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Abstract. If a fluid is electrically conductive, its flow may be controlled using
electromagnetic forces. Meanwhile, this technique is a recognized tool even on an
industrial scale for handling highly conductive materials like liquid metals. However,
also fluids of low electrical conductivity as considered in the present study, like
sea—water and other electrolytes, permit electromagnetic flow control. Experimental
results on the prevention of flow separation by means of a streamwise, wall parallel
Lorentz force acting on the suction side of inclined flat plates and hydrofoils will be
presented.
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1. Introduction

Separation is an undesired flow feature in many engineering cases.
Usually it implies a loss of lift, an increase of drag, diminished pressure
recovery etc. Therefore, a considerable amount of research has been
devoted to the control of flow separation. Corresponding to this effort,
many possibilities to achieve separation control have been identified
and thoroughly investigated. Among the most popular are shaping as
a passive means and suction, blowing and wall movement as active
control methods. Extensive reviews of the earlier research can be found
in [8], the more recent literature is reviewed in [3] and [5], where the
latter paper concentrates on the use of periodic excitation.

If the fluid in question is electrically conductive, the possibility
arises that an electromagnetic body force may be used to influence
the flow. This possibility has long been realized, especially in the field
of liquid metals and other highly conductive materials like semicon-
ductor melts. However, the application of Lorentz forces to fluids of
small conductivity as sea water or other ionic media is less common,
though first suggestions in the field of magneto-aerodynamics date back
to the 1950s, e.g. [14]. Experimental evidence of successful separation
postponement on a half cylinder in an electrolyte flow has been given



Figure 1. Configuration of electrodes and permanent magnets to generate a wal-
I-parallel Lorentz force in streamwise direction (left) and force distribution in the
y—z—plane (right).

by [2] in 1962. A renewed interest in the use of electromagnetic forces
to control the flow of electrolytes arose in the 1990s. The main body of
the corresponding research, among several others [11, 6, 1], dealt with
the control of turbulent boundary layers for drag reduction. Separation
prevention played only a tangential role. The aim of the present paper
is to contribute some experimental results to this somewhat unattended
topic, while concentrating on hydrofoils and scaling issues. Successful
electromagnetic control of the flow around a circular cylinder at low
Reynolds numbers has already been demonstrated in [21]. This generic
problem was treated recently by a number of researchers, e.g. [7] and
[13].

2. Principle and Parameters

An electromagnetic body force or Lorentz force F results from the
vector product of the current density j and the magnetic induction B

F=jxB. (1)
The current density itself is given by Ohm’s law:
j=o(E+uxB), (2)

where E denotes the electric field, u the velocity, and o the electrical
conductivity, respectively. Since typical electrolytes have small con-
ductivities in the order of 10S/m, the currents originating from the
(u x B)—term in equation (2) are generally very low, even for magnetic
fields of several tesla. As a consequence, the Lorentz force (1) due
to these currents is almost undetectable. In order to obtain current
densities large enough for flow control purposes it is therefore necessary
to apply an electric field of magnitude Fy with Ey/(UxBp) > 1, where
By denotes the applied magnetic field and Uy, the velocity of the outer
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Figure 2. Inclined plate without (left) and with ( rlght ) suction side Lorentz force.

flow. This implies that the force density distribution can be determined
independently of the flow field.

A wall parallel Lorentz force can be generated by a stripwise arrange-
ment of flush mounted electrodes and permanent magnets as sketched
in Figure 1. Such a device has been proposed by [4] as a means to
prevent boundary layer transition. Similar configurations are given in
[15] and [10], the latter patent claiming among other things the use for
separation suppression and lift increase. The calculated force density
distribution in the y—z—plane belonging to such a device is shown in the
right subfigure of Figure 1. Apart from end effects, both electric and
magnetic fields have only components in wall normal (y) and spanwise
(z) direction. Consequently (see equation (1)), the Lorentz force pos-
sesses only a streamwise () component. Near the plate surface, strong
spanwise variations of the force density are to be seen. Averaging over
z, the mean force density shows an exponential decay with increasing
wall distance and can be written as

F = %joM()e—%y, (3)

with My denoting the magnetization of the permanent magnets and 7
the applied current density o FEy, respectively. The magnetic induction
By at the surface of the magnetic poles can be calculated from the
geometry of the magnets and their magnetization M. Electrodes and
magnets have the same width a.

