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In this work, the influence of a longitudinal temperature gradient on the spontaneous imbibition into a homogeneous porous medium has
analyzed. Theory and experiments done on a permeable rock (Berea sandstone) allow us to show how this gradient modifies the tem
evolution of the averaged imbibition froh{t). Despite the existence of a thermal boundary layer outside the rock, experimental data are i
good agreement with the theoretical profiles:6f).

Keywords: Imbibition; Flow through porous media; Heat flow in porous media; Surface-tension-driven instability.

En este trabajo se analiza la influencia de un gradiente de temperatura longitudinal sobre labmb#porinea en un medio poroso
homogeneo. La tedm y los experimentos hechos en una roca permeable (arenisca Berea) permiten imostreste gradiente modifica la
evolucbn temporal del frente promedio de imbildinii(¢). A pesar de la existencia de una cajaite ttrmica fuera de la roca, los datos
experimentales muestran un buen acuerdo con los perfilgsds deh(t).

Descriptores: Imbibicion; Flujo en medios porosos; Flujo de calor en medios porosos; Inestabilidades inducidas porsigpsificial.

PACS: 47.55.Mh; 44.30.+v; 47.20.Dr

1. Introduction To reach our goal, in the next Section we shall study the-
oretically the imbibition into a porous sample through the
one-dimensional Darcy equation, which includes the driven

For nearly a century [1], isotherm imbibition in homogeneouscapillary pressure and the hydrostatic pressure. In this type

porous media has been a topic of interest for scientists angf equation, the influence of the temperature gradient on dy-

engineers due to its inherent complexity and practical immamic viscosity. and surface tensiom will be included ex-
portance in many technological areas such as chromatogrgticitly through linear laws depending on temperature. The
phy, textile and paper treatment, drying ink, enhanced oil regnalytical solution of the resulting equation predicts an ac-
covery and metal wettability, among others [2-9]. It is well celeration (deceleration) @f(t) with respect to the isotherm
known that in a porous medium, the penetration kinetics otase. In Sec. 3, we show the results of a set of imbibi-
the wetting fluid frequently is characterized by the averageion experiments in Berea sandstone under the actiaf.of
penetration distance of the froit(¢), which is measured on- Berea sandstone is a standard permeable, homogeneous roc
isotherm samples of sandstone or blotting paper, through th@ommonly employed in experiments where well character-
contrast between the dry and the imbibed (wet) zones. To ouged and close-to actual conditions are required [16]. The
knowledge, imbibition under non isotherm conditions, for in- evolution of h(t) was monitored in the rock by using dig-
stance, when the porous sample is subjected to longitudin@al video-recording. This technique allows us to measure
temperature gradients, has not been previously considerefl(+) very accurately. To measure the temperature profiles,

This type of capillary flow appears naturally, for instance, inin the rock during the experiments, an infrared camera was

oil and water reservoirs because they are under the action @mployed. Therefore, a fine overall temperature distribution

the geothermal gradient or, in a forced way, during the injecon the rock was determined at every stage of the experiment.
tion of a fluid with a temperature either hlgher or lower than|n particu|ar, measurements in cases Wbbl;\é 0 enable us

thein situ reservoir temperature [10-14]. In addition, imbi- to note the existence, just at the corners of the sample, of a

bition under strong gradients also appears during the dryingmooth deformation of the isotherms due to the existence of

of porous media due to the existence of elevated fluid tema thermal boundary layer. An order of magnitude analysis is
peratures occurring in this type of a process [15]. The aimyiven to determine the magnitude of these deformations and
of this work is to build a model in order to understand im- their influence on imbibition. Finally, in Sec. 4, the main con-
bibi(tjion into a porous medium under a constant temperaturglusions and limitations of the present study are discussed.
gradient,G.
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11 = Troom heights, takes on different values because it depends on tem-
- g peraturey is the gravity acceleration; andis the fluid den-
& ¥ l sity. The density changes are small in comparison to changes

of u ando [17]. In EQ. (2), it is assumed that permeabil-
ity K is related to the average pore diameter in the form

porous _ | | K ~ d? [5-7,18], and therefore, is another dimension-
sample e L 7 less lumped constant which depends als@oRearranging

