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Enhanced oil recovery (EOR) techniques are regaining interest as high oil prices have rendered such techniques econom-
ically attractive. Thermal EOR processes, which involve injection of heat into the reservoir, cause continuous alteration
of the thermal characteristics of both reservoir rock and fluids that are seldom modeled in the heat and momentum
transfer equations. In this study, the memory concept is employed to develop new dimensionless numbers that can
characterize convective heat transfer between the rock and fluids in a continuous alteration phenomenon. The energy
balance equation is employed to develop the heat transfer coefficient with the assumption that the rock achieves the fluid
temperature instantaneously. The final form of the equation is written in terms of Peclet number and the three proposed
dimensionless numbers. The results show that the proposed dimensionless numbers are sensitive to the absolute and
effective thermal conductivities of the solid and fluids, average system heat capacity, and the hydraulic diffusivity of
the fluid-saturated porous medium. One of the new numbers correlates with the Nusselt and Prandtl numbers, while
the local Peclet number is found to be sensitive to memory. Since heat convection and conduction in porous media can
now be explained through the proposed numbers with the memory concept, these numbers help characterize the rheolog-
ical behavior of the rock—fluid system. This work will enhance understanding the effect of heat transfer on alteration of
thermal conductivity during thermal recovery operations in a hydrocarbon reservoir.

KEY WORDS: heat transfer coefficient, reservoir modeling, forced convection, Peclet number, temperature
distribution, temperature profile, numerical simulation, reservoir management

1. INTRODUCTION nificant in any system, convective heat transfer is of ut-
most interest in porous media where fluid velocity is the
A temperature difference within a physical system caus@sjor concern.
heat transfer to occur from the higher-temperature regionThe temperature distribution in a hydrocarbon reser-
to the lower-temperature region. This transport processr is an important issue due to its utilization in detect-
continues until the system attains a uniform temperatuieg water or gas influx or type of fluid entering into the
The heat flux, which is a function of temperature diffemwellbore. This information is necessary for better reser-
ence, depends on one or a combination of the variousr management, which is subject to reservoir rock—fluid
transport mechanisms, that is, conduction, radiation, rbkeologies. During thermal EOR operations, conversely,
convection. While the first two mechanisms could be sitite highly complex characteristics of rock—fluid interac-
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938 Hossain & Abu-Khamsin
NOMENCLATURE
A cross-sectional area of rock perpendicularL._g,  characteristic length for Rayleigh number, m
to the flow of flowing fluid, n? Le_Re characteristic length for Reynolds number, m
cf total fluid compressibility L._sn characteristic length for Sherwood number,/m
of the system, 1/Pa L. we. characteristic length for Weber number, m
Cs formation rock compressibility L* dimensionless length of the reservoir
of the system, 1/Pa M average system heat capacity, kKJ¥m
ct total compressibility of the system, 1/Pa N rotational speed
Cpf specific heat capacity of injected (Nxur), = heLe/ke, local Nusselt number of bulk
fluid, kJ/kg K porous media saturated with
Cpg specific heat capacity of steam, kJ/kg K fluid, dimensionless
Cpo specific heat capacity of oil, kJ/kg K (NNu)yx = hex* /ke, local Nusselt number with
Cps specific heat capacity of solid respect to wellbore position toward the
rock matrix, kJ/kg K boundary of the reservoir, dimensionless
Cpw specific heat capacity of water, kJ/kg K Nper = L.pscprum/ke, local Peclet number,
D diameter, m dimensionless
g gravitational acceleration in x direction, f/sNp, = ucp s/ ke, Prandtl number, dimensionless
he convection heat transfer coefficient, (Npr), = v/ours, bulk Prandtl number of fluid-
kJ/heK saturated porous medium, dimensionless
k absolute variable permeability,’m P pressure of the system, Pa
ke effective thermal conductivity of fluid- P, power, hp
saturated porous media, kJ/h m K P, initial pressure of the system, Pa
k¢ absolute thermal conductivity of fluid a reference pressure of the system, Pa
within the porous rock matrix, kJ/h m K qi = Au, initial volume production rate, s
kg thermal conductivity of gas, kJ/h m K Qa fluid mass flow rate per unit area in
K,,. mass transfer coefficient, m/s z direction, kg/nis
K, thermal conductivity of oil, kJ/h m K G dimensionless volume production rate
K, absolute thermal conductivity of Ginj = Au, volume flow rate of injected
solid rock matrix, kdJ/h m K hot water, n/s
K, thermal conductivity of water, kJ/h m K prod = Au, production volume flow rate
L distance between production and of oil, m3/s
injection well alongr direction, m Tpt pore-throat radius, microns
L. characteristic length related to Sy gas saturation, volume fraction
pore-throat diameter, m S, oil saturation, volume fraction
Lc_Bi = Vhody/Asurface, Characteristic length Sw water saturation, volume fraction
for Biot number, m Swi initial water saturation, volume fraction
L._p, characteristic length for Bond number, m ¢ time, s
L. w, characteristic length through which te characteristic time, s
conduction occurs for Fourier number, m temperature, k
L._g: characteristic length through which T dimensionless temperature
conduction occurs for Grashof number, m T temperature of injected fluid, K
L. Ny characteristic length for Nusselt number, mTJ:k dimensionless temperature of injected fluid
L._p. characteristic length for Peclet number, m T; initial reservoir temperature, K
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NOMENCLATURE (Continued)
T, reference temperature of injected fluid, K | ratio of the pseudopermeability
T, average temperature of solid of the medium with memory to fluid
rock matrix, K viscosity, n¥ s'+*/kg
T¥  dimensionless temperature of u fluid dynamic viscosity, Pa s
solid rock matrix pur  fluid dynamic viscosity for
Ts:  injected hot water temperature, K capillary number, Pa s
t* dimensionless time & a dummy variable for time, i.e., real
uy,  fluid velocity with memory in porous part in the plane of the integral, s
media in the direction af axis, m/s E* dimensionless dummy variable for time,
u* dimensionless velocity i.e., real part in the plane of the integral
Vv fluid velocity for Reynolds number, m/s r gamma function
Vi, characteristic velocity of liquid, m/s p fluid density, kg/m
x flow dimension at any point along Ap = py — Po, density difference of fluids
x direction, m (i.e., water and oil), kg/rh
x* dimensionless distance © porosity of the rock, volume fraction
pr  density of fluid, kg/m
Greek Symbols Pg density of gas, kg/mh
x fractional order of differentiation, Po density of oil, kg/ni
dimensionless Ps density of solid rock matrix, kg/f
apg = k/epee, hydraulic diffusivity of the fluid- pw  density of water, kg/rh
saturated porous medium?ia 0B, surface tension of the interface or
o, mass diffusivity, m/s interfacial forces for Bond number, N/m
ary, = ke/M, bulk thermal diffusivity of fluid- 0., Surface or interfacial tension
saturated porous medium?ia between the two fluid phases for
oar; thermal diffusivity at temperature Capillary number, N/m
T, for Fourier number, s owe Surface tension for Weber number, N/m
B = 1/v (0v/0p) p, volumetric thermal
expansion coefficient, *im3K Acronyms and Field Units
AT temperature difference, K APl American petroleum institute
v = u/py, kinematic viscosity (ratio of rb reservoir barrels
absolute or dynamic viscosity to stb  standard barrels
density), ni/s scf  standard cubic feet

