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Abstract

Imbibition in a Hele–Shaw cell under a constant, longitudinal temperature gradientG was analyzed both theoretically an
experimentally. A theoretical approach based on a motion equation was developed in this case and a closed-form
solution has been obtained. Theory shows that the time evolution of the front is strongly dependent on the way in w
surface tension and the viscosity change as a function of the temperature. Experiments using parallel glass plates an
were made under several gradients and they have fitted well to theoretical profiles.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The regime of motion of a liquid free surface c
be affected by the presence of changes in the
face tension,σ . A simple way to change the su
face tension is by changing the temperatureT on a
free surface because, in general, in liquids the sur
tension decreases with increasing liquid temperat
i.e., (∂σ/∂T ) < 0. The presence of this type of var
ations leads to the appearance of tangential stre
on the liquid surface and consequently to thermoca
lary flows [1,2]. Some representative phenomena
lated to this type of flows are the film flow deve
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oped on a vertical plate, having a negative temp
ture gradient, when it is partially submerged into
liquid reservoir [1–7], the flotation of a liquid dro
on a liquid surface when the surface has differ
temperature than that of the drop [8] and the m
tion of liquid bridges due to non-isothermal cond
tions [9].

Temperature variations can also produce chang
other type of flow driven by surface-tension known
imbibition, which is the spontaneous penetration o
liquid into a capillary due to the action of the drive
capillary forceFc = pcS, wherepc is the capillary
pressure andS is the area of the free surface [1,10–1
When imbibition occurs in a vertical capillary, the ca
illary force dominates over the gravity and friction
forces. This mechanism should be valid even un
the presence of temperature gradients on the capi
.

http://www.elsevier.com/locate/pla
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walls but in this case the dynamic viscosity and surf
tension are temperature-dependent quantities. So
main aim of this work is to present a study of imbib
tion in a Hele–Shaw cell when a longitudinal, const
temperature gradient is considered. The main mot
tion of this work is that imbibition occurring in porou
media is a complex process; however, it is of enorm
importance, for instance, in the exploitation of hea
crude oil from subterranean fractured reservoirs wh
large volumes of oil have been recovered from sev
supergiant reservoirs [17]. In the fractured reserv
the host rock can be assumed as impervious and
fluid flows occur along the very slim, fluid-filled frac
tures. In subterranean reservoirs the geothermal
dient is ubiquitous and it has a value approximat
constant [18] but, additionally, the reservoir produ
tion can be tailored when heat is introduced into
reservoir by injecting steam or hot water which crea
dynamic liquid–gas interfaces under the presenc
strong temperature gradients close the injection zo
[19,20]. Owing to all these previous consideration
special type of imbibition can be seen as occurr
in Hele–Shaw-like cells under temperature gradie
Despite the frequency and importance of this type
imbibition a physical understanding of this problem
absent to date.

To achieve a better comprehension of imbibiti
into vertical fractures, a theoretical and experimen
study for imbibition in Hele–Shaw cells under co
stant temperature gradients is presented in the
lowing sections. In Section 2 the problem is form
lated for a one-dimensional flow where linear la
for the temperature-dependence of dynamic visc
ity and surface tension are assumed. The resu
motion equation yields a closed-form analytical s
lution for the evolution of the averaged imbibitio
front as a time function. Clearly, this solution has
explicit dependence on temperature gradient and
an asymptotic limit, the Washburn law [10] valid fo
isotherm imbibition and small distances of advance
the front, will be held. Afterwards, in Section 3, expe
iments in Hele–Shaw cells made of two parallel gl
plates and having several values of temperature
dients are carry out using glycerol. Good agreem
between experimental data and theory shows the
lidity of the present approach. Finally, in Section
the conclusions and main limitations of this study
given.
2. Theoretical approach

In Fig. 1 a schematic view of imbibition in a Hele
Shaw cell is shown. As soon as the lower part o
couple of parallel plates (making a gap of thicknessD,
length L and heightH ) touch a liquid reservoir
a capillary flow is developed inside the cell under
action of the gravity acceleration,g. After an elapsed
timet the imbibition front reaches the average dista
h(t). Normally, studies of this process have been m
by assuming that the overall cell and the liquid ha
a constant temperatureT = T0 and, consequently, th
flow is developed under isothermal conditions [16].

