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Colloidal magnetic fluids (ferrofluids) and its significance with regard to fluid flow measurement
is discussed. This concept -which can properly be called as magnetocaloric anemometry, likewise
than hot-wire anemometry takes advantage of the thermal dependence of the electrical resistance
of some metals to measure the flow speed, it takes advantage of the thermal dependence of
magnetization of superparamagnetic materials. Because the magnetic field is measured by Hall-
sensors which are very sensitive to magnetic variations, and because the very small relaxation times
of superparamagnetics materials upon variations of the magnetic field, therefore, magnetocaloric
anemometers could offer a high sensibility and resolution fluid flow measurement matched only
by hot wire anemometry but eliminating its handicaps, namely, high fragility, low durability and
need for continuous maintenance which all in all translates into a high cost technology. The
mathematical basis of the concept as well as first preliminary experimental data for magnetocaloric
anemometry constitute the core of the present work. Additional R&D is required in order to arrive
at a reliable practical design for magnetocaloric anemometers.

aKeywords. Magnetic fluids; Hall-sensors, Magnetocaloric phenomena

I. INTRODUCTION

The object of this work was to analyze the thermal
dependence of magnetization of colloidal magnetic fluids
(ferrofluids) and its significance with regard to fluid
flow measurement. The main motivation behind this
concept -which can properly be called as magnetocaloric
anemometry, is to find some alternative approach to
hot-wire anemometers by keeping all their advantages
such as extremely high frequency-response and fine
spatial resolution but, however, eliminating their hand-
icaps, namely, their extreme fragility, their limitation
to be used only with clean gas flows, and the need for
constant recalibration all of all translates into a high cost
technology. For the interested reader, a comprehensive
study on hot-wire anemometry can be found in [1] and
[2].

In order to gain a preliminary insight about the core
of the idea behind magnetocaloric anemometry, Fig. 1
shows a conceptual sketch. From this figure, it is seen
that, magnetocaloric anemometers keeps high resem-
blance with hot-wires anemometers, namely, both use
heaters, but whereas hot-wire anemometry heats an elec-
trical resistance and takes advantage of the ohmic de-
pendence with temperature to measure the velocity of
a fluid (via heat transfer coefficient), in magnetocaloric
anemometry is a ferrofluid which is heated (near its
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FIG. 1. Conceptual magnetocaloric anemometer using a
transverse Hall probe. The air stream circulating in the
gap causes a variation of the temperature of the ferrofluid
which translates into a variation of its magnetization which
is recorded by the Hall-probe.

Curie´s temperature) and harnessing the thermal depen-
dence of the magnetization (magnetocalori phenomena).
A Hall probe is used to transform the magnetic varia-
tion into a measurable power output. Progress in the
last decades in Hall- probes, as for example, new opti-
cal biosensor based on photonic spin Hall effect (PSHE),
[3], development of new materials,[4], or enhancements in
spin Hall magnetoresistance (SMR), [5], just no name a
few, allow that at present, Hall-probes attain sensitivities
to changes in the magnetic field as low as a few nano Tes-
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FIG. 2. Comparison of the pyromagnetic coefficient for para-
magnetic and ferromagnetic materials as a function of tem-
perature.

las which in addition, considering the very low magnetic
relaxation times -much more lower than the thermal re-
laxation time, result in the possibility of high sensibility
and resolution measurement for fluid flow matched only,
perhaps, by hot wire anemometry.

II. MATERIALS AND METHODS

A. Magnetocaloric anemometry as a new
alternative

Magnetocaloric phenomena is related with the depen-
dence of magnetization with temperature featured by
magnetic materials, this should not be confused with
the magnetocaloric effect -also called as adiabatic de-
magnetization, which is related with the heating or cool-
ing of magnetic material when subjected to magnetic
fields. Whereas temperature affect the magnetization of
all magnetic materials, diamagnetic, ferromagnetic, para-
magnetic, in a more or less extent as they approach to
its Curie temperature, nonetheless, for anemometry ap-
plication are the paramagnetic and specifically the su-
perparamagnetic materials -ferrofluids, which offers the
highest attractiveness. A superparamagnetic material,
ferrofluid or colloidal magnetic fluid is a liquid that be-
comes strongly magnetized in the presence of a magnetic
field. They are composed by ferromagnetic, or ferrimag-
netic, particles suspended in a carrier fluid (usually an
organic solvent or water) which as consequence of their
very small sizes -a few nanometers of diameter, the mag-
netic susceptibility (or sensibility when an external mag-
netic field is applied) is much stronger than that featured
by ordinary paramagnets.