tion play a vital role in heat transfer between the rock mesth the introduction of the memory concept. They also
trix and flowing hydrocarbons. Such heat transfer is tieodified the second constitutive equation of diffusion,
major factor governing the temperature profile within thehich relates the density variations in the fluid to pres-
reservoir. The previously mentioned complex phenomesiare, where they incorporated the memory formalisms.
can be explained by the concept of continuous time funthey computed the Green’s function of pressure in the
tion, termedmemory to analyze the rheological behavlayer when a constant pressure is applied to the boundary
ior of rock and fluid properties when the rock is not ifor which they found closed-form formulae and attempted
thermal equilibrium with the fluid(s) (Hossain and Abuto capture the memory parameters experimentally. They
Khamsin, 2012). concluded that the memory concept represents media in
The memory concept is of interest to researchersvimich the fluid flux decays more rapidly in time and de-

different areas of science and engineering. Caputo dags the effect of the pressure at the boundary relative to
Plastino (2004) modified Darcy’s constitutive equatiothe effects of the classic Darcy formula.
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940 Hossain & Abu-Khamsin

De Espindola et al. (2005) used the fractional derivazonducted sets of laboratory experiments in uniformly
tive model (i.e., a measure of memory) to identify theacked columns for both homogeneous and heteroge-
dynamic properties of viscoelastic materials. They alse@ous media where a constant pressure was applied on the
presented numerical and experimental results where thayer boundary. They concluded that the memory largely
claimed that no previous work had produced a technigifluenced the experiments; they showed how mechanical
for the identification of the fractional parameters of vissompaction can decrease permeability and, consequently,
coelastic materials directly from an experiment. To vallux, through data and theory. Moreover, memory can be
idate the procedure, a comparison of the measured affécted by the tank height, the particle size distribution,
regenerated transmissibility was made. Storage modutlus stability of the initial particle distribution, and so on.
and loss factors were computed using the minimizing pa-In EOR processes, alteration of rock—fluid properties
rameters of a particular cost function. These functiodsrring thermal recovery is well established in the litera-
were then plotted in terms of frequency and temperatuttere (Hossain et al., 2007, 2008a, 2008b, 2009a; Hossain

Cloot and Botha (2006) used the generalized classieald Islam, 2009). This alteration occurs because when
Darcy law, where they used a noninteger order derivatiaefluid flows through a porous medium, the permeabil-
of the piezometric head for groundwater flow. Numeric@y of the matrix may vary locally with time (laffaldano
solutions of their equation for various fractional ordemst al., 2006; Cloot and Botha, 2006) for several reasons:
of the derivatives were compared with experimental dathemical dissolution of the medium, swelling and floc-
to see the behavior of fractional derivatives of modifiecllation, pore plugging and precipitation reactions, trans-
Darcy’s law. port of particles obstructing the pores, mechanical com-

For porous media application, laffaldano et al. (200@gction, and grain crumbling due to high pressure (Di
conducted an experiment to capture the permeabil®useppe et al., 2010). All these phenomena, in conjunc-
changes with time for a sand layer. They also providéidn with possible chemical reactions between the fluid
a memory model for diffusion of fluids in porous mediaand the medium, create continuous local changes of both
which matched well with the flux rate observed in expeporosity and permeability, resulting in memory; that is, at
iments. They concluded that the flux rate variations ol-given instant in time, the advection process is affected
served during the experiments were compatible with thg the history of pressure and flux (laffaldano et al., 2006;
compaction of sand. This variation was due to the amoWbitGiuseppe et al., 2010). Most importantly, the alteration
of fluid that went through the grains locally. As a resulgf rock and fluid properties guides the temperature profile
there was a reduction of porosity. within the reservoir formation. Published literature shows

