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Hele-Shaw Device-Design,
Fabrication, and Testing

Yasumasa Watanabe! and Ethirajan Rathakrishnan?

1 Introduction

Hele-Shaw device is a unique facility, capable of generating flow analogous to
potential flow. Hele-Shaw demonstrated that, when a liquid is made to flow in
a narrow gap (around 1 mm) between two large flat plates, the flow become
analogous to inviscid flow. Thus, Hele-Shaw technique is an analogy method,
which renders the flow of a viscous fluid, such as water, to behave as a potential
flow. This report presents the design, fabrication and testing of Hele-Shaw
device, carried out in Suzuki Laboratory, in the Graduate School of Frontier
Sciences, The University of Tokyo, Kashiwa Campus, Japan. The frames were
made of hylam material. The side windows were made of transparent plastic
sheets.

2 Design Procedure

In the present design, the gap for the flow is kept as 1.5 mm. The side plates
are given a shape, as shown in Figure 1. All the dimensions are in millimeter.

IDoctoral Student, Suzuki Laboratory, Department of Aeronautics and Astronautics, The
University of Tokyo, Kashiwa Campus, Japan

2Visiting Professor, Graduate School of Frontier Sciences, The University of Tokyo,
Kashiwa Campus, Japan

© 2011 Suzuki Laboratory, Dept. of Aeronautics and Astronautics,
Dept. of Advanced Energy, The University of Tokyo.
All rights reserved.



H 5K F

Q ’ THE UNIVERSITY OF TOKYO

2 Hele-Shaw Device-Design, Fabrication, and Testing

13 55

o) 1L

15

120

180
170

30

m

13

Figure 1 Schematic diagram of side plate.

A photographic view of the side plate is shown in Figure 2.

Figure 2 A pictorial view of Side plate.

The assembly drawing of the setup, which includes 2 side plates, the trans-
parent windows, two tanks at the top, a bottom part which accommodates

© 2011 Suzuki Laboratory, Dept. of Aeronautics and Astronautics,
Dept. of Advanced Energy, The University of Tokyo.
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the rectangular shape of the device bottom, and has a circular opening at the
opposite end is shown in Figure 3.

120

oSy

o] aof

36

Figure 3 Hele-Shaw device assembly.

An artistic view of the device is shown in Figure 4.

Figure 4 Hele-Shaw device assembly.
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The dimensions of the side (transparent) window is shown in Figure 5.

e
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=12
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Figure 5 Side plate.

The bottom piece, which has a rectangular slot at the top, and terminating
to a circular hole, at the bottom, is shown in Figure 6.

45
0
- Q 8
37 6
i i ||
2l | w0 ||
N | |
T .

Figure 6 Schematic diagram of the bottom piece.
Drawing of the tanks and the fabricated tanks, with holes, are shown in

Figure 7. The holes were of 1 mm diameter with 1 mm gap in between them.

4
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The holes of one tank is staggered compared to the holes of the other tank.

95
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(a) Dimensions

(¢) A photographic view of the tanks

Figure 7 Tanks details (a) schematic diagram, (b) pictorial side view, (c)
pictorial view from the top.
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An artistic view of the side plates with transparent windows is shown in
Figure 8.

Small Part

v

Large Part

Glass Plate

Figure 8 An artistic view of the side plates with transparent windows.

A photographic view of the Hele-Shaw setup is shown in Figure 9. The tube
at the bottom of the device is connected to a flow control valve. The control
valve opening can be adjusted to vary the flow speed in the test-section of the
Hele-Shaw device.

— )

Figure 9 A view of complete Hele-Shaw device assembly.
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3 Hele-Shaw Apparatus

The Hele-Shaw apparatus produces a flow pattern which is similar to that of
potential flow. It is an analogy experiment known as Hele-Shaw analogy. The
flow in the apparatus is actually a highly viscous flow between two parallel plates
with a very small gap between them. In this flow the inertia force is negligible
compared to the viscous force. Under this condition the flow equation has the
same form as that of Euler’s potential flow, however it does not satisfy the
no-slip wall boundary condition. There is slip at the wall. Many interesting
phenomena pertaining to potential flow can be observed using this apparatus.
The flow through Hele-Shaw apparatus is two-dimensional and incompressible.
In Hele-Shaw apparatus, the viscous flow of a liquid between two closely spaced
plates may be shown to simulate the streamlines in the flow of a frictionless
inviscid fluid. The Hele-Shaw flow is a low Reynolds number flow which has wide
application in flow visualization apparatus because of its surprising property of
reproducing the streamlines of potential flows (i.e. infinite Reynolds number
flows).