Eg. (2), and using the fact that= dh/dt, the pressure drop

T S is
ﬁfg P imhibhition
HG + front h(t)
' Co dh h(t)
M9 p= [ do=-2% [ law@)dy -~ dpoh. @)
0

To integrate this latter, we allow the viscosity
to depend on height, assuming a linear law, say,
- w(y(T)) = po [1 4+ 1/po(dp/dT)Gy], wherepy is the vis-

i g \ cosity at a reference valug = T, andG = dT'/dy, which

T in this work will be assumed as constant. After integration
and substitution ofAp into Eq. (1), we obtain an implicit
equation for the front evolutioh(t) in the form

FIGURE 1. Schematic view of the imbibed region (grey zone) and
the instantaneous imbibition froft(¢). The block has height
and cross sectional ard#, is under the gravity fielgg and a lon- ,
gitudinal temperature gradied = (1% — To)/H. Here, Ty is _ash) = —0250 dn ( + MG}F) — ¢pgh, (4)
the temperature on the lower face dfdis the temperature on the d dz dt 20

upper face.

wherep’=(dp/dT). Likewise, we can assume a linear law
for surface tension,
2. Imbibition in the porous medium

o(MT)) =091+ 1/0o(do/dT)Gh],
Here, we study the imbibition into a porous medium of
height H and cross sectional argz’, which allows us to  whereo is the surface tension @t = T, ando’ = (do/dT)
understand the penetration kinetics under temperature grads the “temperature coefficient” [9]. Finally, the substitution
ents. This model can, in fact, be extended to rectangular sanaf the relation foro(h(T)) into Eq. (4) yields the non-linear
ples of typical dimension& x W; however, the simplest ge- ordinary differential equation
omeltrical modgl, particularly when the heat F:onducti(_)n prop— , A -
lem is treated, is that of squared cross section. We first build €190 <1+U Gh) —$pgh— C2/0 d,< H h2>:(), (5)

htt—

a one-dimensional pressure drop equation, which considers d d? dt 200
that the capillary pressugg. = —cy0(h)/d induces the mo- ) . . .
tion and consequently the pressure dfgp Thus which will be solyed W"Fh the bqundary conditioh = 0’.
att = 0. The differential equation can be expressed in a
_ao(h) A (1) simpler form using the dimensionless variabfes= h/hg
P andr = t/t* = cidoot/ (capohd), Whereh, is the equilib-

The quantitye, is a dimensionless lumped constant which in—rium height reached by assuming is_othermal imbipition and
volves the wetting properties such as the angle of corftact the balance between the hydrostatic and the capillary pres-
and properties of the structure of the porous medium such a&/res: thereforéyo = croo/ (¢pgd). .
porosity, . Moreover, the average pore diameter/jsand In add|t|qn, the followmg dmensmnless viscosity and
o(h) is the surface tension at the averaged penetration digurface tension gradients are defined:

tance,y = h(t) (see Fig. 1). The fluid flow through the 1/ Gho o' Ghy

homogeneous porous medium at low velocities is governed A= , b= .
by the unidirectional Darcy law, which allows us to establish
a relationship between the average filtration velogityand  Notice thatA and B can have positive, negative or null val-
the pressure gradients ues, depending o&'. The resulting dimensionless differen-
2 {dp tial equation becomes

eou(y(T)) Ldy

wherep is the pressureg;(y(T)) is the height-dependent dy-
namic viscosity, which under the gradient action, at differentwith £ = 0 atT = 0. Therefore, the solution of Eq. (7) is

