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Liquid films flowing over rough substrates are influenced by asperities whose sizes are comparable to

the film thickness. We investigate flows driven by jet impact on a regular array of micron-size posts. We

show that the topography modifies the size and the shape of the observed hydraulic jumps: in addition to

circular jumps, we obtain a variety of stable polygonal shapes. We rationalize our results by considering a

leakage flow through the texture and the free-surface flow above it, coupled by an effective slip boundary

condition accounting for the symmetry of the texture. This model is in good agreement with our

experiments and allows us to account for the interplay between flow properties and roughness parameters,

which has applicability in many other thin-film configurations.
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The flow of thin films of liquid on a substrate [1] is of
importance for diverse phenomena such as industrial pro-
cesses that rely on rapid motion to produce sheets of
uniform thickness [2], ordinary biological features includ-
ing tear films in the eye [3], and even geological events
such as lava flows [4]. Some discussions of the influence of
the substrate topographical features on the thin-film thick-
ness exist in the literature, e.g., the destabilization of the
originally leveled free-surface [5]. Despite the well-
established effects of isolated features on viscously domi-
nated thin-film flows [6], the collective influence of
micron-scale asperities organized on a regularly patterned
substrate has not yet been considered. For such surfaces, a
variety of hydrodynamic effects have been studied both
experimentally [7–9] and theoretically [10]; in the latter,
the texture introduces a slip boundary condition dependent
on geometrical surface features.

In the case of thin-film flows over rough surfaces, pre-
vious studies focus on two limiting cases: fluid layers that
are much thicker [11] or thinner [6] than the characteristic
length scales of the texture. Here, we investigate thin liquid
films formed upon impact of a jet of water on micro-
textured surfaces: film thickness and roughness amplitude
are of the same order of magnitude.

When a jet of sufficiently high flow rate impinges upon a
smooth substrate, the liquid sheet generated by impact is
bounded by a circular abrupt rise of the surface, known as a
hydraulic jump [12]. The jump is the visible signature of an
abrupt velocity change [13–15]. We show that a regular,
micron-scale surface topography can induce a symmetry
breaking of the circular hydraulic jump: the shapes even
exhibit sharp corners. We study experimentally this phe-
nomenon and demonstrate that the polygonal structures are
controlled by the geometry of the surface topography; the
symmetry breaking is not a signature of viscous and iner-
tial capillary instabilities [16,17]. We rationalize our ob-
servations by using a boundary-layer approach [13] to

describe the flow in the thin film, above the posts. In
our model, the presence of the texture reduces the flow
rate in the thin film and introduces a slip boundary condi-
tion. We show below that this approach captures the main
features of the polygonal jumps, both their shapes and
mean radii.
Experiments.—Water is pumped into a nozzle of ra-

dius a ¼ 1:2 mm at a controlled flow rate, Q ¼
0:5–2:5 L �min�1 [Fig. 1(a)]. The jet impacts the center
of a patterned disc of PDMS of radius 2.5 cm, which is
embedded in a smooth clear acrylic plate [Fig. 1(b)]. The
patterned surface consists of square or hexagonal arrays of
cylindrical posts with height H, radius R and lattice dis-
tanceD of the order of 100 �m. The water spreads radially
over the rough substrate, then over the smooth surrounding
area, before spilling into the collection reservoir. The
thickness hðrÞ of the thin film propagating before the
jump is of the order of a few hundreds of microns, whose
value is estimated assuming flow rate conservation and a

constant velocity (hðrÞ � a2

r , with r � 1 cm). The depth of

the water layer outside the jump is d � 4:3 mm. Our
measurements show that d does not depend on the flow
rate and the substrate topography. The radial position of the
jump is measured for 200 evenly distributed angular posi-
tions, by analyzing the image with a custom-written
MATLAB software.

A typical observation, obtained when a jet impacts a
square lattice is shown in Fig. 1(c): the jump, which is
located on the smooth substrate beyond the patterned disc,
adopts an eight-corner star shape. The use of patterned
substrates allows the formation of steady, stable polygonal
shapes at the centimeter scale. To rationalize these obser-
vations, we study the roles of the lattice geometry and the
fluid properties. Since the velocity in the layer beyond the
jump is negligible compared to the velocity in the thin film,
the characteristics of the flow in the outer layer are as-
sumed constant here.
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We begin by varying the symmetry of the lattice. Jumps
of the same mean radius but formed over different micro-
patterned surfaces adopt a variety of reproducible polygo-
nal shapes [Fig. 2]. When the jet impinges on hexagonal or
square arrays, the jumps form hexagonal (b) and eight-
corner shapes (c). In both cases, the lattice and jump
symmetries are similar, respectively, sixfold and fourfold.
The corners of the polygonal shapes are pointing toward
the main lattice directions, e.g., along both the diagonals
and the axes for the square arrays.