The electromagnetic force density acts as a momentum source for
the near wall flow. Its accelerating effect on the velocity distribution of
a flat plate boundary layer has been experimentally verified by LDA
measurements in [6] and [23]. Depending on the force strength, even a
distinct wall jet can be established. Such a strong impact seems to be
predestined for separation control. Figure 2 shows an 18°inclined flat
plate at a chord length Reynolds number of 1.2-10% [22]. The left hand
image gives the uncontrolled flow which separates at the leading edge,
visualized by the hydrogen bubble method. A flat plate stalls already
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at approximately 5%t such a low Reynolds number [16]. Applying
a streamwise Lorentz force at the suction side, separation might be
suppressed completely as can be seen on the right hand image. The
larger bubbles raising from the trailing edge are due to the electrolytic
reactions at the electrode surfaces, which are concomitant phenomena
of the current feed thru the electrolyte.

Two parameters are commonly used in magnetohydrodynamics to
characterize the strength of the Lorentz force. The interaction param-

eter )
_ JoBoc

= 4
describes the ratio of electromagnetic to inertial forces. Using the vis-
cous forces as a base, one obtains the Hartmann number

1 joMya?

871 pUsv (5)

here given in a slightly modified formulation following the approach
of [20]. Relevant fluid properties are the density p and the kinematic
viscosity v. The characteristic length of both parameters differ, IV is
formed with the chord length ¢ and Z with the electrode width a,
respectively. While Z is derived from the flat plate boundary layer
equations, the interaction parameter N comes from the normalization
of the full Navier—Stokes equations. In analogy to the terminology used
in separation control by blowing [12], one may also define an electro—
magneto—hydrodynamic (EMHD) momentum coefficient:
1 ajoMy xe— x5

C = -
WEMHD = 7 U2 p

(6)

Here x. — x5 denotes the fraction of the chord covered with electrodes
and magnets (see Figure 3). C,gmup links the total momentum in-
jected into the flow by the Lorentz force to the dynamic pressure. If
the electrodes and magnets extend over almost the whole suction side
of the foil, the interaction parameter may be converted to the EMHD
momentum coefficient in reasonable approximation as

a
~ —N.
CuEMHD 2% (7)

As well interaction parameter and modified Hartmann number are not
independent, since Z/N x Re.

However, a crucial point to assess the feasibility of electromagnetic
separation control is the identification of an appropriate parameter
describing the control mechanism. From a practical point of view, the



PTL PTL NACA
IVi, 1IVs 0015

¢[mm] 158 158 667
s[mm] 360 345 1088
s/c 228 218 1.63
a[mm] 10 5 10
a/c 0.06 0.03 0.015
xs[mm] 12 6 25
Te[mm] 131 134 563
Bo[T] 04 02 058
Imaz[A] 50 50 1000

Remar/10° 1.2 12 3.7

Figure 3. Parameters of the hydrofoils (left), the NACA 0015 before mounting to
the force balance (right).

main issue is the scaling with the flow velocity, Z oc UZ! while N and
CuemuD are proportional to UO_OZ.

3. Experimental Apparatus

Force measurements on three different symmetric hydrofoils have been
performed in the “Arctic Environmental Test Basin” of the Hamburg
Ship Model Basin (HSVA). A sodium chlorine solution with a con-
ductivity equal to that of typical seawater (~ 3.5S/m) has been used
for the experiments. The table inserted in Figure 3 gives the main
dimensions of the foils. The shape of a PTL IV is similar to a NACA
0017 regarding the hydrofoil thickness in percent of the chord. However,
the thickness distribution is slightly different. Mainly the leading edge
radius is smaller for the PTL IV, whereas the slope in the trailing part
is a little larger then in the case of the NACA 0017. The two PTL IV hy-
drofoils differ in their electromagnetic system. The electrode distance a
of the PTL IVy, is 10 mm, that of the PTL IVg 5mm. As a consequence
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Figure 4. Cutaway sketch of the system of magnets and electrodes used at the
NACA 0015. The magnetization direction of the magnets is denoted by arrows.