Zavala-Sanchez et al. (2009) investigated solute trattzat the fluid velocity (Yoshioka et al., 2005a, 2005b) and
port in a vertically bounded stratified random mediunime have strong effects on the temperature profile (Hos-
They studied the effective mixing and spreading dynarsain, 2008; Hossain et al., 2008a, 2008b). Therefore it is
ics at preasymptotic times in terms of effective averagaportant to investigate the effects of memory in terms
transport coefficients, which had been defined on thédifferent heat transfer dimensionless numbers based on
basis of local moments, that is, moments of the trartke rheology of the rock—fluid system.
port Green function. They quantified the disorder-induced Convection and conduction heat transfer depends on
mixing and spreading by a constant Taylor dispersion dbe fluid temperature, which is related to surroundings’
efficient. They observed the impact of the position of themperature, surroundings’ conductivity (i.e., limestone,
initial plume and the initial plume size on the preasymgeawater, and air), insulation, inner-film conductivity, and
totic effective spreading and mixing dynamics for singlesidence time. The available models are unable to han-
realizations. They showed that the system “remembedi& the alteration of rock and fluid properties with time
its initial state, which was defined as memory effects fduring thermal operations (Marx and Langenheim, 1959;
the effective transport coefficients. This memory effe@tillman et al., 1961; Spillette, 1965; Chan and Baner-
disappeared after the solute had sampled the full vertigs, 1981; Kaviany, 2002). Recent investigations show
extent of the medium. that due to memory and temperature variation in the for-

Recently, Di Giuseppe et al. (2010) modified the comation, the porosity, permeability, and rheology of the
stitutive equations by introducing a memory formalismeservoir may change as a result of continuous heat trans-
operating on both the pressure gradient—flux and tfee within the fluid and rock matrix (Hossain et al., 2007,
pressure—density variations where fractional order deri2809a; Hossain, 2008). However, previous works did not
tives were used to represent the memory formalism. Thaynsider the thermal effects in terms of Peclet number and
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other heat transfer coefficients when the rock and fludd hot fluid injection, both pressure and temperature are
temperatures are considered eqdgl= 7). In addition, assumed to be uniform throughout the reservoir. Since the
the continuous alteration of fluid and pore space propetredium is homogeneous, the pressure along:ttzec-
ties may be greatly influenced by the fluid memory, eBen may be considered to vary initially according to the
pecially in geothermal reservoirs (Hossain et al., 200Barcy diffusivity equation. It is also considered that the
2009a; Hossain, 2008). Hossain et al. (2009a) showbérmal conductivities of both fluid and solid rock ma-
how stress—strain relationships can be presented and ctrares are not functions of temperature and are constant
acterized through the memory concept. They did not useoughout the reservaoir.
this concept for thermal recovery processes. To develop the new dimensionless numbers, the tem-
Therefore the present paper shows the effects of perature distribution pattern is developed based on the en-
cluding the memory function in the fluid flow behavioergy balance equation (Hossain et al., 2011). In this re-
during hot water injection into a hydrocarbon reservomgard, the equation is considered as the governing equa-
As discussed earlier, fluid velocity and time have strotign for both rock and fluid separately. The inclusion of
effects on the temperature profile. Thus it is very impatime-dependent rock and fluid properties is of great sig-
tant to investigate the effects of fluid memory as well asficance to petroleum engineers because prediction of
the rheology of the rock—fluid system based on heat trapseduction performance and management s highly uncer-
fer coefficients. tain. Therefore consideration of time-dependent phenom-
In this study, model equations developed by Hossana is necessary for a well-managed petroleum project.
and coauthors (Hossain et al., 2011; Hossain and Albhaelusion of the memory concept is made using the mod-
Khamsin, 2012) are employed to investigate the maijdied Darcy’s law as the flow rate equation, which may be
role of alteration of various rock and fluid properties duwritten for a 1-D system as (Hossain et al., 2007, 2008c,
ing thermal operations in terms of Peclet number a2809b)
three proposed dimensionless numbers associated with
heat transfer in porous media. While those studies were n / o[ %
conducted for unequal rock and fluid temperatures, the Um = *m / (t—2¢) {aaax
present study assumes that the rock attains the fluid’s tem-

perature instantaneously, that is, that the rock and flyid . . : .
temperatures are equal throughout the system. The n%ﬁrfsam et al. (2008c) defined the composite variagle,

objective of this study is to characterize different hel{ ch is a function of permeability and viscosity, for any

transfer dimensionless numbers that are sensitive to Wu%e of reservoir as

time dimension. The model equation describes how the ko oa

fluid and rock properties are dependent on the continuous n=—{) (2a)

time function. Thus the equation affords investigation of Hab

the dependence of different heat transfer coefficients—Hor example, Eq. (2a) can be expressed for sandstone as
terms of dimensionless numbers—on the system’s pargidessain et al., 2008c)

eters and properties. To solve the model equation for dif-

ferent dimensionless numbers, MATLAB programming [3.0(;9/6894.76)_0‘31 x 10712
was used. This analysis will provide a better understand- 1 =
ing of heat transfer phenomena during thermal operations

in porous media. where

} o5 (1)

_ )% 2b
Hobe8.422><10*° (p _ pb) ( ) ( )