The robustness of the shape selection by the micropat-
terns is tested by modifying fluid properties such as kine-

matic viscosity � ¼ 1–3:5� 10�6 m2 � s�1 and air/water
surface tension, � ¼ 30–70� 10�3 N �m�1 [18]. For a
given mean radius, the jumps retain the same polygonal
shapes. These observations show that the symmetry break-
ing is not induced by a viscocapillary or an inertiocapillary
instability [16,17].
We next vary systematically the parameters of a square

lattice, both the lattice distance D and the height of the
posts H. The observations are reported in Fig. 3. The mean
radius of the jump increases nonlinearly with the flow rate.
The corners of the polygonal structures are sharper for
larger flow rates. Indeed, at small flow rates, the polygonal
structures can not be distinguished from fluctuations; the
jumps therefore appear as nearly circular to the naked eye.
The shape and the average radius of the jump are also
influenced by the lattice properties: at a given flow rate, the
corners of the polygons are sharper, and the mean radius
smaller, for smaller lattice spacing and taller posts. Since in
the classical theory for circular jumps [13] the radius
increases monotonically with the flow rate, we interpret
the decrease in mean radius observed in our experiments as
indicative of the reduction of the average flow rate in the
thin film above the posts: some of the liquid flows through
the microtexture. The results reported in Fig. 3 show that

FIG. 2. Influence of pattern structure. Water jets impact (a) a
smooth substrate (Q ¼ 1:3 L �min�1), (b) a hexagonal lattice
(Q ¼ 1:7 L �min�1), and (c) a square lattice (Q ¼
1:9 L �min�1). Lattice parameters: D ¼ 200 �m, R ¼ 50 �m,
and H ¼ 50 �m.

FIG. 3. Influence of pattern geometry on the jump. (a) Average
radius versus flow rate for four square lattices with post radius
R ¼ 50 �m and different lattice spacing and posts heights: (4)
D ¼ 200 �m and H ¼ 23 �m, (x) D ¼ 200 �m and H ¼
50 �m, (5) D ¼ 200 �m and H ¼ 88 �m, (�) D ¼
300 �m and H ¼ 50 �m, (h) D ¼ 400 �m and H ¼ 50 �m.
Inset, the data are compared to predictions (solid line) with Yj ¼
�rjgðdaQ Þ2ð1þ 2

�B0
Þ þ a2

2�2 �rjd
and Xj ¼ �ð�r3jþ‘3Þ

Qa2
[19], where �B0 ¼

�g�rjd

� is the Bond number. (b) Images of the polygonal jumps

over different substrates for Q ¼ 2:5 L �min�1.

FIG. 1. Experimental method. (a) Schematic of the experimen-
tal setup. (b) The micropattern embedded in the center of the
impact plate. The photograph shows the cylindrical posts of
polydimethylsiloxane (PDMS) arranged on a square lattice.
The typical radius R and height H of the posts and lattice
distance D are approximately 100 �m. (c) Photograph of a
polygonal jump taken from above, at a 45� angle. The jump is
formed by a water jet (Q ¼ 1 L �min�1) impacting a square
lattice (D ¼ 200 �m, R ¼ 50 �m, and H ¼ 50 �m).
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both the anisotropy and the average value of the jump
radius depend on the flow rate, the height of the posts
and the lattice spacing. We further illustrate the influence
of the roughness on the jump by comparing the experi-
mental data to previous predictions for a smooth substrate
[19] [inset of Fig. 3(a)]. Only data corresponding to nearly
circular jumps collapse onto the curve of an existing model
for smooth substrates.

Discussion.—To better capture the role of the roughness,
we note that the systematic reduction in jump radius can be
rationalized by a reduced flow rate. The flow rate of the jet
is divided into a ‘‘leakage’’ flow rate through the roughness
and a thin-film flow above the posts. The flow is charac-
terized by an intermediate Reynolds number upon impact

(Re� QR
��a2

� 250). Because of friction in the microtexture,

the fluid velocity through the posts decreases rapidly and
the ‘‘leakage’’ flow reaches a low Reynolds number, asso-
ciated with an isotropic permeability [20]. The complica-
tions of the detailed structure, which is bounded by the
substrate at the bottom and a liquid film flowing at the top,
lead us to approximate the leakage flow rate as radial and
varying linearly with the total flow rate: qleak ¼ �Qwith �

a nontrivial function of the roughness porosity (� ¼ 1�
�R2

D2 ) and the aspect ratio of the posts (� ¼ H
R ), i.e., a

measurement of the isotropic permeability of the shallow
porous layer. Therefore, the thin film flowing above the
posts has a reduced flow rate, ð1� �ÞQ.

