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EXECUTIVE SUMMARY

A magnetocal oric pump providesasmple means of pumping fluid using only externa thermal and
magnetic fields. The principle, which can be traced back to the early work of Rosensweig, is
straightforward. Magnetic materiastend to |ose their magnetization as the temperature approachesthe
material’s Curie point. Exposing a column of magnetic fluid to a uniform magnetic field coincident
with atemperature gradient produces a pressure gradient inthe magnetic fluid. Asthefluid heatsup, it
loses its attraction to the magnetic field and is displaced by cooler fluid. The impact of such a
phenomenonisobvious: fluid propulsion with no moving mechanical parts. Until recently, limitations
inthe magnetic and thermal properties of conventional materials severely limited practical operating
pressure gradients. However, recent advancementsin the design of metal substituted magnetite enable
fine control over both the magnetic and thermal properties of magnetic nanoparticles, akey elementin
colloidal based magnetic fluids (ferrofluids). This manuscript beginswith abasic description of the
process and previous limitations due to material properties. Thisisfollowed by areview of existing
methods of synthesizing magnetic nanoparticlesaswell asan introduction to anew approach based on
thermophilic metal-reducing bacteria.  We compare two compounds and show, experimentally,
significant variation in specific magnetic and thermal properties. We devel op the condtitutive therma,
magnetic, and fluid dynamic equations associated with magnetocal oric pump and validate our finite
element model with a series of experiments. Preliminary results show a good match between the
model and experiment aswell as approximately an order of magnitude increasein thefluid flow rate
over conventiona magnetite based ferrofluids operating below 80°C. Finadly, as a practica
demonstration, we describe anovel application of thistechnology: pumping fluidsat the*Lab-on-a
Chip” (LOC) microfluidic scale. The potential payoff to DOE and DoD isanew approach, requiring
low voltage and low current, for pumping fluid at the LOC scale.
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1. INTRODUCTION

Ferrofluids are oil-based liquids that are loaded with nanometer sized ferrous particles.
Magnetorheological fluids (MR) are similar in structure, but differ in their behavior. MR fluids are
oils loaded with micron sized soft magnetic particles. The volumetric particle loading is generally
from 20to 40%. To prevent agglomeration, asurfactant (generally oleic acid) isadded to modify the
surface of the particles. When exposed to amagnetic field, thefluid exhibitsvery large variationsin
viscosity. The behavior of the particles and fluid is such that large variationsin viscosity can occur
and be controlled very rapidly, transitioning from alight viscousfluid to athick consistency in afew
milliseconds. However, the particle size islarge enough that separation and settling of the particles
from the fluid occurs over time and during exposure to intense magnetic fields. Whilethere are many
similarities between the structure of MR and ferrofluids, the dight differences play avery significant
role in the fluid's behavior. Like MR fluids, ferrofluids are fluids loaded with small magnetic
particles coated with asurfactant. The fundamental differences arethe particle size (generaly inthe
10 to 50 nanometer range) and volumetric loading (from 5 to 10%). The particle size plays a
significant role in the particle’s magnetic behavior as well as in the mechanical behavior of the
particlesinthefluid. Intermsof the magnetic characteristics, ferrofluid particlesare generally small
enough to exhibit a single magnetic domain.  Subsequently no magnetic work is required to shift
magnetic domainsin the material (i.e. no hysteresis). Asfar asthe mechanica behavior, unlike MR
fluids, ferrofluids remain in suspension, even during extended exposure to magnetic fields. Thermal
agitation in the fluid, even at room temperature, exceeds the gravitational potentia of the particles.
The lower loading percentage and particle sizeyields afluid attracted to a magnetic field with much
lower variationsin the viscosity of thefluid. Subsequently, it should beclear that while the structure
of MR and ferrofluids is similar, their behavior, and subsequent applications, are dramatically
different.

There are presently many applications using ferrofluids. Nethe isusing a new ferrofluid-driven
actuator for aventricular assist device.! Recent biological applicationsfocus on using ferrofluids for
cell separation.? A survey of commercial applicationsincludes galvonometers and inclinometersthat
exploit the levitation characteristics of the fluid as well as environmental seals and voice coil
actuators exploiting the fluid’s magnetic attraction.®> Stepper motors experience a high frequency
oscillation during Slewing maneuvers.* Ferrofluids in the air gap of stepper motors provide an
efficient meansto damp thisvibration.® Thefied inthe gap naturaly retainsthefluid against forces of
acceleration, shock, and vibration. However, care must be taken in the selection of the ferrous
particles for this application. If the temperature in the gap approaches the Curie temperature of the
particles, thefluid will no longer be attracted to thefield. Itisthislimitation that wewill exploit for
field induced ferrofluid propulsion. The emphasis of this paper is on describing the behavior of this
fluid, specifically the thermal-magnetic behavior, characterize the critical components of the particles
and fluid that impact energy conversion, describe existing synthesis and analysis methodol ogies and
will end with a series of experiments and a survey of potential applications.