Hop = 6.59927 % 105RS_O'597627T_0'941624’}/_0'555208

2. MATHEMATICAL FORMULATION 9
« AP~ 1-487449

The model considers a porous medium of uniform cross-

sectional area and that is homogeneous along: thes. Ryv,

Normal practice assumes fluid flow in porous media to?? = —620.592 + 6'23087W +2.89868T°
be governed by Darcy’s law. In this study, however, the o

modified Darcy’s law is employed to introduce the no- B, = Boye” PP

tion of fluid memory (Caputo, 1999, 2000; Hossain et al.,
2008c; Hossain and Islam, 2009). Before commencement

R, T
Bep = 1.122018 4 1.410 x 10*‘)R—2

o
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942 Hossain & Abu-Khamsin

( —70603.2 + 98.404 R + 378.266T ) equal. This model has been developed using the memory
o —6102.03y, + 755.345AP1 concept. Therefore, during the numerical computation,
° p+ 3755.53 Uy, 1S Used to the find the impact of the memory function,

Equation (2b) is based on field units, which are ofyhile temperature distribution is governed by Eq. (4a) or

formation volume faCtorBo), rb/stb; oil CompreSSibil' (4b) This partial differential equation is solved to find

ity (C,,), psi-'; oil formation volume factor at the bubblethe effects of different rock—fluid parameters in terms of

point (B,y), rb/stb; oil viscosity at the bubble pointy), Eeclet number and three_ proposed numbers, Comp_uta-
cp: oil viscosity above the bubble point), cp; solu- tions on Eq. (4b) are car.m_eq out for different rock—flgld
tion gas ol ratio &), scf /stb; crude oil temperaturefy), parame_ters, where the initial and bo_undary cond!tlons
°F; gas specific gravityy(,),Ib.. /t; oil specific gravity 2r€ defined ad (“”;0) =T (x’*o) = T; in terms of di-
(vo).Ibu /£t%; and oil API gravity (API) °API. mensionless forn’y (z,0) = T7 (z,0) = 1; Ty (0,1) =

If the temperatures of the fluid and rock matrix args (0+%) = Ts: in terms of dimensionless forffi; (0, ¢) =
the same, the energy balance equations can be combihed:t) = Tst/Tis andTy (L, t) = T (L, 1) =T; in terms
into a single equation [Eq. (3)] as used by several agi-dimensionless fori’; (L, ¢) =T (L,t) = 1.
thors (Kaviany, 1995; Lee and Vafai, 1999; Alazmi and
Vafai, 2000; Nield and Bejan, 2006). A detailed derivaa, SIGNIFICANCE OF THE PROPOSED
tion of Eq. (3) is presented in the appendix and appears aDIMENSIONLESS NUMBER
Eq. (A14):
% (Al4) There are at least 15 dimensionless numbers associated
with fluid dynamics and heat and mass transfer. Those
numbers are summarized in Table 1. The proposed num-
ber 3 [Eq. (5)] can be defined as the ratio of the total abso-
ile thermal conductivities of the fluid and rock to the ef-
fective thermal conductivity of the fluid-saturated porous

MaT n oT 0T
v CpfUm—o—- — Ke o
gt P m gy T e gy
Equation (3) can be transformed into dimensionless fo
using the following nondimensional parameters:

-=0  ©

medium, that is,
o L SR
ot ke Total absolute
p* = B’ ¢ = 27 e B thermal conductivity of
pi di duceL buc L N on st hy fluid and rock matrix @®
Using these parameters, the final form of Eq. (3) is ob- fas = Effective thermal
tained as [Appendix, Eq. (A18)] conductivity of fluid-
saturated porous medium
82T*7N ore o LT _ (4a)
Ox*? HAL 5= PelL L. 0x* Introducing a new dimensionless numbé¥ (), defined
. . . . _ as
Now introducing a new dimensionless rati¥g 43 = N — v )
(ks + kf)/ke, EQ. (4a) can be written as AR = o
1 T* Npoy L OT* Ny OT* the proposed number is the ratio of the fluid’'s kinematic

=0 (4b) viscosity to the system’s (i.e., the fluid-saturated porous

%2 T P *
Npaz 0x Niias Le 9z Nuas Ot medium) hydraulic diffusivity. It is similar to the Schmidt

where number (Table 1) but replaces the fluid’s mass diffusiv-
Nipas = ks + ks (5) ity with the system's hydraulic diffusivity, which incor-
ke porates the effect of the rock matrix. Kinematic viscos-
Moy ity, also called themomentum diffusivityis the ability
Npas = k. (®) of a fluid to transport momentum by molecular “diffu-

sion.” Since hydraulic diffusivity is the ratio of the sys-
ke = bk + (1 - @) ks (7) tem’s fluid transmissivity to the system’s fluid storativ-
Equations (4a) and (4b) give the dimensionless tempeitsi- V47 becomes a measure of the system’s diffusive to
ture profile and heat transfer along the formation lengtlonvective momentum transport capability, as influenced
when the rock and fluid temperatures are considereylits compressibility. For sandstone of 0.2 porosity and
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TABLE 1: Proposed new dimensionless number and different other dimensionless numbers used in heat transfer and

fluid dynamics (Hossain and Abu-Khamsin, 2012)

943

)n-

time

DUS

ns-

nd
J-
nber

a

0SS

nce

o

nd

Name Symbol Definition Comments

Biot Np; Npi = (heLe—Bi)/ks Ratio of conductive to convective heat transfer resistance

Bond Ngo Npo = (ApgL? 3,)/0Bo Ratio of body forces (often gravitational) to surface te
sion forces, i.e., interfacial forces

Capillary N, Neo = (ULVL)/Oca Ratio of viscous forces to interfacial forces or surfdce
tension

Fourier Nro Npo = (ar.tc) /L2 g, Ratio of the heat conduction rate to the rate of thermal
energy storage; also expressed as a ratio of current
to reach steady state

Grashof Na, Nar = (9BATLE_,)/v? Ratio of the buoyancy to viscous force acting on a fluid;
also a ratio of natural convection buoyancy force to vis-
cous force

N =(k 2 . .

