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Temperature profiles due to continuous hot water injection into
homogeneous fluid-saturated porous media through a line source
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We report a theoretical study aimed at determining the temperature distribution of a homogeneous, fluid-saturated porous medium initially at
a low temperature, into which a constant flow rate of hot water is injected. The size of the heated region is assumed to be large compared tc
the radius of the injection pipe, which is idealized as a line source of mass and heat. The temperature distribution is found to be self-similar
and to depend on a single dimensionless parameter which is a Peclet number.

Keywords: Heat flow in porous media; flows through porous media; analytical and numerical techniques of heat transfer.
PACS: 44.30.+v; 47.55.Mh; 44.05.+e

DOI: https://doi.org/10.31349/RevMexFis.67.365

1. Introduction of gravity, which would come into play at later times. This
leaves aside buoyancy-driven flows in miscible and immis-
In this paper, we theoretically determine the temperature dissible fluids [14]. Such cases correspond, for instance, to the
tribution of a homogeneous fluid-saturated porous mediunearly stages of the injection of hot water into heavy and extra-
due to the injection of hot water through a perforated pipeheavy oil reservoirs (immiscible fluids) and to the injection of
embedded in the medium. Physically, this is a way of heatindnot or cold water into geothermal aquifers (miscible fluids).
the porous matrix and the fluids therein. The problem is ubigin these cases, the densities of the fluids involved have simi-
uitous in technological areas like heavy and extra-heavy oilar values, and thermal convection can be assumed to play a
recovery [1-6] and for the production and storage of energypecondary role. We also neglect finger-like instabilities.

in geothermal systems [7-12], among others. The basis for the study of problems of hot fluid injec-

The injection of hot water into a porous medium doestion is the energy conservation equation for fluid-saturated
imply the simultaneous inflow of mass and thermal energyporous media. For transient problems, this is a partial differ-
(enthalpy), both by conduction and advection. In the theoential equation for the temperature as a function of time and
retical treatments, researchers commonly have treated the ithie spatial coordinates, which involves advection and con-
jection problem as one where the temperature of the injecteduction heat transfer and initial and boundary conditions that
fluid and the initial temperature of the fluid-saturated porousdepend on the specific problem considered.

medium are known, while the spatial and temporal profiles of ¢ \yater flooding is a thermal method used in petroleum
the temperature of the medium around the injection pipe argqineering. It is useful to enhance oil recovery because the

computed [1-11]. high viscosity of the in situ oil drastically decreases when

In the current work, we assume that the hot water has perits temperature is increased [1-6]. In the case of geothermal
etrated the porous medium a distance large compared to thsystems, cold or hot water can be injected depending on the
radius of the injection pipe, which is then idealized as a linepurpose. Cold water is injected to extract heat from the hot
source of mass and heat [13]. However, we neglect the effect®ck by having the water heated before the waterfront reaches
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the production wells [7-11]. Hot water is pumped into shal-

low permeable layers of rock for seasonal heat storage into - Vo
reservoirs [12]. \
)

In the models, commonly, rock and fluid properties such ¥—
as the specific heat, density, and thermal conductivity, are
considered to be constant in the reservoir. This assumption
is valid when the change of temperature in the porous media

is small. rd

The objective of this study is to understand the heat trans-
fer mechanisms in homogeneous porous media through the
theoretical modeling of heat transfer coupled with fluid flow. .
The paper is organized as follows. The physical ingredients 4 ' z
of the problem are reviewed in Sec. 2. The mathematical ‘
problem is formulated and solved in Sec. 3, showing that the
temperature distribution is self-similar and depends on a sinF/GURE 1. Schematic of the hot water radial injection through a
gle dimensionless parameter, a Peclet number that measurddt length.l, of aline source into a homogeneous porous medium
the ratio of advection to conduction heat transfer. The feapf permeability/’ and porosityy. The flow rate of liquid injected
tures of the temperature profile for slow, medium, and fasﬁerumt length of the.squrcq, and the hgatlnjected per unit length
S : i . of the source per unit time?, are specified.
injection are discussed. Finally, Sec. 4 summarizes the main
conclusions of the work.

Line source
Tk

3. Analytical model

) Figure 1 is a sketch of the problem with the idealizations
2. Physical model described in the previous paragraphs. With these idealiza-
tions, the radial filtration velocity in the porous medium is
The temperature field around the injection pipe will be anav = ¢/(277), wherer is the distance to the injection pipe,
lyzed to arrive at conclusions of practical interest. idealized as a line sourceat= 0 (from the continuity equa-
tion r~19(rv)/Or = 0). The radius of the cylindrical region

The hot water to be injected flows through a pipe im-q,ccnied by the injected water at a timefter the onset of
mersed in the porous medium and leaves the pipe through Fjection is

array of uniformly distributed orifices in the pipe wall. Ow- gt

ing to the low viscosity of the water, the pressure drop in the re(t) = gt (1)
pipe can be neglected so that the injection pressure is unifor . _ B . _
along the pipe and the flow ensuing in the porous medium Caﬁorq_rt]hetcondltlcin df/?ih_ v(r =ry) WJ[h rf(%) - (ih

be taken to be two-dimensional in planes perpendicular to the € temperature ot the porous mediim obeys the energy

pipe, and purely radial at distances from the pipe large Com(_aquation [10,15,16]