6
210 o ©)

v =

+ ¢pg] ; (2 e

1+(B—1)§—(£+A£2)E 0, Q)
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L [B —A- 1} £+ [ A ¢ k,=0.9 cal/(m s K). Therefore, the diffusive time to achieve
(B—-1)? 2(B-1) a longitudinal temperature gradient wgs=1.8 h. How-
A-Bi1 ever, measurements of the steady-state temperature distri-
[(3_1)3] In[1+ (B—-1)¢. (8) butions were made after 4 h, and we brought the rock to
the exchanger. Very accurate temperature field measure-
Clearly, this solution shows a competition between thements (thermographies) were made by using an infrared
gradientsA and B and, in a sense, they modulate thecamera model FIiR Thermacam-PM595 with a resolution
evolution of the fronté(7) under temperature gradients. of 0.1 K. Typical overall temperatures, measured on any
The isothermal case is immediately recovered whier0  face of the rock, are shown in Fig. 2a for the c&se0
(A=B=0), in this case we obtain, from Eq. (8), the well and in Fig. 2b for the cas&'<0. The caseG>0, was
known relation for imbibition in a porous medium under the obtained by makingl;,=295.2 K and 7;=299.2 K, con-

gravity field [9, 19, 20] sequentlyG, =47.059 K/m. When G<0, T;=307 K and
T1 =303 K and G_ = —47.059. This temperature range,
T=-¢—1In(1-9). (9) above room temperaturé(,,,, = 295.2 K), was selected so

as to have a clear contrast between the isotherms by using the
The law known as the Washburn law [19] (valid for very infrared camera. Notice that, = |G| =47.059 K/m. The
small penetration distance) is also recovered when1be-  case whert? = 0 was obtained fof,.,,, =295.2 K.
cause in this asymptotic case the solution is given either by We can perform an order of magnitude analysis of the

__ 2 H H H 2 __
7= £ or, in dimensional form, by.® = [c1doo/ (poc2)]t. shape of the isotherms depending on the sign of the gradient.
Generally speaking, the capillary penetration in the\ye horice in Fig. 2a that the isotherms (equal gray-tone re-

porous medium should be affected by the temperature, if thgjo gy wher(;>0 have a small curvature, while the curvature
local temperature difference between the local bulk temperaamding) of the isotherms whe@ <0 is very small, as is ev-

ture of the liquid and the temperature of the most immediat(?dent from Fig. 2b. This peculiar phenomenon is due to the

grain can be neglected. This condition will be satisfied proyisience of athermal boundary layer which plays an
vided that the dimensionless relatiGih/dt)d/k; < dg/dis

valid [21], wherex;, is the liquid thermal diffusivity, and, is

the grain average diameter. The quantitjt/dt)d/x; = Pe

is the Peclet number and it compares the bulk transport of
heat under forced convection (with velocidy:/dt) respect z '
to the heat transfer by conduction. Thus, a very small Peclet [E8 S 2= R 2 -
number refers to a very slow flow where heat conduction & |
dominates. Consequently the previous imbibition model re- §
lies on these assumptions and the imbibition experiments}
to be discussed afterwards will be conducted following just !
these criteria. Furthermore, it will be discussed in detail in
Sec. 4.

2 ] L1 =
L2 =
L3 =

24 -

22 Jra

3. Experimental setup and isotherms in the
rock

Prior to imbibition, the imposition on the overall rock of a
steady, longitudinal temperature gradient was made as fol-
lows: the base of a rectangular dry rock (Berea sandstone)
with dimensions as aforementioned (Fig. 1), was brought in §
to contact with a heat exchanger which maintained this part ]
at a constant temperatui@ = 7,. The other faces of the cX T8 R ——
rock are in contact to air, which was maintained at a constant | -
temperaturd’ = T3. In this case the rock, with thermal dif-
fusivity ,, can be seen as a fin which, after the diffusive time
tp = H?/k,, reaches approximately the temperature distri-
butionT'(y) ~ Ty + Gy [21] whereG = (11 — Tp) /H.