A view of the Hele-Shaw apparatus is shown in Figure 9. This equipment
basically consists of two parallel plates made of thick, transparent (glass or
plastic) plates clamped together along the edges with a narrow (about 1 mm)
space in between them. The assembly of these two transparent sheets kept
parallel with an uniform narrow space between them is provided with two small
tanks of rectangular cross-section at the top end, as shown in Figure 9. The
tanks are connected to the rectangular slit formed by the transparent sheets
by a set of small holes (about 1 mm diameter) arranged in a row, as shown
in Figure 7. The holes from the two tanks are arranged to occupy alternate
locations for communication. The other end of the rectangular slit is made to
terminate in a circular hole, by gradually narrowing it after a specified distance
from the tanks at the top. One of the tanks is filled with water and the other
with a dye (say water color). Initially the circular passage at the bottom end
of the apparatus is closed and the apparatus is kept vertical. Once the passage
is opened, flow of water and dye takes place through the rectangular passage.
Within a short duration, a flow field of water with uniform streamlines of dye
in it is established in the narrow passage between the transparent plates.

The water as well as the dye kept in the tanks are essentially fed to the
apparatus by gravity. Clean tap water is good enough for the main flow. A dilute
solution of potassium permanganate can be used as the dye for visualization.
The uniform flow field established in the rectangular slit of Hele-Shaw apparatus
can be used as the test-section for visualizing flow over many objects of practical
interests.

For flow visualizing the with Hele-Shaw apparatus the procedure described
below may be employed.

e Mount the Hele-Shaw apparatus in a vertical position, as shown in Figure
9.

e Place the model of interests (say a rectangular body), which has same

7
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8 Hele-Shaw Device-Design, Fabrication, and Testing

thickness as the slit, at the middle of the test-section.
e Fill up the tanks with water and dye with the pinch cock closed.
e Connect the drain tube of the apparatus to a measuring jar.

e Open the pinch cock slowly. Water and dye will start flowing through the
slit, establishing a flow field around the rectangular model.

e The flow field with the dye streaks as the streamlines flowing around the
rectangular model may be photographed or sketched on a plain paper by
projecting a light to pass through the transparent sheets and making the
image to fall on the paper placed on the other side of the apparatus.

The above procedure has to be repeated for visualizing flow pattern around any
other model of interest.

4 Visualization

First step in the visualization with Hele-Shaw apparatus is to ensure that the
flow in the device is uniform. This can easily be tested by operating the device
without any model in the test-section. The flow pattern in the empty test-
section of the present device is shown in Figure 10.

Figure 10 streamlines in the test-section

The dye used is printing ink. The black and white streaks are the ink and
water streak lines, respectively. It is heartening to see that the streak lines
are absolutely smooth and parallel, ensuring that the flow in the test-section is
perfectly uniform. This certifies that the device fabricated is of good standard.

Once the flow through the test-section is studied and certified, any model
to be studied can be placed in the test-section. It is essential to ensure that

© 2011 Suzuki Laboratory, Dept. of Aeronautics and Astronautics,
Dept. of Advanced Energy, The University of Tokyo.
All rights reserved.



H 5K F

(; ’ THE UNIVERSITY OF TOKYO

Visualization 9

the model thickness is exactly the same as the gap between the window plates.
The model has to be places properly, at the middle of the test-section. Once
the model is positioned in the test-section, the pinch cock can be opened gently
to establish the flow. The flow coming out of the device can be collected for
a known period of time. The volume collected over a known will give the flow
velocity through the device.

The cross-section of the device is A, say. Then the volume flow rate becomes

V=AxV

Thus, if ¢ is the time over which the volume collected is V we have the flow

velocity as
\Y

T ix A
Now, the Reynolds number of the flow is given by

_pVL
I

Re

where p and p are the density and viscosity coefficient of water, respectively
and L is the characteristic length.

Thus, the velocity of the flow through the apparatus may be determined by
measuring the volume rate of the flow through it. This may simply be done
by collecting the flow through the drain plug over a time interval. With this
velocity, the Reynolds number of the flow may be calculated for the model under
study. Many interesting steady, two-dimensional potential flow patterns can be
demonstrated using the Hele-Shaw apparatus.

From the above discussion it is evident that, the Hele-Shaw apparatus is a
simple equipment capable of yielding many interesting flows of practical impor-
tance, provided it is used efficiently. It is a matter of common sense to realize
that the models kept in the slit must not allow any flow to take place between
the model side surface and the apparatus wall. This is to make sure that the
flow is strictly two-dimensional.