Superparamagnetic magnetization for a monodisperse,

FIG. 3. Hall effect measurement setup for electrons.

colloidal ferrofluid follows the well-known Langevin func-
tion, [6],

M(T )

Ms
= cothα− 1

α
(1)

with

α =
π

6

μoMdHd3

κT
(2)

where M is the magnetization, Ms the saturation mag-
netization Md the saturation moment of the bulk mag-
netic solid, H the external applied magnetic field, d the
diameter of the particle, κ the Boltzmann constant, and
T the temperature. The most important parameter for
anemometry is the sensibility of the magnetization af-
ter changes of temperature, which can be quantified by
means of the pyromagnetic coefficient K which is defined
as

K = −∂M

∂T
(3)

It is interesting to compare the behavior of the pyro-
magnetic coefficient with temperature for ferrofluids de-
rived from Eq.(1) and that from ferromagnets. Many
semiempirical formulations for the relationship between
magnetization and temperature for a ferromagnetic ma-
terial as magnetite are available; but for a preliminary
asses, the following simplest expression, seems preferable,
[7]

M(T )

Ms
=

[
Tc − T

Tc

]γ
(4)

where Tc is the Curie temperature and γ = 0.36.
Fig. 2 shows the comparison of the pyromagnetic
coefficient for ferrofluids and ferromagnets predicted
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FIG. 4. Ferrofluid layer. For very thin ferrofluids and strong
magnetic external fields the ferrofluid can be in direct con-
tact with air and endure the velocity stress from the air. A
direct contact air-ferrofluid will increase the heat transfer and
reducing the time for thermalization of the ferrofluid after a
temperature change occurs.

by Eq.(1) and Eq.(4), respectively. In this Fig, it is
clear the attractiveness of ferrofluids in comparison with
ferromagnet as material for magnetocaloric anemometry.
In fact, ferromagnets are not suitable for magnetocaloric
anemometry because they feature a low pyromagnetic
coefficient at low temperatures which translates into
the need to work at temperatures as high as 700 K or
more which will have the side effect to generate strong
local convective air currents and then affecting seriously
the measurement. Conversely, ferrofluids feature higher
pyromagnetic coefficients at low temperatures, and even
its coefficient increase inasmuch that the temperature
decrease. In addition, the magnetic relaxation time
for ferrofluids is much lower than that from ferromagnets.

In summary, a fluid flow can cause a temperature varia-
tion of the magnetized ferrofluid (via heat transfer coeffi-
cient) which becomes into a change of magnetization (by
its pyromagnetic coefficient) which turns into a change in
the magnetic field surrounding the ferrofluid, and thus by
measuring the variation of the magnetic field we are mea-
suring the flow speed. A very high sensitive instrument
to measure magnetic field are the Hall-probes.

B. Hall-effect gaussmeter probes

Essentially, the Hall effect appears as a balance of
forces acting on a current in a conductor under the pres-
ence of a magnetic field. For the sake of illustration, let
us consider Fig. 3. In that figure, a current of electrons
generated from an applied voltage in the x-direction, Vx,
are following a straight path. However, if a transversal
magnetic field Bz is applied, a Lorentz force appears and
electrons now follow the curved arrow. At some distance
from the current-introducing contacts, electrons pile up
on the left side and deplete from the right side, which

creates an voltage in the y-direction which is generally
called as Hall voltage VH . This voltage can be calculated
from the well known Lorentz force expression

Fy = q(Ey + vx ×Bz) (5)

where Ey is the induced electrical field from the pile
up of electrons. The Hall potential is the final resulting
potential when a steady state is attained, i.e, when Fy =

0 or Ey = vxBz which considering that Ey = VH

a , we
obtain

VH = vxaBz (6)