Here it is considered that the Hele–Shaw cell
a longitudinal, constant temperature gradientG =
�T/H , where�T = (T1 − T0) is the temperature
difference between the upper (T1) and lower (T0)
parts of the cell, as shown in Fig. 1. Thus, t
capillary penetration will be treated by consideri
that during its advance the fluid (of thermal diffusivi
αf ) reaches the same temperature distribution as
of the solid. This last condition is met, for instance
the diffusive timetD =D2/αf is very small compared
with the imbibition transit time,tI = D/|dh/dt|.
Clearly, this is the case when the plates are very c

Fig. 1. Schematic view of the geometrical and physical parame
during the imbibition in a Hele–Shaw cell. Each transparent p
has lengthL and heightH and separation between themD and at
time t the rise height isy(t). The cell is under the gravity fieldg and
has a longitudinal, constant temperature gradientG = �T/H . The
flat free surface of the liquid is only representative anddA indicates
the differential area element.
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together, because the characteristic length,D, when
the temperature of the fluid will be homogenized
very small.

It is possible to suppose that during imbibition
Poiseuille-like flow is developed between the para
plates. So, the capillary pressure is given bypc =
2σ cosθ/D where θ is the contact angle. This la
approximation is satisfied only whenL � D [13]. In
this case the inner walls shear stress on the wa
given byτw = 6µū/D whereū is the average velocit
of the flow andµ is the dynamic viscosity [12]
Finally, following the supposition of a constant flu
densityρ it is easy to show that the one-dimension
motion equation is

(1)

2σ(h(t))

D
cosθ(LD)− ρgDLh −

h(t)∫
0

τw dA= 0.

In Eq. (1) the gravity has been taken into account,
it is considered that the viscous term will be integra
from 0 to h(t) because it acts on each different
element of areadA= 2Ldy, while the surface tensio
acts only on the whole free surfaceLD located at
y = h(t) (see Fig. 1). Similar procedures have be
successfully employed in the studies of isotherm
imbibition (see, for instance, Refs. [14,15]).

During imbibition dynamic viscosity varies from
point to point alongy due to the variations of the tem
perature on the cell walls, i.e.,µ = µ(y). Similarly,
the surface tension takes a given value dependin
the instantaneous height,h(t), of the free surface (im
bibition front) where the temperature isT (y = h) =
T0 +Gh. These facts and the use of the expression
τw given above transforms Eq. (1) into the equation

(2)

2σ
(
h(t)

)
cosθ − ρgDh − 12

D

dh

dt

h(t)∫
0

µ(y) dy = 0.

To evaluate the integral term it is convenient,
a first approximation, to employ the Taylor’s s
ries for µ and σ given in the formµ = µ0[1 +
1/µ0(dµ/dT )Gy] andσ = σ0[1+1/σ0(dσ/dT )Gh],
whereµ0 andσ0 are the values at a temperature of r
erence,T = T0. The substitution of both expressio
in Eq. (2) leads to

2Dσ0 cosθ

12µ0
− [h+ µ′Gh2

2µ0
]

[1+ σ ′Gh
σ0

]
dh

dt

(3)− ρgD2h

12µ0(1+ σ ′Gh
σ0

)
= 0,

whereµ′ = dµ/dT andσ ′ = dσ/dT . The previous
non-linear differential equation can be expressed
a simpler form, by using the dimensionless variab
ξ = h/h∞ andτ = σ0 cosθDt/6µ0h

2∞ whereh∞ is
the equilibrium height reached by assuming isoth
mal imbibition and the balance between the wei
and the capillary force, soh∞ = 2σ0 cosθ/(ρgD).
Moreover, the following dimensionless parameters
considered

(4)A= µ′Gh∞
2µ0

, B = σ ′Gh∞
σ0

,

the quantitiesA andB are, respectively, the dimen
sionless viscosity gradient and the dimensionless
face tension gradient. Therefore, the resulting dim
sionless equation is

(5)1+ (B − 1)ξ − (
ξ +Aξ2)dξ

dτ
= 0.