the penetration depth of the electromagnetic force into the flow differ
on both foils, since it is completely determined by a (see equation (3)).
Another difference among both foils is the electrode material: stainless
steel for the PTL IVy and titanium covered by RuOs/IrOy for the
PTL IVg. The consequences of the chosen material on the flow might
be larger than expected, since due to the chlorine evolution the stainless
steel corrodes rapidly at the anodes. This corrosion leads to grooves on
the foil surface. These corrosion effects are completely suppressed at the
PTL IVg, the mentioned material is known for its use in dimensionally
stable anodes (DSA) [19]. The third foil, a NACA 0015 shown on the
right hand side of Figure 3, has more than 4 times the chord length
of the two PTL IV, allowing larger Reynolds numbers at equal speed.
To maintain an aspect ratio larger one, also the span width s had to
be increased in comparison with the PTL IV. A maximum current of
Lnaz = 1000 A can be fed to the stainless steel electrodes of the NACA
0015.

A sectional drawing of the electrode/magnet—system of the NACA
0015 is shown in Figure 4. Between two Nd—Fe-B permanent magnets
which face each other with equal poles, a soft H-iron is mounted, con-
centrating the magnetic flux. On top of the H-iron, additional smaller
magnets are glued to further increase the magnetic induction on the
surface. The stainless steel electrodes are fixated between the small
magnets. Each electrode is electrically isolated. In the case of the PTL
IV, the small magnets on top of the H-irons are omitted and the
electrodes are lowered accordingly in order to form a flat surface. Also,
the dimensions of the base structure are scaled down to meet the
construction requirements of the smaller foil. The PTL IVg has the
simplest arrangement of magnets and electrodes. It consists in the
straightforward realization of the structure shown in Figure 1.
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The “Arctic Environmental Test Basin” is an open channel 30 m
long and 1m deep. Four propellers drive the flow up to a maximum
speed of approximately 1 m/s. For the measurements with the PTL IV
hydrofoils, the width of the test section was reduced from 3m to 0.8 m
by a contraction. Both PTL IV foils have been vertically submersed
in the test section and where equipped with endplates for the mea-
surements. To avoid excessive blockage effects due to the large chord
length of the NACA 0015, the contraction was not in place during
the corresponding measurements. As a consequence, the free stream
turbulence level at Uy = 0.5m/s increased from about 0.5% to 3.5%.
The NACA 0015 extended over the whole height of the channel, piercing
the water surface. At the bottom, a gap of 6 mm remained. Forces have
been measured on the PTL IV foils by a Kempf & Remmers rudder
balance. The NACA 0015 had to be mounted on a larger balance of
HSVA’s own construction due to its weight of 172 kg. Signals of drag, lift
and pitching moment were recorded at 10 Hz by a standard PC with a
Hottinger Baldwin ADC Spider 8. The force values used in the following
are time averages over time intervals of 20s in the case of the two PTL
IV and 80 s for the NACA 0015. Dynamic lift and drag variations caused
by changing the angle of attack have been excluded from the averaging
process. No corrections of any kind have been applied.

4. Results and Discussion

In the following, the usual definitions of lift and drag coefficient,

Fr, Fp

CL =——— and CD = 575
2 2
LUZcs LUZcs

(8)
will be used. Here F, denotes the lift and Fp the drag force, respec-
tively. Due to reasons given later, the Lorentz force is characterized by
the EMHD momentum coefficient in the next subsections.

4.1. FIXED ANGLE OF ATTACK

At zero inclination angle «, the lift of a symmetric hydrofoil should
be equal to zero. On a sufficiently slender foil, no separation would be
expected. Figure 5 shows the effect of a single-side Lorentz force on lift
and drag. A straight line of

Cp = 0.0239 — 1.01 - Cupararp (9)

can be fitted to the measured values of the drag coefficient. The slope
of the linear relation equals almost exactly to minus one. That is,
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Figure 5. Lift and drag coefficient for the NACA 0015 in parallel flow (o = 0°)
versus CuemuD, different Reynolds numbers.

the thrust generated by the Lorentz force drives the hydrofoil very
efficiently. In fact, the efficiency is even a little larger than one, which
should be attributed to an underestimation of the Lorentz force actually
applied. Since the initial drag of the foil is low, the total drag of the
hydrofoil is negative for most C,gppp values.