Typical experiments were conducted on bold rocks with
size H=0.085 m height and..=0.05 m length and the phys- g gyre 2. a) Typical thermography of a face of the dry rock (Berea
ical properties of the Berea were density=2300 kg/n’,  sandstone) and plot of the temperature as functiopfof G > 0
thermal diffusivity x,=0.011 x 10~* m?/s, permeability and b) typical thermography of the same type of rock and plot of
K=500 mD, porosity $=20% and thermal conductivity the temperature as a functiongfor G < 0.

Ll ==
L2 =
L3 ==
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important role in cases where a gradient is imposed in bold To estimate the Grashof number and the magnitude of
rocks, as will be shown afterwards. The estimation of the siz¢he deviation of the isotherms, respect to horizontal ones for
of the thermal boundary layer is important to ensure in theG < 0, we usedp, =1.14 kg/n¥, u, = 18.87 x 1075 Pa
experiments that the temperature gradient is homogeneousstk, = 0 .006 cal/(m s K),3, = 3.26 x 1072 K~!, corre-
any place of the rock excepting the corners. sponding tal}, = 307 K for which Gr'/4 = 23.12. Finally,

When the gradient has been imposed on the rock, th&om Eq. (17) we found that
density of the air close to the rock surfaces changes because

' - : AT

of the increased temperature. A bouyancy-driven convective X" (.11, (18)
flow is developed within the viscous boundary layer of width AT

d (see Fig. 3). We consider that the air has dengiydy-  a result that indicates that the deviation of the isotherm close
namic viscosity.,, thermal volume expansion coefficief  to any corner is of around 10%. Such a result is in good

and thermal conductivity,. The velocityu of the convec-  agreement with the deviations measured close to the corner,
tive flow in the boundary layer is obtained through the en-

ergy equation where the convective and buoyance terms are T, ¢
the dominant ones. Hence, ¥ |

pgu2 ~ pggH ByAT, (10)

where the temperature change in the boundary layer is of the
same order as that occurring in the overall lendth,There-
fore, the convective velocity is

u ~ (gHB,AT)? | ) BEC

The width of the boundary laye#, is evaluated by con-
sidering the viscous damping of the flow

2

u u + N
Pgﬁwﬂgéﬁ- (12) '\ x i
. . . . T
Using relation (11) in (12) we obtain ) ¢ B
1/2 2 1/4 FIGURE 3. a) Thermal §r) and viscous{) boundary layers (out-
Sro (“9H> ~H Hg H . (13) side the block) and isotherms on the block which are deformed
Pyt p29B, AT H? Gri/4 close to the corners. b) Detailed view of the zone where isotherms

are folded. It is assumed that just in those zones, of length
whereGr = p2g8,ATH?/;i is the Grashof number. On isotherms are deformed and produce a heat fipw
the other hand, the heat flgy is given by

AT AT 012+ G<0
g ~ by =5 ~ by G, a9 )
where Eq. (13) has been used. On the rock, close to any cor %%
ner, it is observed in Fig. 2b that the isotherms have a small £ S  oos]

deformation. We assume that it is due to the transverse hea$ 004 ]

flux, ¢, given by | as zzz ﬂ H T\IQH H ﬂﬂuﬂ
L e

whereA, T is the temperature variation in a zone of length -0.04

(see Fig. 3). Both heat fluxgg andg,, are of the same order
of magnitude, therefore

isotherm devi

-0.06

-0.08 T T I T y T ¥ T I
AT 0.0 0.2 0.4 06 08 10

AT
fop—2X— ~ kg?c;rl/‘*. (16) XL

P
L
) ) o FIGURE 4. Typical plot of the temperature deviation obtained from
The relative change between the isotherms is given by Fig. 2b,i.e, when the rock has a negative gradieGt « 0).

