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Ferrofluid moving thin films and its possible significance with regard to active flow control for
lift enhancement is discussed. In this strategy, a very thin film of ferrofluid is strongly attached
at the wall of the wing by a normal magnetic field from below and pumped tangentially along
the wing. As a result, the zero slip condition is eliminated between the surface of the wing
and the air stream and simulating all the effects of a moving wall leading in the appearance
of slip velocity in the air-ferrofluid interface including the injection of momentum into the
boundary layer. Utilizing a simplified physical model and from the available experimental data
on moving walls, the expected lift enhancement and effect on the attack angle was assessed. Ad-
ditional R&D is required in order to explore the possibilities in the use of ferrofluid moving thin films.
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I. INTRODUCTION

The wing aerodynamic performance is frequently re-
duced by the detachment of the boundary layer. Active
control flow are a variety of flow control strategies aimed
to decrease the drag or increase the lift by affecting the
separation of the boundary layer which require a certain
energy input. A variety of novel flow control strategies
have been proposed almost immediately after the Prandtl
introduced his boundary layer theory in 1904 to under-
stand the flow behavior of a viscous fluid near a solid
boundary some of which include the suction and blow-
ing, turbulence promoters, vortex generator, synthetic
jets, and moving walls. [1]-[9], and today active control
flow is an active research topic,[10]-[15].

The object of this work was to analyze a novel
approach for lift enhancement and flow control. In this
concept, the goal is attained by preventing the growth
of the boundary layer from the elimination of the zero
slip condition between the surface and the air stream.
The concept would simulate all effects of a moving
wall leading in the appearance of slip velocity in the
gas-fluid interface including the injection of momentum
into the boundary layer, with one exception: there
is no moving wall but instead a ferrofluid thin film
attached at the wall by a magnetic field. For this work,
suffice is to know that a ferrofluid or ferromagnetic fluid
is nothing more than a colloidal liquid that becomes
strongly magnetized in the presence of a magnetic
field due to presence of nanoscale ferromagnetic, or
ferrimagnetic, particles suspended. Fig. 1 shows a pic-
torially illustration of the core idea proposed in this work.
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FIG. 1: Top: zero slip condition limit the maximum maxi-
mum attack angle and lift of the wing. Bottom: a ferrofluid
moving film eliminates the zero slip condition and injecting
momentum into the boundary layer.

II. MATERIALS AND METHODS

A. The ferrofluid moving thin film

Let us consider Fig. 2 in which a ferrofluid thin film
with a thickness δ is strongly attached at the wall of the
wing by a magnetic field from below and normal to its
surface (z co-ordinate). At the same time, the film is
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FIG. 2: Physical model of the region of the airfoil covered by
the ferrofluid film

tangentially pumped along the wing (y co-ordinate) with
an average velocity uf and transmitting momentum into
the air-ferrofluid interface. It is desired to know what is
the velocity at the interface air-ferrofluid as function of
the average velocity of the ferrofluid layer.

Because the ferrofluid layer is very thin, and its velocity
can be regarded as totally parallel to the wall, then it is
allowable to assume a simple Couette flow with a certain
pressure gradient along the wall (responsible to pump the
fluid), [16]

u(z) = − 1

2μf

dp

dy
z (δ − z) + ui

z

δ
(1)

where u(z) is the velocity of the fluid (in the y-
direction) at a distance z from the flow; μf the ferrofluid

viscosity; dp
dy the pressure gradient along the wall; ui

the velocity at the interface air-ferrofluid; and δ the fer-
rofluid film thickness. Expression, Eq.(1) accomplishes
the boundary condition at the interface u(z = δ) = ui

and the zero slip condition at the wall u(z = 0) = 0.

The average velocity is calculated as

ū =
1

δ

∫ δ

o

u(z)dz (2)

where l is the length of the film. Inserting Eq.(1) and
after integration yields,
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There is a final boundary condition which is related
with the need for continuity of the stress component tan-
gential at the interface ferrofluid-air
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z=δ

= 0 (4)

where v and μa are the air velocity and dynamic vis-
cosity, respectively.
Considering that μf � μa, then if it is allowable to

assume μf
∂u
∂z � μa

∂v
∂z and then Eq.(4) simplify as

μf
∂u

∂z

∣∣∣∣
z=δ

≈ 0 (5)

Applying Eq.(1) into Eq.(5) yields

− 1

2μf

dp
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=

ui

δ2
(6)

which inserted into Eq.(3) one obtains

ū =
2ui

3
(7)

B. Film stability

According with Eq.(7), one may be tempted to think
that by increasing the volumetric flow and then the av-
erage velocity ū it can be increased linearly the interface
velocity ui and then the injection of momentum into the
boundary layer of the air. However, this is not the case,
and the maximum interface velocity is limited by Kelvin-
Helmhotz instabilities which arose from the relative mo-
tion between the ferrofluid and the air stream.
The criterion for instability in the magnetic Kelvin-

Helmhotz problem when the ferrofluid film is under the
action of a magnetic field is given by, [17]

(ū− u∞)2 >
ρf + ρa
ρfρa

[
2 [ge(ρf − ρa)σ]

1
2

]
(8)

where u∞ is the air free stream velocity; ρf and ρa
the density of the ferrofluid and the air, respectively; σ
the surface tension; ge is the effective normal acceleration
resulting from all the volumetric forces acting on the fluid
in that direction. Taking into account that ρf � ρa and
using Eq.(7), Eq.(8) can be rewritten as function of the
interfacial velocity ui as

ui

u∞
>

3

2

⎡
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2ρfσ
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2 g

1
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e

ρa

] 1
2

⎤
⎦ (9)