Proposed| Nga: rar = (kpy)/(Wer) Ratio of the Prandtl number of the fluid-saturated por

number 1 = {Npr}e/{Npr} g medium to the Prandtl number of the fluid

Proposed | Ngyao Niaz=(1-6)/ Ratio of the heat transfer of solid matrix to the heat tra

number 2 x(Pscps)/(Preps) fer of reservoir fluid

Proposed | Npgas Nyas = (ks + ky)/ke Ratio of total absolute thermal conductivity of fluid ar

number 3 rock to the effective thermal conductivity of the fluig
saturated porous medium; a new dimensionless nun
for fluid-saturated rock

Proposed | Nyas Nras = on /oy Ratio of the bulk Prandtl number of the fluid-saturated

number 4 ={Nprh,/Nan porous medium to the proposed number; a new dimen-
sionless number for fluid-saturated rock

Proposed| Nag Nag =v/ag Ratio of the fluid’'s momentum diffusivity to the system

number 5 (fluid-saturated porous medium) hydraulic diffusivity;
new dimensionless number for fluid-saturated rock

Nusselt NNu Nyu = (heLe—Nu)/ke Ratio of convective to conductive heat transfer acr
(i.e., normal to) the boundary

Peclet Npe Npe = (psCptizLe—pe)/ke Ratio of convective to diffusive heat/mass transport i

= (ULULC7P8)/0(TJ' fluid

Power Npo Nyo = Py, /(pN3D5) Also known as Newton number and a ratio of resista
force to the inertia force

Prandtl Ny Npr = v/ar, = (1epp)/ky | Ratio of momentum diffusivity (kinematic viscosity) ar)
thermal diffusivity, or ratio of viscous diffusion rate t
thermal diffusion rate

Rayleigh NRra Nia = NGrBNP‘ Ratio of buoyancy forces and the product of thermal

= (9BATL; ,)/(var,) | momentum diffusivities; ratio of natural convective to

diffusive heat/mass transport; determines the transition
to turbulence

Volume 15, Number 10, 2012



944 Hossain & Abu-Khamsin

TABLE 1 (Continued)

Name Symbol Definition Comments

Reynolds | Nge Nre = (pV Le_Re)/1t Ratio of inertial forces(pV2L?) to viscous forces
(uV'L); ratio of convective to viscous momentum
transport

Schmidt Ny, Nse = v/am = 1/(payn) | Ratio of momentum diffusivity (viscosity) and mass

diffusivity and used to characterize fluid flows in which
there are simultaneous momentum and mass diffusion
convection processes
Sherwood| Ng, Nsh = (KmeLe—sn)/om | Ratio of convective to diffusive mass transport; also

called the mass transfer Nusselt number and used in
mass transfer operations
Weber Nwe Nwe = (PV?Lc_we)/0owe | Ameasure of the relative importance of the fluid’s iner-
tia compared to its surface tension and related to surface
behavior for a two- phase system

0.1 x 1072 m? absolute permeabilityN 4z would be In Eq. (11), the proposed number & 44) is the ra-
about 2.0x 1076 if the rock is saturated with air at ambitio of the local bulk Nusselt number—that is, for the
ent conditions. For the same sandstone, if saturated withole fluid-saturated porous medium—to the system'’s
freshwater,N 4 ; would be about 1.4 10~°, which is 7 heat transfer mechanism, that is, both conduction and
times larger due to water’s larger(kinematic viscosity) convection. Therefor&/'y 44 explains the correlation and

and the water-saturated system’s smadlgr. influence of the system’s heat transfer mechanism on the
Manipulating Eq. (6) yields Nusselt number, where continuous alteration of rock—
fluid properties can be linked up with time and Nusselt
Nipan = Moy _ X vVam v/oy number during any thermal recovery process.
ke xry  Voary,  V/are
(NPr)b

=X -0 (10) 4. RESULTS AND DISCUSSION
Nan

. ) Computations are carried out for a reservoir 3000 m long,

The proposed number 4\g; 44) is the ratio of the hy- where hot water is injected at a constant rate of 1735 m
draulic diffusivity to the thermal diffusivity—both of the of equivalent water volume per day. All assumed rock and
fluid-saturated porous media—uwithin the system volum,id parameters are listed in Table 2. The time and dis-
In essence, it is the ratio of the convective ability of thence steps are setAt* = 0.0167 andAt* = 0.00001.
fluid-saturated porous medium to its conductive abilityemperature variation is obtained for the case where
Equation (10) also shows thaVfy 44) can be looked at asthe fluid and rock temperatures are equal. In Egs. (4a)
the ratio of the bulk Prandtl number of the fluid-saturateghq (4p), the local Peclet number can be defined as
porous medium to its proposed numberg,(;). There- (Npe), = LePsCpptim/ke, WhereL, represents a char-
fore Ny a4 expresses the influence of the rock matrix Ofteristic length such as the mean pore throat diameter of
the thermal and flow characteristics of the fluid within thge orous medium. During the computatidy, is cal-
porous medium. The three dimensionless numbers pigiated by Winlad's (Kolodzie, 1980) correlatioh, =
posed in this article are also listed in Table 1. Two dizy,. . andlogr,; = 0.732 + 0.588log k — 0.864log &,
mensionless numbers proposed previously (Hossain gjKkrer; is in mD andr,, is in microns. Kolodzie (1980)
Abu-Khamsin, 2012) are listed in this table as well.  and pittman (1992) proposed the preceding correlation as