• Discussion

Eq.(6) give us the Hall output voltage which is directly
proportional to the magnetic field strength through it.
This is basically the fundament behind of the so called
Hall effect sensors which are used to measure the magni-
tude of a magnetic field. Also, from Eq.(6) it is seen that
a key factor determining the sensitivity of the Hall sensor
is the electron mobility which can be increased by using
materials especially suitable as for example Gallium ar-
senide (GaAs); Indium arsenide (InAs); or graphene,[?
]. Today, last development in Hall sensors allows resolu-
tions (minimum detectable magnetic field) in the range
micro Teslas, μ T [8],[9], nano Teslas, [10] up to a very
low values in the range and 0.5 nano Teslas, [11]. For a
magnetocaloric anemometer as depicted of Fig. 1,for ex-
ample, the magnetic field experienced by the Hall-sensor
is given by the summation of the external magnetic field
and the magnetization of the ferrofluid, according with
the relationship

Bz = μo(M +Hz) (7)

where M is the magnetization of the ferrofluid and H
the external magnetic field applied, for example, from
a permanent magnet. This external magnetic field H is
required in order to magnetize the ferrofluid (which drops
to zero if no magnetic field is present) and also permit to
attach the ferrofluid to the cavity if an open configuration
for direct air-ferrofluid contact in order to increase the
heat transfer as will be discussed below. The variation
of temperature affect the magnetic field B because the
variation of the ferrofluid magnetization

ΔBz = μo
∂M

∂T
ΔT ;

ΔBz = −μoKΔT (8)
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FIG. 5. Stability curve predicted by Eq.(14) as a function of
the air free stream

where the external magnetic field is constant because
it can be thermally isolated from the ferrofluid, but if
not, the temperature is in any case very far below its
Curie temperature (around 700 K or thereabouts). On
the other hand, the change in temperature can be con-
nected with changes in the speed flow by the heat trans-
fer coefficient as follows. If the ferrofluid is heated by a
power source, say, W , then the static heat transfer yields

W = Sh(T − Ta) (9)

where S is the heat transfer area of the ferrofluid, T
and Ta are the ferrofluid and air stream temperature, re-
spectively., and h the convective heat transfer coefficient.
It is convenient to express Eq.(9) as function of the Nus-
selt number Nu = h D

κa
, where D is the characteristic

length of the ferrofluid, and κa is the thermal conductiv-
ity of air, and then

W =
κaS

D
Nu(T − Ta) (10)

Many semiempirical formulations for the Nusselt num-
ber are available; however, most of the correlations are of
the form Nu = c1+coD

nUn where c1 represents the nat-
ural convection term, and coD

nUn represents the forced
convection. If one takes the initial value of reference for
measurement as U = 0, then the variation of temperature
ΔT after a change in the air velocity U yields

ΔT = −
[
WD

κaS

]
Un

c2 + c1DnUn
(11)

where c2 =
c21
c0
. By inserting Eq.(11) into Eq.(8) one

obtains the variation of the magnetic field a a function
of the variation of the flow speed which is the expression
desired.

FIG. 6. Development of the field at the point P due to a
small volume of ferrofluid

ΔBz =

[
WμoKD

κaS

]
DnUn

c2 + c1DnUn
(12)

Although several semiempirical correlation are avail-
able in the literature, however the values for c1 are always
smaller than c2, for example, typical values are between
c1 = 0.31 and c2 = 70, or thereabouts, [12] and then for
practical purposes c2 � c1D

nUn, and Eq.(12) simplifies
as

ΔBz ≈
[
WμoKDn+1

κaSc2

]
Un (13)

C. Direct contact ferrofluid-air

Because it is desired to increase as much as possible the
heat transfer between the air and the ferrofluid, thus, it
is interesting to think the possibility that the ferrofluid
be in direct contact with the air, i.e., an interface air-
ferrofluid. This is possible because the ferrofluid can be
strongly attached at the wall or cavity by the same ex-
ternal magnetic field from the permanent magnet which
is keeping the magnetization of the ferrofluid as was pic-
torially shown in Fig. 1. Nevertheless if this condition
is used, there will be a maximum air velocity allowable
beyond of which the ferrofluid layer will be instable be-
cause Kelvin-Helmholtz instabilities. In order to asses
this limit, let us consider a certain ferrofluid layer as de-
picted in Fig. 4, the criteria for instability for this layer
is derived from Rosenweig, 1985, [6]