Due to the asymmetric acceleration a lift force develops with in-
creasing momentum coefficient, circulation is generated. The measured
C'1, values may be described by the following fit

CL =0.843- C)23p- (10)

Hence, as shown in the left part of Figure 5, a scaling as approxi-
mately Cr, ~ /Cuemup has been found. This would indicate a similar
behavior as found in the case of circulation control by blowing [18].

Figure 6 gives drag and lift values for the NACA 0015 at 18°of
attack. The flow is attached except for C gy pp = 0 and the two lower
Reynolds numbers of Re = 1.15-10% and Re = 1.82-10°. As in the case
of the hydrofoil in parallel flow, the drag coefficients depend linearly on
the EMHD momentum coefficient with the aforementioned exceptions.
Disregarding these values, a straight line fit results in

Cp = 0.229 — 1.07 - Cprrap- (11)

Again, the slope of this line equals to one in good approximation.
The proportionality of the lift coefficient and the square root of the
momentum coefficient can be detected likewise:

CL =1.02+226-Caiiup- (12)

Since the inclination angle is relatively high, both the initial lift coef-
ficient and the coefficient are larger than those for a = 0°. While the
first is evident, the latter is similar to the findings in circulation control
by blowing.
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Figure 6. Lift and drag coefficient for the NACA 0015 at o = 18° versus CugmuD,
different Reynolds numbers.

At lower Reynolds numbers, a 17°inclined PTL I'Vy, is already stalled.
The left part of Figure 7 shows the lift increment with increasing EMHD
momentum coefficient. In comparison to the graphs in Figures 5 and
6 the dependency is more complex. At small momentum coefficients,
the lift increase is steep, while it flattens for higher C,pprp. It may
be helpful to compare the findings again with results from separation
control by blowing. On the right hand side of Figure 7, ACy, versus C,,
values for blowing over a flap are given according to [17, 12]. Schwier
[17] used a NACA 23015 in parallel flow with a 45°deflected flap. A
jet was blown from a slit over the flap shoulder. Poisson-Quinton [12]
rearranged Schwiers measurements using the momentum coefficient as
a parameter for the blowing intensity. This collapsed Schwiers values
fairly well. Two different regimes can be identified, boundary layer con-
trol (BLC) for small values of the momentum coefficient and circulation
control for large C,. The corresponding parts of the figure are gray
shaded. In the boundary layer control regime, a gradual reattachement
of the separated flow over the flap takes place. This leads to a compar-
atively large increase of the lift coefficient. The momentum coefficient
corresponding to complete reattachement C),, marks the upper end of
the boundary layer control regime. At C, > C,,; the lift gain is smaller
and proportional to /C),, circulation control dominates the physics of
the flow.

It would appear that the same classification may be applied to the
left hand side of Figure 7 showing electromagnetic separation control.
Even the numerical values of AC, and C),, match surprisingly well,
though this should be attributed to pure chance, since the flow condi-
tions are quite different in both cases. However, the general trends are
obviously the same.

While mean values of the lift coefficient are given in Figure 7, Figure
8 reveals the instationary nature of the reattachement process showing
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Figure 7. ACL versus Cugmup for the PTL IVy, at o = 17° (left). Blowing over
a 45°inclined flap on a NACA 23015, measured values from [17] according to [12]
with the blowing slot width as a parameter (right).

the 10 Hz sampled time signal of lift and momentum coefficient for
the 16°inclined PTL IVg at a Reynolds number of Re = 5.7 - 10%.
At small values of the EMHD momentum coefficient, the lift increases
steadily. From C,pyprp =~ 0.0056 onwards, the lift coefficient oscillates
between two values, which might be assigned on the one hand to a
separated and on the other hand to a reattached flow. The erratic
lift increment is about twice as large as the former increase due to
Cuemup =~ 0.0056. This regime of large amplitude oscillations merges
into a stable state for C,ppmup Z 0.0084. A further increase of the
injected momentum results only in weak lift increases, the circulation
control regime is reached. C}, is noticeable smaller than for the PTL
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Figure 8. Cr, and Cugmup for the PTL IVg at o« = 16° and Re = 5.7 - 10* versus
time.
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Figure 9. Lift and drag coefficient for the NACA 0015 versus angle of attack at
Re=3.0-10°

IVy, although the angle of attack corresponding to the Figures 7 and 8
differ only slightly. In fact, due to the corrosion problematic described
above, both hydrofoils may be much less similar then expected.