Again, Eg. (6) can be manipulated into the best permeability estimator for sandstones. They and

others (Rezaee et al., 2006) indicated that the best results
MO(H - MOCH hCLC B M(XH

Npag = _ (Nxur), are obtained from a mercury injection capillary pressure
ke heLe ke heLe test at 35% mercury saturation. Other correlations for car-
— (VNuL)y (11) bonate rocks are also proposed in the same literature. Dur-
(heLe)/(Motgr) ing the computation of Nx.z.),, the same procedure is
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TABLE 2: Fluid and rock property values for numerical computation

Fluid and rock properties

Fluid and rock properties

Cpg= 29.7263 [KI/Kg - K]

Sy =20% [volivol]

Cpo = 2.0934 [KI/KG - K]

S, = 60% [vol/vol]

cps = 0.8792 [KJI/KG - K]

Sw = 20% [vol/vol]

Cpw = 4.1868 [KI/Kg - K]

Ts: =550 K

h. = 280.87 [KJ/h - 1 - K]

T, = 300 K

kg = 0.0143 [KJ/h - m - K]

pg = 16.7121 [Kg/m?]

ko = 1.3962 [KI/h - m - K]

0o = 800.923 [Kg/m?]

ks =9.346 [KJ/h - m - K]

ps = 2675.08 [Kg/m3]

ke = 3.7758 [KI/h - m - K]

Pw = 1000.0 [Kg/m?3]

ki = 1071° [m?]

b = 25% [m3/m?3]

p; = 48263299.0 [pa ]

ny = 10 pa.s [Ns/m]

c; = 1.2473 x 1079 [1/pa]

q; = 17.5 m3/d [110 bbl/day]

945

cs = 5.8015 x 10719 [1/pa] A =300m x 20 m = 6000 M

used to calculate thé, for local Ny 44 and (Nxurz)p. €arly with increase irk. for a particularM, and both
Moreover, as Nusselt numbé&¥y,,, refers to the ratio of slope and nonlinearity of the curve increases for higher
total to conductive heat transfer, the local Nusselt numbef [Fig. 3(a)]. Ny 44 also increases with increase i.
with respect to wellbore position and reservoir boundafherefore the system’s heat capacity has an influence on
can be defined a8Vyu),,. = [8T*/8y*]r*:071, while it Ny a4, which means both conduction and convection heat
can also be calculated usifn. ). = hez™/ke. transfer play a significant role aNyg 44. The same non-
Figures 1(a)-1(c) show the variation of the proposdidear trend is seen in Fig. 3(b). However, for lav,
number 3(Ny a3) with the solid’s &), the fluid's (), Nmas does not change significantly with increasecin
and the total ks + k) absolute thermal conductivity forAs oy increases, the degree of nonlinearity and the slope
various effective thermal conductivities.). Ny 43 in- increase steadily faVy 44 versusk, plots.
creases linearly with the increasekinfor a particulark, Figures 4(a) and 4(b) depict variation of the proposed
value and decreases with the increask.iffFigs. 1(a) and number 4 (Vg 44) with different average system heat ca-
1(b)]. The same trend is seen in Fig. 1(c), however, tpacities (/) for different effective thermal conductivi-
rate of increase oy 43 is lower than in Figs. 1(a) andties (.) and different hydraulic diffusivities of the fluid-
1(b). This indicates that the solid’s thermal conductivity saturated porous mediuay, Ny 44 increases nonlin-
more dominant oV 43 compared with the fluid’s con- early with increase inV/ for a particulark, value, and
ductivity. Therefore conduction heat transfer has a greaféy; ,, decreases with increase i value for a particu-
influence oNVy 43. lar M value [Fig. 4(a)]. A slightly sloping linear trend is
Figure 2 depicts the variation of the proposed nurshown for Ny 44 versusM plots in Fig. 4(b). However,
ber 3 (Vg 43) with effective thermal conductivityk() for with increase in hydraulic diffusivityN g 44 increases for
various total absolute thermal conductivities ¢ k;). a particularM value, which is more sensitive for larger
Ny a3 decreases nonlinearly with the increasecinfor o.
a particular ks + k¢) value and increases with increase Figures 5(a) and 5(b) depict variation of the proposed
in (ks + k). Again, this implies the great influence ohumber 4 (Vg 44) with hydraulic diffusivity oz for dif-
conduction heat transfer d¥y 43. ferent average system heat capacitief @nd for differ-
Figures 3(a) and 3(b) show the variation of the prent effective thermal conductivities)—all for the fluid-
posed number 4Ny 44) with effective thermal conduc- saturated porous mediunNg 44increases linearly with
tivity (k.) for different average system heat capacitiéiscrease inxy for a particularM value and the slope of
(M) and for different hydraulic diffusivities of the fluid-the trend increases with increaselifi value [Fig. 5(a)].
saturated porous mediumf;). Ny 44 decreases nonlin-Conversely, Ny 44 decreases with increase k value
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FIG. 2: Variation of the proposed numbe( &/ 43) with
effective thermal conductivityi(.,) for different total ab-
solute thermal conductivites of solid and flufel (+ &)
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FIG. 3: Variation of the proposed number @V 44)
FIG. 1: Variation of the proposed number (Vi 43) with effective thermal conductivityk() for different av-
with absolute thermal conductivity of solidk() at a erage system heat capacitied/) at a givenoy =
givenk; = 1.5957 KI/hmK, fluid (k;) at a givenk, = 2.3202 x 10~° and with different hydraulic diffusivities
9.346 KJ/hmK, and total solid and fluidk + k) for dif-  of the fluid-saturated porous mediuy; at a giveni/ =
ferent effective thermal conductivites.( 2273.83