Finally, the dimensionless solution under the bound
conditionξ = 0 atτ = 0 has the form

τ =
[

1

B − 1
− A

(B − 1)2

]
ξ + A

2(B − 1)
ξ2

(6)

+
[

A

(B − 1)3
− 1

(B − 1)2

]
ln

[
(B − 1)ξ + 1

]
.

This last relation gives a direct way to determine
time evolution of the imbibition front by considerin
explicitly the parametersA and B. Clearly, as will
be shown in experiments, these latter quantities
strongly dependent on the selected substances an
magnitude and sign of temperature gradient.

It is easy to found in the isothermal caseG = 0
(A= B = 0) that the solution has the form

(7)τ = −ξ − ln[1− ξ ],
which is the well-known dimensionless form f
imbibition in the Hele–Shaw cell under the grav
field [16]. Moreover, the Washburn law is recover
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tice that the
Fig. 2. Schematic view of the experimental setup where the array of the heat exchangers and the Hele–Shaw cell are indicated. No
reservoir filled with glycerol is located at the lower part, alongside the zone of thermal contact region and the cell.
rm

di-
cell

ass
o
n the
ced
iled
ws:

-
of

es
ed

ood
bi-
r-

ient
e
tes
era
is

s
e

rop
n

the

ith
id,
whenξ � 1 because in this case the asymptotic fo
of solution (7) is given byξ2 = τ or in dimensional
form h2 = σ0D cosθt/(6µ0) [10].

3. Experiments

Imbibition experiments under temperature gra
ents were performed in a glass-walled Hele–Shaw
with length L = 7.6 × 10−2 m, heightH = 2.6 ×
10−2 m (L ≈ 3H) and average gap thicknessD =
4.3× 10−5 m. The thickness of each transparent gl
plate was 1× 10−3 m. Experiments were made in tw
stages. First, temperature gradient was achieved o
glass plates and afterwards the imbibition was indu
between the gap by the capillary pressure. The deta
procedure for each stage was carried out as follo
initially, the temperature difference�T between the
lower (T0) and upper(T1) parts of the cell was estab
lished when the plates were in contact, for a period
time larger than the diffusive time, with the surfac
of two horizontal copper cylinders which were us
as single pass heat exchangers. (See Fig. 2.) A g
control of temperatures before and during the im
bition was obtained by employing recirculating the
mal baths in a controlled-temperature room at amb
temperatureTroom = 297.2 K. The room temperatur
and the temperature distribution on the glass pla
were measured by using an infrared thermal cam
(model FLIR Thermacam-PM595) whose resolution
±0.1 K and its sensitivity is 20 mK atTroom.

The glycerol properties (at 299 K) were densityρ =
1259.9 kg/m3 and thermal diffusivityαf = 9.35 ×
10−8 m2/s and the thermal diffusivity of the glas
plates wasαs = 7.46× 10−7 m2/s. The contact angl
between either glass plate and the liquid wasθ =
0.57 rad and was determined by the static sessile d
method [11]. The changes of the surface tensioσ
and the dynamic viscosityµ with T in glycerol have
been plotted in Fig. 3 in the interval 293� T �
323 K [21]. So, the characteristic time to achieve
gradient along the plates by heat diffusion wastDs =
L2/αs = 15 min and the diffusive time associated w
the homogenization of the temperature in the flu
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rror
Fig. 3. Plots of (a) surface tensionσ and (b) dynamic viscosityµ as a temperature function for glycerol. Data were taken from Ref. [21], e
bars reported therein are included.
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along D, was tDf = D2/αf which was of around
tDf = 0.02 s. This last period of time is smaller tha
the shortest imbibition time reached in experime
for a rise height equal toD which has had a valu
of the ordertI = 0.2 s. Meanwhile the steady-sta
temperature distribution on the plates was reach
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at the lower cylinder a reservoir filled with glycero
alongside the contact zone with the plates, allo
the liquid to reach also the temperatureT = T0.
Therefore, the liquid penetrates into the cell witho
sudden changes in the temperature because the
was immediately and gently dipped vertically into th
thermalized reservoir and the imbibition front w
digitally video recorded.