A T ky L In this case maximum deviation occurs close to the rock corners
ZGrl/4, (17) (z/L = 0, 1). This deviation is around 10%, as it was determined
AT k H through the estimation of the quantity, /AT (Eq. (18)).
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as is shown in Fig. 4. The case @f > 0 is related to an value ofthe}oore sizéwas calculated through the correlation
other type of thermal boundary layer which originates in thed ~ (K/gb)l 2-1.58 pm [5-7,18].
lower part due to the higher weight of air in this region. An To construct the dimensionless graphs given by Eq. (8)
estimate of the deviation in this case can be found in a similathat fit the experimental data, we need to know the depen-
way. dence ofu ando onT. Tabulated values of these quantities
Another very important aspect related to the local tem-were taken from Lide [17] and used in Egs. (6) and (8). More-
perature variations at the corners is that these variations dover, these data match well the linear expansions afdo
not change the overall temperature at a given height. In facyiven above. In this context, values @fando’ in the tem-
two independent procedures were conducted in order to provgerature range here considered jafé=1.7x10~> N s/mPK
it: First.- Measurements were made at several inner pointand|o’| = 1.47 x 104 N/m K. The water density used was
along horizontal holes drilled in the sandstone using thermop = 998 kg/m®. The temperature profiles shown in Fig. 2 de-
couples, with a resolution of around 0.01 K. In general, noviate slightly from the ideal linear profil&(y) = T, + Gy;
horizontal temperature gradient was detected along the hole&owever, this last approximation was maintained because we
Second.- By using the thermographies (Figs. 2a and 2b), theonsidered a spatially-averaged valueGhf Moreover, due
zones where the isotherms were bent and located at around the existence of small differences between the temperature
6% of L in cases wher€&/<0 and 12% ofL in cases where at the middle partf/2) and those at the corners, the val-
G>0. Thus, the percentage of area where the isotherms havges of the spatially-averaged imbibition profiles given below
a different value than that of their mean value was 1% whenwere taken just in the middle section. Given these facts, three
G<0, and 5% whenG>0. Both facts lead us to conclude cases were analyzed: In the first case a negative temperature
that the temperature distribution on the rock complies, in factgradient was establishe&_ = —47 K/m (the subscript in-
with the profileT’(y) given above except in very small zones dicates the sign of the gradient); in the second one, a positive
atthe corners, and so the heat conduction problem in the roajradientG, = 47 K/m was imposed; and the last was a

is essentially one-dimensional. case in whichz = 0. For this last case, the temperature of
the rock and water was room temperatiiyg,,, = 295.2 K.

4. Imbibition experiments As mentioned above, in order to compare the results between
negative and positive gradients, the conditjo_ |= G4+