(©)
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FIG. 4: Variation of the proposed number &5 44) with  FIG. 5: Variation of the proposed number & 44) with
average system heat capacify) for different effective hydraulic diffusivity of the fluid-saturated porous medium
thermal conductivitiesk.) at a givenay = 5.6184 x (o) for different average system heat capacitikf) @t
10~* and different hydraulic diffusivities of the fluid-a givenk. = 7.8657 and for different effective thermal
saturated porous mediumf) at a givenk, = 7.8657 conductivities k.) at a givenM =2273.83

for a particularay value, which has a linear step trendVy 44 decreases nonlinearly with increaseNn g for a
[Fig. 5(b)]. particular(Np,),, and Ny 44 does not show a noticeable
Figure 6(a) depicts variation of the proposed numberchange with increase Ve, ),.
(Nfra4) with bulk Prandtl numbef(Ne.),) for different Equation (11) is used to plot Figs. 7(a)—7(d), which de-
the proposed number 5 45 values, both of the fluid- pict the variation of the proposed numbe{Xg 44) with
saturated porous medium as defined by Eq. (M)..4 the local Nusselt number of the fluid-saturated porous
increases linearly with increase {Vp,), for all N4y medium (the bulk Nusselt numbe&N .,z ), for differ-
values. Since the Prandtl numh®p, is the ratio of con- ent M, L., h., and ag values). Ny 44 varies linearly
vective to conductive heat transfer, increas&’ipa4 with  with (Ny,,1), for variousM values [Fig. 7(a)]; however,
(Np:), implies more heat convection during steam injeéVy 44 is less sensitive tON y.,1.), for low M values than
tion. Ny 44 decreases with increase My g for a partic- for high M values. The same trend is seen in Figs. 7(b)
ular (Np;),. Figure 6(b) depicts the variation @&¥z 44 and 7(c).Ng a4 Versus(Ny.r,), shows steep slopes for
with N4y for different (Np,), using the same equationdifferent ». values [Fig. 7(d)]. This sharp sloping of the
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FIG. 7: Variation of the proposed number(&y 44) with the local Nusselt number of the fluid-saturated porous
medium((Nxuz),) for various average system heat capacitied @t a givenay = 2.3202 x 107°, h. = 280.87,

L. = 255.87; various hydraulic diffusivity values of the fluid-saturated porous medjum) at a givenM
2273.83, h. = 280.87, L. = 255.87; various characteristic lengthi€..) at a givenay = 2.3202 x 107°, h, =
280.87, L. = 255.87; and various convection heat transfer coefficiertts @t a givenay; = 2.3202 x 1075,
M = 2273.83, L. = 255.87
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curve indicates that porous medium’s local Nusselt num-particularxy value, andN 4y decreases with the in-
ber andNy 44 are very sensitive to convective heat transrease otxy for the same fluid density [Fig. 8(a)]. Con-
fer coefficient f.). Moreover, Ny 44 increases linearly versely, N,y increases linearly with increase pffor a
with increase in(Ny.r), for a particularh. value. All particularx value, andV4x decreases with the increase
the previously mentioned figures indicate that more hestoy; for the same fluid viscosity [Fig. 8(b)]. This indi-
conduction takes place whév, ay, L., andh,. are in- cates that if the fluid momentum diffusivity is increased,
creased, which is related Wy 44. Therefore heat con- N 4y increases significantly.
duction in porous media can be well explained by the pro- Figures 9(a) and 9(b) show variation of the proposed
posed NUMbeN g 44. number 5 (V4z) with fluid kinematic viscosity and hy-
Equation (9) is used to plot Figs. 8(a) and 8(b), whidiiraulic diffusivities of the fluid-saturated porous medium
depict the variation of the proposed numbeng () with  (xg) for variousx g andv values. Figure 9(a) shows that
fluid density o) and fluid viscosity ) for different hy- N4z increases linearly with increase~rfor a particular
draulic diffusivities of the fluid-saturated porous mediumy, which reveals the same trend and behavior as com-
(am). Nag decreases nonlinearly with increasepinfor mented for Fig. 8(b). This indicates th&lty ;7 is sensitive

N w p NV
10000 : §000
V| ——— =2 R O
o e 5 =1 20352 005 £ L e & =1 39500005
8000 7| - e =2 32022 05 || s
0 005 ApooH
[71])])] S e E e e
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FIG. 8: Variation of the proposed number 57§ ;) with fluid density(p) at a givenu = 10 and fluid viscosity(j)
at a givenpy = 600 for different hydraulic diffusivities of the fluid-saturated porous medimn
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FIG. 9: Variation of the proposed number(5/ ;) with fluid kinematic viscosity(v) and hydraulic diffusivities of
the fluid-saturated porous mediuxy; for differentay andv
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to the fluid’s momentum diffusivityN 4 y decreases non- . B
linearly with increase inx;; for a particularv value, and e — :