U >

[
2

ρa

] 1
2

[geρσ]
1
4 (14)

where U is the air free stream velocity; ρ and ρa the
density of the ferrofluid and the air, respectively; σ the
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FIG. 7. Magnetic field induced by the ferrofluid volume lo-
cated at a distance L = 10−2 m from the detector as function
of the response-time.

surface tension, and ge is an effective volumetric gravity
defined as

ge = g +
μoM∇zHz

ρ
(15)

where μo is the permeability of frees space; M the mag-
netization of the ferrofluid, ∇zH is the normal magnetic
field, and g is the gravity which can be positive or nega-
tive depending the orientation of the film. For the sake
of illustration, Fig. 5 shows the a plot for the stability
predicted by Eq.(14) for a ferrofluid as function of real-
izable magnetic gradients from a hand-made permanent
magnet. It is seen that a ferrofluid layer can be stable
even for relative high velocities, and then, the use of this
strategy will result into an increase of the heat transfer
-and then reducing the time of thermalization after the
temperature variation, as well as reducing cost.

D. Thermalization frequency-response

One important parameter to be considered is the
frequency-response. One of the strong points in hot-wire
and filament anemometers is that they have extremely
high frequency-response compared to other methods
which is attained owing to the very small dimensions of
the wire or filament used (around 10 μm), however, as
a side effect they are extremely delicate and can only
be used in clean gas flows, as a result wire breaking is
common making the technology expensive.

Although magnetocaloric anemometry eliminates this
problem, however, another issue appears. In fact, in or-
der to increase the frequency-response, it is mandatory
that the dimensions of the ferrofluid (likewise than in hot

FIG. 8. Schematic of the experimental setup

wires) be as small as possible to decrease as possible the
time for the object -i.e., the ferrofluid, to reach the new
temperature after a change. Once the ferrofluid attain
the new temperature where the additional time needed
to attain the new magnetization (which in the order of
the Néel relaxation time) can be assumed as instanta-
neous in comparison.

The problem is that by making the volume of the fer-
rofluid smaller effectively the time of response decrease
but, also the induced magnetic field. Therefore, the
minimum allowable dimension of the ferrofluid is limited
by the minimum threshold of magnetic field which can
be detected by the Hall-probe.

Let us consider Fig. 6 in which a certain ferrofluid
volume which for the sake of illustration we consider as
cylindrical with a radius R, diameter D = 2R and length

D and volume V = πD3

4 which is located at a certain dis-
tance L from a Hall-probe forming a gap through which
a stream of air is flowing.
To begin with, for a very small volume of ferrofluid this
can be assumed as a simple dipole source. Thus the mag-
netic field induced by the magnetization of the cylindrical
volume of the ferrofluid Hf at a point P -where is located
the Hall-probe, at a distance L, can be derived from the
formulae of a magnetic dipole, [6], which after replacing
terms yields,

Hf =
MV

4πd

(
− 1

(d+ L)2
+

1

L2

)
(16)

Now, if the volume of the ferrofluid tends to zero, i.e.,
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FIG. 9. Real aspect of the experimental setup

d → 0, a Taylor expansion of Eq.(16) and neglecting
terms of second order one obtains

Hf ≈ MV

2πL3
(17)

and considering that V = πD3

4 , becomes

Hf ≈ MD3

8L3
(18)

On the other hand, an estimation of the time for the
object to reach a specific temperature is given by, [13]

t ≈ ρcpD

4h
(19)

where ρ and cp are the density and the heat capacity
of the object, i.e., the ferrofluid in our case, respectively,
and h is the convective heat transfer coefficient. Thus,
by inserting Eq.(19) into Eq.(18) yields

Hf ≈ 8Mh3t3

ρ3c3pL
3

(20)

• Discussion

In order to obtain an idea of the limit of frequency-
response predicted by Eq.(20) we assume some values of
the parameters for ferrofluids: M = 5.8 × 104A/m; ρ =
1.4×103 kg/m3, and cp = 3.5×103J/(Kkg), [14], an heat

FIG. 10. Pyromagnetic coefficient for ferrofluid
(MnO)(ZnO)Fe2O3, as a function of the external applied
magnetic field.