In experiments, four temperature distributions w
analyzed. These were the case of a positive temp
ture gradient (namedG+) whereG+ = 300 K/m, the
inverse case of a negative gradient (namedG−) where
G− = −300 K/m and two cases withG= 0 but where
the temperature values wereT0 = 299 K andT0 =
307 K. Notice that in order to have direct compa
son between cases with negative and positive grad
these were chosen such that|G−| = G+. The cases
whereG = 0 were obtained when both heat excha
ers and the overall Hele–Shaw cell were at the sa
temperature between them, that is,T0 = T1. A typical
temperature distribution obtained on the glass plate
shown in Fig. 4. This corresponds to the specific c
of negative temperature gradient where the temp
ture was varied fromT0 = 307 K up toT1 = 299 K
(the temperature values for the case of positive g
dient were exactly the opposites). Imbibition beg
when the cell having a temperature gradient were
serted into the liquid reservoir. The advance of the
bibition front was recorded with a digital video came
and the evolution of the averaged imbibition front,h,
was measured each 1/30 s through the measureme
on a PC of the front of advance. Using this meth
it is possible to measure advance distances as sm
0.5 mm and three independent experiments were m
for each value of the gradients above considered. In
der to avoid hysteresis phenomena in the realizatio
each experiment a new couple of clean, glass pl
were used.

Fig. 5 depicts the main results for the averag
rise heighth as a function of timet obtained for
the several values ofG (data for µ(T ) and σ(T )

were taken from Fig. 3). There, a direct comparis
between the experimental data (symbols) and the
(curves) is shown. Profiles withG �= 0 were plotted
by solving numerically Eq. (6) and those forG = 0
were plotted by using Eq. (7). Notice that data fit ve
well the theoretical curves, however the case forG+
was underestimated after the middle height of the c
ll

s

Fig. 4. (a) Thermography and its scale on a glass plate and
averaged temperature profile, obtained from (a), on the glass
as a function ofy. Here it is evidenced the existence of a negat
constant temperature gradient. Temperatures were measured
case at the steady-state regime of heat conduction by impo
T0 = 307 K andT1 = 299 K.

Despite this fact, which is discussed below, the m
result was that the evolution of the imbibition fronts
the glycerol-glass system is faster when tempera
gradient is positive and are slower in the isothe
and negative gradient cases. The causes of devi
between theory and experiments in the case ha
positive gradient could be due to many reasons bu
most probable are the dependence of contact angθ
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Fig. 5. Dimensional plot of the averaged rise height,h, as a function of time,t , for cases here considered:G+ = 300 K/m (2),G− = −300 K/m
(Q), G= 0 andT0 = T1 = 299 K (") andG= 0 andT0 = T1 = 307 K (a). Error bars are included.
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on velocity [11,15] and on temperature variations [2
However, further studies in this direction are need
because changes in this quantity should not be ign
to achieve definitive conclusions.

4. Conclusions and remarks

In this work the problem of imbibition under tem
perature gradients in a capillary Hele–Shaw cell
been analyzed through the use of a motion equa
and the comparison with experiments was made
our case, the study of this problem has been motiv
by the ubiquitous presence of imbibition into vertic
fractures in subterranean fractured reservoirs. C
mon sense suggest that the imbibition would be
fluenced by the geothermal gradients. Thus, the m
considerations in the model were the imposition of
overall constant temperature gradient on the plates
those related to the dependence of the dynamic vis
ity and surface tension on temperature. As a resu
was found that the imposed temperature gradient h
crucial influence on the evolution of the average im
bition front which depends importantly on the sign a
the way in which the dimensionless viscosity gradi
A evolves respect to the dimensionless surface ten
gradientB. Another important issue is that the asym
totic limit ξ → 0, which is associated with the lim
of short rise distances (Washburn law), is fully reco
ered whenG = 0. Under adequate changes, pres
study also may be useful to understand quantitativ
the origin of the increase in the oil recovery rate
high temperatures which has been evidenced in ex
iments using hot porous samples and liquids [19,2
Such a increase is, in this stage, evidently ascribe
the strong decrease of viscosity in comparison with
slow changes in the surface tension when tempera
increases.

Finally, under the approximation of one-dimens
nal models, the possible existence and nature o
terfacial instabilities in imbibition under temperatu
gradient cannot further studied, however, the und
standing of these instabilities can be of importance
achieve a better knowledge of the physics involved
these processes [16,23]. Work along this line is un
progress.
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