Nag increases with increase infor the same system’s A |
hydraulic diffusivity [Fig. 9(b)]. = = -:::.—--:-34 T o N ; i
The local Peclet number of Eq. (4b) is plotted in e ] W 5 el
Figs. 10(a)-10(c), which depict the variation 8%, ’
with memory-based fluid velocityut,) for various k., =3

prcpf, andL. values.Np.y, increases linearly withu,,) &
for different () values [Fig. 10(a)] and decreases with 2
the increase k.. For lowu,,, k. has less influence on

Np.r,. As the degree of memory increases (i.e., increase

in u,,), k. starts to dominateVp.;. The same trend is 0 : : : :

seen in Fig. 10(b); however, the influence of memory 0 0.002 ”'””“U 0.008  0.008 0.0
is more pronounced than in the casekpf The charac-

teristic length with memory plays a great role &, @)
[Fig. 10(c)], andNp., increases with increase i and x10* Mo, vV
memory becomes more dominant for largervalues. = ' '

T
—— g Flaams )

el| @ go, m17enmmes |

5. CONCLUSIONS

A mathematical model with the inclusion of the mem-
ory concept is presented here to introduce new dimen-
sionless numbers during thermal operations in porous me-
dia. These numbers can be useful in characterizing reser-
voir rock and fluid properties. The results and analysis are
based on a numerical solution of the model equations us- : : : :
ing real reservoir data. These results are then employed %503 oioe  oioe  0ioE Do
to explain heat conduction and convection processes in u
terms of the proposed dimensionless numbers. The case
investigated in this study is when the reservoir rock attains
the fluid temperature instantaneously. The proposed num-
bers are well capable of handling the variable rock and
fluid properties with time and space and are able to bet-
ter explain the continuous alteration of rock—fluid behav-
ior. Such information on continuous alteration of rock—
fluid rheology is useful for better prediction of reservoir
performance. The proposed mathematical tool is used to
investigate the effects of temperature on different reser-
voir parameters, which can also be utilized to investigate
the temperature profile by solving the model equations for
temperature. The utility of the proposed numbers lies in .
the ability to characterize the rheological properties of a ”u 0002 o004

a
o
=

D.00s 0008 0.01

reservoir if those numbers are known for another analo- U,
gous reservoir, thus eliminating the need for rigorous in- (©)
vestigation.

FIG. 10: Variation of Np.;, with (u,,): () for various
(k) at a givenpsc,r = 1749.8963, L. = 0.00047115;
(b) for variouspyc,y at a givenk., = 7.8657, L. =
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Yoshioka, K., zZhu, D., Hill, A. D., Dawkrajai, P., and Pf = PwSw + PoSo + PygSy (Ad)

(Ts — Ty) (A1)

_ oT
—prepf (Um -VTy) = d>pf0pf37f
he
+ 7 (T = T) (A2)
here

PrCpf = PuCpwSw + PoCpoSo + PgCpgSy  (A3)
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Sw+ 8 +8;=1 (A5) Defining the average system heat capacity as

In Egs. (Al) and (A2)T; andT are the rock matrix and M= (1-0¢)pscps + PPuwCpuwSw + PPoCroSo

fluid temperatures, respectively. These represent the ther-

mal state of each phase in the same REV. + dpycpg Sy (A12)
Taking into account a porous medium of uniform I . .

cross-sectional area and homogeneous along: theis, and substituting Eq. (A3) into Eq. (A12) yields

and considering that the thermal conductivities of the fluid M=(]— p— c A13

and solid rock matrix are temperature independent and are (1= @) pucps & PPsCy (A13)

constant along the medium, Egs. (A1) and (A2) can BRipstituting Eq. (A13) into Eq. (AL1) yields

written in one-dimensional form as

oT or o*T
0*T T, M= + pCpftm—— — kooes =0 Al4
(L= O kg = (1= ) pacys " o TR gy T o -
he Where,
+ f (T9 - Tf) (A6) ke = kseff + kfeff (A15)
d)kf@ ~pje fum% — dpje f@ The first term of Eq. (A14) is the accumulation of en-
0x? b Oz Prot ergy, the second term is the thermal energy transported
he by convection, and the third term is thermal energy trans-
+ Ty - T5) (A7) ported by heat conduction.
Equation (A14) can be transformed into dimensionless
where form using the defined non-dimensional parameters as de-

scribed in Section 2. Substituting the above transforma-

kiy = kwSw + koSo + kg S (A8) " tions in to Eq. (A14) yields:
Equation (A6) can be rearranged after setting, = Tk T . T, OT*
(1 — d)) ks as d)HCtL2 ot PrCprum L Oz~
he T 0T, 2
A (Tf =T5)=(1- d)) pscpsﬁ = Ko 012 (A9) _ ke%aa 7;2 -0 (A16)
X

Substituting Eq. (A9) into Eq. (A7) after settirig,,, =

v ko—
L 0Ty Ty o oTy duce Ot* ke L Ox*
Sett 922 PrCpftm or Prepr It -
2 T _ 0 (A17)
8T€ 0 s T heg N2 T
+ (1= &) pstps—oo : (A10) Oz

ot g2
Finally Eg. (A17) can be written in terms d¥p.;, and
If the temperatures of the fluid and solid rock are thg,, ,, as:

same, the preceding energy balance equation, Eq. (A10),

. oT* L oT* 9T+
can be written as Nyas——+Nper——— — -5 =0 (Al8)
o7 or ot L. Oz ox
(kseff + k.feff) 022 - pfcpfum% = { (1 o (b) PsCps where,
or _ Mo
+ ¢Pfcpf}g (A11) Nerae = ke
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