While the temperature gradient was imposed on the rock, was selected.
deionized-water reservoir was located at the bottom, along- In Fig. 5, we show dimensionless plots of the averaged
side the heat exchanger, in order to have the same temperiabibition heights ag versusr. These plots were obtained
ture as the lower part of Bereeg., T};quia = To. To induce  from Eq. (8) for cases whe& # 0 and from Eq. (9) for
spontaneous imbibition, the sandstone was gently dipped int6’ = 0. In the same figure, we also show the experimen-
the water reservoir and the imbibition process was videdal data for all values ofs. The lumped constants and
recorded using a CCD camera with a recording frequency. appear in the dimensional form of Egs. (8) and (9) as a
of 30 frames per second. After, that each frame was fedatio ¢ = ¢;/c2. The value ofc for each value ofG was
into a computer as a digital image with a of size 480 pix-determined with the best fit of the theoretical profile to the
els widex720 pixels hight and a 256 gray scale. By con-corresponding set of data (symbols). This procedure allowed
trolling the illumination intensity and the shutter of the video us to find that = 4.2 x 102 whenG = 0, c = 4.4 x 1072
recorder, by a simple filtering process it is possible to extracfor G > 0 (G4 = 47 K/m) andc = 5.3 x 1072 for the
the image of the front and the measurement scale. The caltaseG < 0 (G_ = —47 K/m). These values are of the same
bration used to measure the instantaneous imbibition front onrder of magnitude, but they are different among themselves
each frame wasx110~* m/pixel in the vertical direction. By because they are linked to the value of the angle of contact
applying this procedure, we measured the imbibition frant, 6 which changes with temperature, as is shown from simple
as a function of the elapsed timg with a spatial resolution experiments in circular capillaries [22]. The characteristic
of 0.1 mm. height and time used in the normalization wége= 4.6 m
Despite the imbibition process, the infrared camera dicand¢* = 4.2 x 10° s, respectively. Those quantities were
not detect changes in the temperature distribution in the rockobtained using fluid and rock data&t = 295.2 K.
As mentioned in the Sec. 2, this occurs because, as water The main result in the context of imbibition under tem-
rises into the rock, it achieves almost immediately reacheperature gradients is that there are important changes during
the temperature of the rock. Our experimental measurementke time evolution of the fronts. As can be seen from Fig. 5,
give a maximum Peclet number &% = 0.43, and the ratio  imbibition in the case in whickir < 0 is faster than the cases
dg/d = 126.49, i.e, the condition of neglecting local tem- for which G > 0 andG = 0. The reason for this behavior is
perature difference between the grains of the porous mediuntat in many liquids, including water, the dynamic viscosity
and the liquid Pe < d,/d), is satisfied. In the evaluation of and surface tension decrease wieimcreases. Both effects,
Pe andd, /d we used the highest value of the imbibition ve- including the magnitude and sign of the gradient, are consid-
locity measured in the experiment&(/dt = 40x10~3m/s),  ered in the dimensionless gradientsand B and therefore
dg = 200 pm (measured through a ¥Omicroscope) and the these quantities have an important influence;6n), which
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ent and those related to linear dependence of dynamic vis-
cosity and surface tension on the temperature. Through ex-
periments, complex temperature distributions were observed
when a constant temperature was imposed at the base of the
rock. When this temperature was different from the ambi-
ent temperature, a thermal boundary layer was formed. This
layer modified the overall temperature distribution, mainly
the shape of the isotherms in regions close to the corners. In-
spite of this, well defined spatial temperature fields were im-
posed on the rock, and it was found that temperature gradient
has an important influence on the spatially-averaged imbibi-
tion rates. In summary, the main result of this work is the
acceleration/deceleration of the imbibition front depending
on the sign of temperature gradient and the way in which the
dynamic viscosity and surface tension change With Ex-

FIGURE 5. Dimensionless plot of the theoretical profiles P€riments using deionized water and Berea sandstone were
£(r) (curves) and experimental points (symbols) for the sev- Performed to corroborate the validity of the one-dimensional
eral values of G considered in this work: G=0 where model. It was observed that, under the action of a negative
To=T1=Troom=295.2 K (00), G<0 whereG_=—47 K/m (1), gradient, the time to reach a heighis around half the time
andG>0 whereG4+=47 K/m (O). Symbols are the size of the that for the isotherm case. More detailed and complex stud-
error bars. ies can be carried out to model other interesting aspects of
o o ] imbibition, for example the existence of interfacial instabili-
is given implicitly in Eq. (8). Theory and the experiments al- o5 (fingers), changes in the rock saturation, wetting at very
low us to show that imbibition under temperature gradients ihigh temperatures, etc. However, the essence of the prob-
accelerated/decelerated depending on the thermal conditiofgy, appears to be contained in the simple model presented
of the porous medium and the fluid involved. here. Further studies related to imbibition using fluids of im-
portance in the petroleum industry, such as oil and brine, are

5. Conclusions and remarks now in progress.

In this investigation, the problem of imbibition into a porous

material under temperature gradients was analyzed. WAcknowledgments

found that the theoretical predictions, which are applicable

for Pe < d,/d, are in good agreement with the experimen-The authors acknowledge the careful revision given to this
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