This effective gravity can be calculated as the super-
position of gravity and the magnetic field applied normal
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FIG. 3: Stability curve predicted by Eq.(12) as a function of
the air free stream

to the surface. The volumetric magnetic force is given by
[17]

fm = μoM∇zH (10)

where μo is the permeability of free space; M the mag-
netization of the ferrofluid, and ∇zH is the gradient of
the magnetic field normal to surface. Thus, the effective
volumetric acceleration ge may be defined as

ge = g +
μoM∇zH

ρf
(11)

where g is the earth gravity. Inserting Eq.(11) into
Eq.(9) yields
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>
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2

⎡
⎣1 + 1

u∞

[
2σ

1
2 (gρf + μoM∇zH)

1
2

ρa

] 1
2

⎤
⎦ (12)

• Discussion

In order to obtain some idea o the shape of the curves
predicted by Eq.(12), we assume some typical values of
the parameters for a ferrofluid water based: σ = 70×10−3

N/m; g = 9.8 m/(s2); ρf = 1.2 × 103 kg/(m3); ρa = 1.0
kg/(m3); M = 4.5 × 105 A/(m) which corresponds to a
realizable magnetic field around 0.5 T obtained from a
typical hand-held permanent magnet; μo = 4π × 10−7

H/(m). The resulting curve is shown in Fig. 3 consider-
ing practical achievable value for the magnetic gradient.

C. Experimental measurement

Because the purpose of the present work is a first as-
sessment on the use of a ferrofluid moving thin film as

FIG. 4: Experimental setup

FIG. 5: Closeup of ferrofluid

active control flow strategy, and if it is allowable to as-
sume that from an aerodynamic point of view the effect
of the ferrofluid moving film can be regarded as similar
than a moving wall, therefore, it is possible to use the
available experimental data on the lift and attack angle
enhancement resulting from moving walls with the same
motion than the interface air-ferrofluid. If so, only will
be necessary - as first estimate, to measure the interfa-
cial velocity of the interface air-ferrofluid and from here
extrapolate the result with that from a moving wall.

With this goal, a set of experiments were performed in
order to verify the interfacial velocity from the ferrofluid
moving thin film.

Figs. 5 an 6 show the configuration for the series
of experiments. A simple square polycarbonate cavity
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FIG. 6: ui
u∞ as a function of the volumetric flow and for

several thickness of the cavity and a free stream air velocity
u∞ = 0.5 m/s.

was used, i.e., δ = l with an open cavity 170-mm-long
at the top filled with ferrofluid. A train of hand-held
neodymium permanent magnets were attached at the
bottom generating the normal magnetic field. A peri-
staltic pump with control on the number of revolution
per minute was used to pump the ferrofluid through the
cavity. Two cavities were employed keeping the same
length but with widths δ = 3mm and δ = 12mm . The
ferrofluid was Mn0.5Zn0.5Fe2O4 in water. The system
was located in a wind tunnel where an air free stream
was injected parallel to the cavity. Interfacial velocity ui

as function of several parameter ( velocity of the air free
stream, . The measurement of the air velocity was per-
formed using a Fluke 922 airflow meter. The magnetic
field from the array of magnets was 0.12 T at the wall
and was measured with a FW BELL 5170 Gauss/Tesla
meter.

III. RESULTS AND CONCLUSIONS

The resulting experimental curves are shown in Fig. 6
and Fig. 7. Fig. 6 shows the ratio ui

u∞
as function of

the volumetric flow (controlled by the number of revo-
lution per minute of the peristaltic pump) and for the
two cavities of 3mm and 12 mm with a stream velocity
u∞ = 0.5m/s. Fig. 7 shows the ratio ui

u∞
as function of

the free stream air.
Finally, from the experimental data reported on mov-

ing walls it is possible to asses the lift enhancement and
delay of the detachment of the boundary layer (increase
of the attack angle), this is because from a purely me-
chanical point of view, for very thin films, there are not
differences if the motion of the interface is produced by a
solid moving surface or from a fluid thin film. For illus-

FIG. 7: ui
u∞ as a function of the free stream air

FIG. 8: Lift coefficient (left ordinate axis ) Angle of Attack
(right ordinate axis) as a function of ui

u∞

tration, Fig. 8 shows lift and attack angle enhancement
for a NACA0015 which is derived from the experimental
data on moving walls reported by [18]. The attractiveness
of the proposed concept is easily to see by comparing the
lift coefficient enhancement as function of vi

uo
from Fig.

10, and the allowable ui

u∞
as function of the air stream ve-

locity from the curve of ferrohydrodynamic stability, Fig.
3 Thus, as an example, an air stream velocity around 100
m/s, will allow for a thin film ui

u∞
ratios around ≈ 3 m/s

before Kelvin Helmholtz will detach the film. With these
ratios, the lift coefficient enhancement could be around
1.8 which is figure of merit to be considered. Additional
R&D is required in order to explore the possibilities in
the use if ferrofluid thin films.
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NOMENCLATURE

fm = volumetric magnetic force
g = earth gravity
ge = effective gravity
H = magnetic field
l = width of the ferrofluid film
M = magnetization
p = pressure
Q = volumetric flow
u = velocity of ferrofluid
ū = average velocity of ferrofluid
u∞ = stream air velocity
v = velocity of air
y = length co-ordinate
z = normal co-ordinate

aaa
Greek symbols

δ = thickness of the ferrofluid film
μ = dynamic viscosity
μo = permeability of free space
ρ = density
σ = surface tension

aaa
subscripts

a = air
f = ferrofluid
i = interface air-ferrofluid
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