4.1 Basic Equations of Hele-Shaw Analogy

We have seen that the Hele-Shaw apparatus produces a flow pattern which is
similar to that of potential flow. Further, it can be mathematically shown that,
under Hele-Shaw flow conditions the governing equations of the flow are of the
same form as that of Euler’s potential flow, however it does not satisfy no-slip
condition at the wall. There is slip at the wall. The flow through the apparatus,
as it can be seen, is two-dimensional and incompressible.

The Navier Stokes equations for steady incompressible flow are

%4, @+ %ffl@+ @+&+@ (1)
hrr U@y Yo, T p Ox v oy? 022 “
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“ax”ay”azpaz*”{axz * o *aza] (1c)
where u, v and w are the velocity components along the x, y and z directions, re-
spectively. The z-coordinate is along the flow, z in the direction of gap between
the two plates, and y is the transverse direction. The velocity component w = 0,
since there is no flow normal to the side wall plates, and hence z-component in
the Navier-Stokes equation vanishes. In the Hele-Shaw flow the inertia force is
negligible compared to the viscous force and hence the left hand side of x and
y-momentum equations can be neglected. Similarly, in the viscous terms only
0?u/02% and 9*v/Dz? are significant since the other gradients are comparatively
small. Therefore, x and y-momentum equations reduce to

1 2 2 2
Ov Ov Ov Op [(’9 v 0% 0 v] (1h)

dp 0%u
9z M@ (2a)
dp o%v
(‘Ty = #@ (2b)

Also, we know that, for a two-dimensional laminar flow in a channel, the velocity
profile is given by the relation

22
U = Umax 1- )
C

where 2c¢ is the channel width, that is the distance between the two plates in the
Hele-Shaw apparatus, and uyax is the maximum of the z-component of velocity
u. The above velocity profile may also be written as

ot (1-2) .

where u,, is the mean value of the u velocity component. Similarly, the velocity
along the transverse direction can be expressed as

v= gvm (1 - 'Zz) (4)

Using Eqgs. (3) and (4) into Eqgs. (2), we get

dp  3u
e @ (5a)
dp  3u
aiy = - 2 Um (5b)

Differentiating the x and y components of Eqgs. (5a) and (5b) with respect to y
and z, respectively, and comparing the equal terms, we obtain
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Oy, Ovpy

oy Oz
In terms of stream function, the velocity components are

L
_%

and

W
ox

Assume (for the time being) that, © = u,, and v = v,,. From Eq. (6), we get

Py _ 0%
oy 0x2
i.e.
%Y 0%
222 T ap 0 (7)

Equation (7) represents a steady, two-dimensional, irrotational, and incompress-
ible flow. We arrived at Eq. (7), starting from full Navier-Stokes equations and
simplifying them for Hele-Shaw flow. Hence, it may be concluded that the vis-
cous incompressible flow through Hele-Shaw apparatus is equivalent to potential
flow.

5 Flow Past some Shapes

Ensuring that the flow through the test-section of the Hele-Shaw device made is
uniform and parallel, as seen in Figure 10, some specific models with and without
sharp corners were placed in the test-section, and the streamline pattern around
the models were visualized, using black color printing ink as the dye. Flow past
a circular disk, a square plate and a triangular plate, in two orientations, were
visualized. The streamlines around these object studied are given in Figures 11
to 14.

Streamlines around the circular disk, shown in Figure 11, exhibits a pattern
identical to potential flow past a two-dimensional circular cylinder. The flow
is symmetrical about both horizontal and vertical axes. The forward and rear
stagnation points are clearly seen. This flow pattern clearly demonstrate that
the flow in the Hele-Shaw device is analogous to potential flow.
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Figure 11 Flow pattern around a circular disk.

Flow pattern around a square plate, visualized in the Hele-Shaw device is
shown in Figure 12. It is interesting to see that, as in the case of flow past circular
disk, the flow past the square plate is also symmetrical about both horizontal
and vertical axes. In spite of the presence of sharp corners, the forward and
rear stagnation points are clearly seen. There is no wake behind the object, as
if the flow is inviscid.

Figure 12 Flow pattern around a square plate.

Flow past an equilateral triangular plate, with its vertex up and base up,
studied in the Hele-Shaw device are shown in Figures 13 and 14, respectively.
It is heartening to see that the flow pattern for both the orientations of the
triangular plate exactly resembles that of potential flow past the object.

12
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Figure 13 Flow pattern around a triangular plate with vertex up.

(((

Figure 14 Flow pattern around a triangular plate with vertex down.

From the above visualization of flow past objects, with and with sharp cor-
ners, it is evident that, the present design of Hele-Shaw device is good and
the device made with this design establishes the desired flow field, which is
analogous to potential flow.
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