4.2. LIFT AND DRAG VERSUS ANGLE OF ATTACK

Both effects, separation and circulation control, are evident also in
the Cp versus a and Cp—a curves shown in Figure 9. Only points
at a = 1° and around the stalling angle have been measured for the
NACA 0015. As already shown, at small angles of attack, the suction
side Lorentz force increases lift and decreases drag, the corresponding
measurement points are shifted accordingly. At higher angles of attack,
separation prevention gains importance. Due to the Lorentz force acting
as a source of momentum for the near wall flow, stalling takes place at
higher angles of attack then in the unforced case. Therefore, a higher
maximum lift corresponding to the higher maximum angle of attack
can be established. Obviously, also the type of stall is influenced by the
suction side Lorentz force. While the loss of lift is relatively moderate
for the unforced NACA 0015, it is larger and abrupt for the forced
hydrofoil. The drag of the forced foil is always smaller than that of the
unforced, most pronounced when the unforced flow is separated while
the forced flow remains attached.
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momentum coefficient (right) in the Reynolds number range 2.9-10* < Re < 3.7-10°.

4.3. SCALING OF THE MAXIMUM LIFT GAIN

From a practical point of view, the maximum attainable lift gain ACTmax
corresponding to a certain EMHD momentum coefficient is of consid-
erable interest. This quantity may be written as

ACLmaz (Cuemap) = Crmaz(CuemuD)—ClrLmaz (Cuemap = 0). (13)

Similar definitions could be written with the interaction parameter or
the Hartmann number instead of Cygypp. Since it is influenced by
several physical mechanisms and flow conditions, ACq: might not
be well suited to gain better insight into the flow physics. However,
it enables a reasonable evaluation of the benefits achievable with the
control approach.

Figure 10 shows on a log—log scale the maximum lift gain on the left
versus the interaction parameter and on the right versus the EMHD
momentum coefficient. A corresponding figure with the Hartmann num-
ber as parameter describing the Lorentz force has been omitted, since
no correlation could be detected. The figures compile data points of all
three hydrofoils in the Reynolds number range 2.9-10* < Re < 3.7-10°
and corresponding to measurements with and without tripping devices.
A certain scatter is therefore unavoidable, especially since the Reynolds
number range in question is very widely known for its diversity of flow
phenomena on airfoils [9].

In the figure showing ACT, versus N, the points belonging to one
hydrofoil form distinct lines. The effect of the interaction parameter
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defined with the chord as characteristic length is specific to each foil.
It appears that the larger the relative penetration depth a/c of the
force into the fluid, the higher the maximum momentum gain. Since
the EMHD momentum coefficient accounts for the integral force, it
includes the effect of the varying penetration depth (see equation (7))
and collapses most points sufficiently well. A simple power law fit results
in

ACL =291-C)pitup- (14)

The superscript of C,pygp is very near to 0.5, suggesting that circu-
lation control plays an important role in the parameter range investi-
gated.

4.4. CONCLUSIONS

The influence of a wall parallel streamwise Lorentz force on the flow
around hydrofoils has been studied in a saltwater flow. As could be
expected, separation as well as circulation can be readily controlled
by such a force configuration. The effect of the force on the flow is
very similar to that reported for flow control by blowing. Indeed, the
definition of an electro-magneto—hydrodynamic momentum coefficient
allows a direct comparison of both control methods.

If the Lorentz force acts on an already attached flow, the resulting
lift increase is proportional to the square root of the momentum coef-
ficient. The lift gain is more pronounced, if the Lorentz force leads to
a reattachement of an otherwise separated suction side flow. A time
resolved view on the reattachement process reveals that this flow is
intermittent for a certain range of the EMHD momentum coefficient.

The maximum attainable lift gain under different flow conditions
and Reynolds numbers may as well be described by the momentum
coefficient. This allows a first assessment of the relevance of electro-
magnetic separation control to practical applications.
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