2. MAGNETOCALORIC PUMP

A magnetocal oric pump providesasmple means of pumping fluid using only externa thermal and
magnetic fields. The principle, which can be traced back to the early work of Rosensweig, is
straightforward.® Magnetic materials tend to lose their magnetization as the temperature approaches
themateria’ s Curie point. Exposing acolumn of magnetic fluid to auniform magnetic field coincident
with atemperature gradient produces a pressure gradient in the magnetic fluid. Asthefluidhesatsup, it
loses its attraction to the magnetic field and is displaced by cooler fluid. In order to achieve
magnetocal oric pumping, we must first understand the temperature dependence of magnetic materials.
Magnetization of materials is based upon alignment of the magnetic moments of individua atoms.
Ferromagnetic materials contain domains in the material where there is consistent alignment of the
magnetic moments. When exposed to an external magnetic field, these domains grow, increasing the
net magnetization (M) of the material. However, sufficient thermal agitation disruptsthe alignment of
magnetic moments, reducing the net magnetization. Fig. 1 showsthe degradationin magnetizationasa
function of temperature. The temperature at which all net magnetization is lost is called the Curie
temperature, T,. This temperature is a function of the atomic density, m, material magnetic dipole
moment, My, permeability of air, m, and Boltzmann's constant, k. Table 1 lists the saturation
magnetization and Curie temperature of a variety of known magnetic materials.

c 3k (1)
M=mp,

Table 1. Curietemperature and saturation magnetization of ferromagnetic solids.

Substance Curie Temp (°C) mM «(T)
Dysprosum -185 3.67
Gadolinium 19 2.59
Nickel 358 0.64
Magnetite 585 0.56
Iron 770 2.18
Cobalt 1120 1.82

Ferrofluids are based on magnetic nanoparticles that are so small that they contain only asingle
magnetic domain. While temperature may not disrupt the magnetic domain in the particles, it can
disrupt any alignment between adjacent particles. Thus, ferrofluids experience a similar
demagnetization as a function of temperature. Magnetocaloric energy conversion wasfirst described
by Rosenswieg.® The principle of operation, shown in Figs. 1 and 2, is relatively simple. The
ferrofluid is attracted to the magnetic field (in this case, from a coil or permanent magnet). Asthe
fluid enters the thermal field, the temperature of the fluid and nanoparticles increases. As the
temperature approaches the Curie temperature, the material’ slocal magnetization decreases. Cooler
fluid, which is attracted to the magnetic field, displaces the warmer fluid and the result isfluid flow
using only external magnetic and thermal fields.
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Figure 3 showsaworking prototype of this pumping mechanism. Theideal particlewould havea
Curie temperature close to the maximum system operating temperature. Table 1 lists the Curie
temperature of a number of ferrous materials. Most commercial grade ferrofluids are based on
magnetite particles. While initidly attractive from a fabrication perspective (cost), the Curie
temperature of magnetite particles is far above the expected operating temperature of many
conventiona fluidic systems. Most fluids would boil before the temperature would significantly
reduce the material’ s magnetization.

Magnet
Heat Source  (behind finger)

Fluid Circulation

Fig. 3. Proof-of-principle ferrofluid pump.