FIG. 11. Magnetic field as a function of the air stream veloc-
ity.

transfer coefficient h = 10 W/(mK), and a gap between
the ferrofluid and the detector L = 5 × 10−3m. The
resulting curve is shown in Fig. 7. It is seen that time-
response in the order of 0.05 seconds could be feasible
if one considers that last development in Hall sensors
allows resolutions (minimum detectable magnetic field)
in the range of micro Teslas, μ T [8],[9], or even nano
Teslas, [10], [11].

III. EXPERIMENTAL INVESTIGATION

In this section some preliminary experimental data
for magnetocaloric anemometry is provided. We have
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FIG. 12. Rate of Magnetic field per velocity ΔBz
U

as a
function of the air stream velocity.

opted for (MnO)(ZnO)Fe2O3 in oil as ferrofluid because
(MnO)(ZnO)- ferrites feature the higher pyromagnetic
coefficients, [15]. The ferrofluid was provided by the Ko-
rean company MAGRON corporation. Table I the main
parameters are listed at room temperature T = 293 K
and oil-based ferrofluid: density ρ; diameter of particle
dp; viscosity η; low and high working temperature Tlow,
Thi, respectively, and saturation magnetization Ms.
Fig. 8 and Fig. 9 show the sketched and real configu-

ration of the experimental setup, respectively. We have a
sample of ferrofluid filling a small cylindrical vessel with
a diameter of 1 cm and a height of 0.5 cm. The vessel has
an open side in which the ferrofluid was directly facing
the Hall-sensor located at the bottom. The ferrofluid was
attached at the vessel by a permanent magnet located at
the top and providing a continuous magnetic field which
could be regulated by stacking a number of them. The
ferrofluid was electrically heated by a wire which deliv-
ered a constant power of 0.4 W, which translated into an
initial temperature -when the velocity of the surround-
ing air was zero, of 354 K. Finally, at one of the sides an
air-blower was located and at the opposite side a pitot
probe to measure the velocity of the air stream. The
temperature of the air was Ta = 292 K.

The velocity of the blower was controlled and for each
change in velocity it was recorded: the temperature of the
ferrofluid by means of a thermocouple, the velocity of the
stream measured by the pitot probe, and the magnetic
field measured by a gaussmeter connected with the Hall-
sensor as is depicted in Fig. 8. and Fig. 9.

IV. RESULTS

The first experiment was to measure the pyromagnetic
coefficient for the ferrofluid for different values of the ex-

TABLE I. Sample properties.

Material ρ dp η Tlow Thi Ms

(kg/m3) (nm) (mPas) (K) (K) (mT)

(MnO)(ZnO)Fe2O3 1420 10-20 300 273 353 58

ternal magnetic field. The results are depicted in Fig. 10.
Secondly, it was measured the changes of the magnetic
field in the Hall-sensor by changing gradually the velocity
of the air from 0 up to 40 m/s and using a constant mag-
netic field applied on the ferrofluid and produced from a
permanent magnet of 300 kA/m -which correspond ac-
cording with Fig. 10 to a pyromagnetic coefficient around
0.22 mT/K. Fig. 11 shows the results. It is seen from
this figure that air velocity can be properly measured by
magnetocaloric effect, the sensibility can be better in-
ferred by Fig. 12 where it is shown ΔBz

U where it can
be seen that velocity changes as low as a few centimeters
per second will result in magnetic field variations around
a few Gauss, where as was mentioned before, modern
gaussmeters can attain sensibilities up to a few nT.

V. CONCLUSIONS

In this work, the use of colloidal magnetic fluids
(ferrofluids) and its potential significance with regard
fluid flow measurement called magnetocaloric anemom-
etry was discussed. Likewise than hot-wire anemometry
takes advantage of the thermal dependence of the electri-
cal resistance of some metals to measure the flow speed,
magnetocaloric anemometry takes advantage of the ther-
mal dependence of magnetization of superparamagnetic
materials to measure fluid flow. ecause the magnetic
field can be recorded by using Hall- sensors which are
very sensitive to magnetic variations, which in addition,
with the very small relaxation times featured by super-
paramagnetics, magnetocaloric anemometers could offer
a high sensibility and resolution measurement matched
only by hot wire anemometry but eliminating its hand-
icaps, namely, high fragility, low durability and need
for continuous maintenance which all in all translates
into high cost. Additional R&D is required in order to
arrive at a reliable practical design for magnetocaloric
anemometers.
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