The free-surface flow can be studied following a classi-
cal approach [13], where the inertia-dominated radial mo-
tion has a boundary-layer structure, which grows from the
stagnation point, until it totally invades the thin film. The
roughness introduces a slip boundary condition at the top
of the posts (z ¼ 0) where the radial velocity u satisfies a
Navier boundary condition: u ¼ 	 @u

@z . The structure of the

slip length is prescribed by the boundary-layer approach:
for a similarity solution to exist, as in [13], we write 	 ¼
bhðrÞ, with hðrÞ the thickness of the fluid film above the
posts. In the spirit of high Reynolds number flow phe-
nomena consistent with the intermediate Reynolds number
regime considered here, which is not yet explored to the
best of our knowledge, the slip length is expected to have
the same anisotropy as the lattice. Thus the nondimen-
sional parameter b is defined by the following constitutive

relation bð
; �Þ ¼ � ‘0ð
Þ
2D , where �ð�; �Þ is a function of

the roughness porosity and the aspect ratio of the posts,

whose value is determined experimentally. Here ‘0ð
Þ
determines the angular variation of the slip length: phe-
nomenologically, we find that this dependence is well
captured by the open frontal area, which corresponds to
the width of the channels delimited by rows of posts as
illustrated in Fig. 4(a).
The reduced flow rate in the film and the slip boundary

condition defined above are accounted for in a boundary-
layer approach, which considers the flow as unidirectional
for each value of the angle 
 and so determines a jump
radius, rjð
Þ. This approach leads to a modified definition

of the position of the jump that depends on � and bð
; �Þ:

rjð
Þg
�

da

ð1� �ÞQ
�
2
�
1þ 2

B0

�
þ a2

2�2rjð
Þd
¼ 27

ffiffiffi
3

p
8�6

�
c

gðbÞ
�
3 ð1� �ÞQa2

�ðrjð
Þ3 þ ‘ðbÞ3Þ : (1)

For a given value of 
, the position of the jump rj is obtained by balancing the momentum across the jump [19]. The first
term corresponds to the gravitational body force and the surface tension contribution with the Bond number B0 ¼ �grjd

� .
The other terms represent inertial effects and c is a numerical constant; see [13,15]. The slip boundary condition modifies
the velocity inside the jump through two analytical functions gðbÞ and ‘ðbÞ [19].

FIG. 4. Results of the modeling. (a) View from above of a unit
cell of a square lattice. Black and white arrows indicate, respec-
tively, the flow direction and the main axis of the lattice. 
 is the
angle between these two directions (here, 0�, 45�, and 90�) and
‘0, which scales as the open frontal area, is represented by the
black lines. (b) Comparison between the results of the model
(solid line) and the experimental data. The results obtained in
[15] are also represented (�). �‘ðbÞ, �gðbÞ, �B0, and �rj are averaged

for 
 between 0 and 2�. Inset: Maximum deformation of the
shape as predicted by the model. (c) Shapes predicted square
lattices with different lattice parameters. Symbols are as in
Fig. 3.
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For each lattice structure the two unknown parameters
� and � are determined by matching the values of the
jump mean radius obtained experimentally and predicted
by Eq. (1) for the highest flow rate,Q ¼ 2:5 L �min�1. We
then compare the predictions of the model to the experi-
mental observations, with a given value � and � now
associated to each lattice geometry. In Fig. 4(b), we com-
pare the evolution of the mean radius of the jump with the
flow rate of the jet, using a representation similar to the one
adopted in the inset of Fig. 3(a); the experimental points
collapse on the model curve defined by Eq. (1).

The model also predicts the value of the amplitude of the
jump deformation, � ¼ maxðrjÞ � �rj [inset of Fig. 4(b)].

The deformation increases with the flow rate, which is
consistent with our experimental observations: at low
flow rate, the shapes appear circular because the deforma-
tion is too small to be distinguished from fluctuations.
Figure 4(c) shows the shapes of the jumps predicted by
Eq. (1), for the different lattice geometries. As presented in
this figure, the model captures the main features of our
experimental observations.

Finally, we provide the values of � (leakage through the
porosity) and � (magnitude of slip) determined by fitting
the experimental data (Fig. 5): both � and � are increasing
functions of the porosity of the roughness and the aspect
ratio of the posts. We note that the evolution of the slip
prefactor � is monotonic in the parameters, which is con-
sistent with the dependence reported recently for flow over
a porous layer at low Reynolds number [21].

Conclusion.—We report that regularly micropatterned
substrates can modify the position and the shape of the
hydraulic jump: we observe a smooth transition from the
familiar circular shape to polygonal structures. We ration-
alize our observations by considering a leakage flow
through the porosity and a free-surface flow above the
posts. The properties of the two fluid layers are coupled
through mass conservation and the slip boundary condition
at the top of the posts. This study illustrates that a regular
roughness can strongly disturb the velocity field in a thin

liquid film, effects that could be exploited to control the
properties of liquid sheets.
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FIG. 5. Coefficients of the model. Leakage flow (�, r) and
slip length (�, j) coefficients as functions of: (a) The aspect
ratio of the posts �, for a fixed value of the roughness porosity �
(H varies, R and D are constant); (b) �, for a fixed value of � (D
varies, R and H are constant).
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