lower temperature in the wellbore at the beginning.
Then, because of the temperature anomaly in the formation, the fluid in the well
will be heated up much faster. For flow-back, the fluid in the formation with
higher temperature will flow into the well, and mix with the fluid flowing inside
the well. Although mixing will disperse the temperature signal, the temperature
peak still can be detected in the wellbore. Besides, the wellbore temperature at
the depth of production layers during flow-back is also related to the amount of
acid that has been injected into the layer. The layer that accepts more acid will
show a higher temperature in the wellbore. These unique thermal phenomena
enable the interpretation of acid distribution.

. Furthermore, layer properties can be determined from the temperature
measurements as well by applying the extended forward model. This is helpful to
understand the formation conditions, and can be compared with well logging
results.

. Finally, by applying this method to field examples, it can help us to
quantitatively understand the acid distribution and evaluate the effectiveness of

an acid treatment.
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