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Capillary rise is a process of spontaneous imbibition
in the presence of gravity. That is, the displacement at
constant external pressure of one fluid by a second immis-
cible invading fluid that preferentially wets the medium,
in a cavity under the effect of gravity. The dynamics
of capillary rise was first studied in depth by Green and
Ampt in 19111 and by Lucas and Washburn a few years
later2,3.
The general equation for the pressure balance at the

average interface height for a fluid invading either capil-
lary tube of radius b/2 or a Hele-Shaw (H-S) cell of gap
thickness b is:
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hḣ

)
=

2γ cos θ

b︸ ︷︷ ︸
capillarity

− ρgh sinψ︸ ︷︷ ︸
gravity

− µ

κ
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where the LHS accounts for the variation of the momen-
tum (inertial term) and the RHS is the sum of various
pressure contributions. ρ is the density of the fluid and
h(t) stands for the mean height of the front measured
along the cell as a function of time. γ is the surface
tension of the air-fluid interface, θ is the apparent con-
tact angle at the solid-liquid-vapor contact line, g is the
acceleration of gravity and the angle ψ measures the in-
clination of the cell with respect to the horizontal. µ is
the dynamic viscosity of the fluid and κ the permeabil-
ity of the medium. P0 is the externally applied pressure
difference.
We have noticed that for capillary rise experiments

in vertical cylindrical tubes there is systematic devia-
tion from the analytical or numerical curves proposed
for h(t) when considering a constant contact angle (Ex-
tended Solution)4. This deviation is partially corrected

if a dynamic contact angle is assumed, cos θD ∝ β(ḣ)x,
with x in the range5 0.33 ≤ x ≤ 1.
In the present work we study these deviations for the

displacement of air by a perfectly wetting fluid (silicone
oil) in laboratory models of porous media (Fig. 1). First,
the displacement of the fluid takes place in a rectangu-
lar Hele-Shaw cell with uniform gap thickness. Second,
the displacement takes place in a Hele-Shaw cell in which
the gap spacing takes two possible values randomly dis-
tributed in space, mimicking an open fracture. In this
medium the capillary pressure fluctuates along the air-
fluid interface. In both cases the flow is induced by an
imposed externally pressure difference P0, and the cell
is inclined so that a gravitational field g sinψ acts as a
volume stabilizing force.

The first aim of the study is to check whether a dy-
namic contact angle approach applies also to our models
of porous medium. The second one is to measure the ex-
ponent x in the two models (with and without capillary
pressure fluctuations) and investigate possible differences
between them.

The work consists of systematic experiments carried
out at different conditions of cell inclination (ψ) and ex-
ternally applied pressure difference (P0). The analysis
of the data is done by means of Eq.(1), neglecting the
inertia term and replacing the capillarity contribution by

2γ

b
cos θD =

[
α+ β(ḣ)x

]
, (2)

where α accounts for the static contribution and β for the
dynamic one. Both coefficients together with the expo-
nent x are obtained from fitting the experimental data.
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FIG. 1. Mean height of the front versus time. Thick line:
experimental data for an experiment in a H-S cell without
perturbations in the capillary pressure (κ = 0.018 mm2)(main
plot) and with perturbations (κ = 0.013 mm2)(inset), ψ = 5◦

and P0 = 49 Pa. The fluid properties are µ = 49.9 mPa·s,
ρ = 998 kg/m3 and σ = 20.7 mN/m. Thin line: analytical
solution given by the Extended Solution4. Notice the devia-
tion of the analytical curve from the experimental results in
both cases.
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