ared to its radius. oT or 10 oT
P (0 2L 4 (peyy L 9L — (k: ). @

o ar 7 "Rm

The porous medium is homogeneous, with permeability ot 2mr Or T Or or
K and porosityp, and is initially saturated with a quiescent where(pc); is the volumetric heat capacity of the liquid and
liquid of density nearly equal to the densjiyf the water and  the properties of the solid matrix, and the liquid are integrated
temperaturd ., smaller than the temperature of the hot waterinto the average volumetric heat capacity and thermal con-
in the pipe,T,,. For example, this liquid could be a heavy or ductivity
extra-heavy oil or fresh/saline water, all of which have densi-
ties very similar to the density of the hot water. The liquid is (pe)m = (1= @)(pc)s + (pc)  and ©)
assumed to be immiscible with the injected water at the time km = (1 — @)ks + k.
scale of the process. We also assume that the fluid and solid , T . .
phases of the porous medium have the same local tempera- These magnitudes will, n ggneral, be d|§cont|nuous at
ture (local thermal equilibrium. The pressure in the pipe is” = "/- In what follows, to simplify the analysis, the values
such that a constant flow rate of watgrper unit length of of the volumetric heat capacm_/ and thermal gondqct|V|ty are
the pipe, is injected. t_aken to be the same for both _Ilq_wds. Removing this assump-

tion does not affect the self-similar character of the solution

The injected water cools down while moving radially out discussed in the remainder of the paper.
by transferring heat to the solid matrix and surrounding lig-  Defining
uid. The density change of the water during this process is ~ (pC)f
small so that the approximation of constaris applicable. 4= (pc),, 4 “)
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and writing @) in conservative form, we have Y

\ " = Pe=0.1
oT 19 a oT 09y : Peil 0
o 290 45 L 'y Pe=10
ot T ror { 27TT Am? 87"} 0 ®)

wherea,,, = k,,/(pc)m is the thermal diffusivity of the
rock/liquid system.

The quantity(pc) ¢/ (pc) ¢ v would be the velocity of the ~ P=0 05
thermal front in the absence of heat conduction [17]. Since
typically (pc)s > (pc), this front would lag behind the lig-
uid frontr = r; [17,18].

Equationb) must be solved with the initial and boundary
conditions

T=T, at t=0 1 2 3 3 5 6 7 s

i oar @

2T

T=T, for r— oo FIGURE 2. The dimensionless quantiti?e § as a function of the

. . i . similarity variablen given by Eq.!8). The blue dotted curve corre-
where® is the _hea_t injected per unit time per unit length of sponds taPe = 0.1, the red dashed curve fee — 1, and the green
the source, which is taken to be constant (see comments folyntinuous-curve is foPe = 10. All curves start atPe 8 — 1 for

lowing Eq. ©) later in this section) and appears as the sum of; — .
the advection and conduction fluxes in the medium [19].
The solution of[B) and B) is self-similar, of the form
which means that heat diffusion dominates over the advection

T—Ty = ® 6(n) with of the flow, the red dashed curve f&% = 1 shows the case
2k (7)  Where advection and diffusion have the same intensity and
n= " the green-continuous curve correspond$to= 10, which
Vot means that advection dominates strongly on conduction.

Carrying this tob) and 6), we find . . . - .
The importance of the dimensionless plot in Fig. 2 is that

" 1—Pe 1\, _ . it shows different ways of cooling down the injected hot fluid
0" + +- )6 =0 with . : ; o
2 in the porous medium, depending primarily on the value of
the Peclet number. For instance, a low valuePef (which
can be given afe = (pc) ; ¢/27k;,) means that injection of
6 = 0 for n — oo, the hot liquid is slow and/or that its volumetric heat capacity
is small, and/or conversely, the average thermal conductivity

where Pe = ¢/(2may,) and primes denote differentiation of the water-saturated porous medium is high.
with respect to;.

Pe—no =1forn—0 and (8)

The solution of8) is In the context of oil recovery, sand (unconsolidated) [1,2]
n and sandstone (consolidated) [4] reservoirs, which store large
o L | 1 /T}Peileiinz dn (9)  'eserves of heavy and extra-heavy oil, have been exploited by
Pe 2Pe—1T (%) ) ’ using hot water injection. In these cases, the Peclet num-

ber can be determined using order-of-magnitude estimates

which is plotted in Fig. 2 for three values of the Peclet num-as follows: the average thermal conductivity, is, in both
ber Pe. As can be seery — 1/Pe forn — 0 in all cases, in the order of 1 W/m K in a wide range of tempera-
the cases. The conduction heat flux tends to zero whetures [20, 21], meaning that the heat transfer from the water
r — 0, and the injected head can be directly related to the porous matrix is very efficient. The volumetric heat
to the temperaturd;,, of the water in the injection pipe: capacity of watetpc); is in the order of 1 MJ/(mK) [22]).
® = (pc)rq(Ty, — Tw). Notice that this relation and the Consequently, the ratitpc) s/ k., is of order10® s/n?, and
pressure variations that Darcy’s law associates to the radid is found that for water flooding into this type of reser-
filtration velocity are time-independent. This justifies the as-voir, the best form of chang®e is by changing the injec-
sumption of constant values of the injected flow rate @rid ~ tion rate. As an example, if a process requifas ~ 10~}
realistic cases. theng ~ 10" m?/s, and so forth and so on for the other

The figure shows three very different behaviors for thePeclet numbers. Geothermal aquifers have similar values of
quantity Pe 6 by changing the Peclet number, by an order ofthe ratio(pc) ¢/, [23] and, therefore, similar conclusions
magnitude each time: the blue dotted curve isfer= 0.1, as aforementioned fdPe andq are reached.
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4. Conclusions number is essentially a measure of the flow rate of water in-

] . ] jected, which determines the way the thermal energy behaves
An analysis has been carried out of the heating of an ungyring the injection.

bounded porous medium by injection of hot water through

a perforated pipe. After a short initial period that is not ana-
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