3. SYNTHES SOF FERROFLUIDS

There are many approaches to the synthesis of magnetic nanoparticles such as size reduction
through ball milling, chemical precipitation, and microbia synthesis. Ball milling was the earliest
approach to the synthesis of particlesfor ferrofluids. Micron-sized particles are submitted to a ball
grinding processfor approximately 1000 hours. While easy to operate, thismethodology is costly and
difficult to control and wustite is aso expected to be formed during the milling of mixtures of Fe and
Fe,0Os. Synthesis by chemica precipitation is the more common approach in which the particles
precipitate out of solution during chemical processes.” A new approach, developed at Oak Ridge
National Laboratory (ORNL), isbased upon microbia synthesisthat metal-reducing bacteriareduce
iron oxyhydroxides to nanometer-sized magnetic iron oxides® The thermophilic metal-reducing
bacteria under investigation at ORNL have demonstrated an ability to reduce a number of different
metal ions. Aswith the milling and chemical precipitation processes, it is possible to incorporate
other metals (Mn(11), Co(I1), Ni(I1), and Cr(I11)) into magnetite (Fe;0O,4) structure to control magnetic,
electrical, and physical properties of the substituted magnetite.® While the understanding of the actual
process is still under investigation, magnetic nanoparticles are formed and shed on the skin of the
bacteriaasthey move through iron oxyhydroxides plus soluble metal species, asillustrated in Fig. 4B.
Microbial synthesis of magnetite was performed using akaganeite (>-FeOOH) as a magnetite
precursor. The akaganeite was prepared asfollows: NaOH solution (10 M) was slowly added into a
FeCl ,»6H,0 solution (0.4 M) to precipitate Fe(OH), by gravity only and with rapid stirring at pH
7.0.%° The suspension was aerated overnight by magnetic stirring, ensuring homogeneous oxidation. X-
ray diffraction analysis showed that the magnetite precursor was mainly poorly crystalline akaganeite
(3-FeOOH) (Fig. 4A and B). X-ray diffraction pattern of the magnetite precursor matched with those
for akaganeite from Powder Diffraction File data card #34-1266." After three daysof incubationwith
akaganeite and thermophilic Fe(lll)-reducing bacteria, the reddish colored akaganeite became
completely black and magnetic. X-ray diffraction analyses of iron minerals formed was comprised of
magnetite (Fig. 4A and C) that matched with those for magnetite from Powder Diffraction File data
card #6-696. This approach to particle synthesis is attractive from many vantage points. First,
particle size and morphology are very consistent since the process occurs on the surface of the
bacteria. The processis extremely scalable. Researchers at ORNL have observed little changein
efficiency from 20 ml to 20 L batches. Production rate is approximately 10,000s mg of
magnetite/gallon of culture per day. Furthermore, in a culture, the bacteria replicate approximately

once every three hours.”?
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Fig. 4. X-ray diffraction analysis of magnetite formed by ther mophilic metal-reducing bacteria using
iron oxyhydroxide (akaganeite) as a magnetite precursor (A). Thermophilic metal-reducing bacteria
formed magnetite nanoparticles using akaganeite as an electron acceptor and hydrogen or organic
acids as electron donors (B,C).

During the first phase of this effort, we conducted a preliminary investigation of the potential for
biologically synthesizing ferrofluids. Thereweretwo primary pointsof interest. First wastheability
to control particlesize. Our investigation concluded that crystal sizeiscontrolled by temperature. A
summary of our resultsislisted inTable 2. Second, we explored the potential for synthesizing metal
substituted magnetite biologically. Our preliminary investigation concluded that the thermophilic and
psychrotolerant bacteria can synthesize awide range of metal substituted magnetites. Our preliminary
findingsour summarized in Table 3. Figs. 5through 16 display SEM, TEM and EXD’ sof asampling
of the materials.



Table2: Crysta size asafunction of growth condition

Organism Growth condition  |Growth and Compositions Crystal size of
mineralization rate of biogenic magnetitelbiogenic
magnetite
Shewanndla Psychrotolerant 1-2 weeks Fe304 (4 - 14°C) 10-30nm
(NV-1, W3-6-1, W3-7-1) (0- 37°C) Fe304 (14 - 37°C) |30—70nm
Thermoanaerobacter (TOR-39,  [Thermophilic 1-3 days Fe304 (<16 h 30 —70nm
C1, X513, X514, X561) (40—-70°C) incubation, 65°C) 30 — 100 nm
Fe304 (> 24 h
incubation, 65°C)

Table 3: Bio-synthesized metal substituted magnetite

Organism Growth condition  |Growth and Compositions Crystal size of
mineralization |of biogenic magnetite biogenic
rate magnetite
Thermoanaerobacter (TOR-39, [Thermophilic 1-3 days Fe3-xCox04, Fe3-xCrx04 30 nm — 1 um
C1, X513, X514, X561) (40-70°C) Fe3-xNix04, Fe3-xPdx0O4 30 nm—1pm
Fe3-xZnxO4 Not determined
Fe3-xMnx0O4 30 —90 nm
Fe3-xNdxO4, Fe3-xGdxO4 Not determined
Shewanndla Psychrotolerant 1-2 weeks Fe3-xMnx0O4 Not determined
(NV-1, W3-6-1, W3-7-1) (0- 37°C)
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It is clear that various ferrite compositions can be synthesized as nanoparticles using any of the
above approaches. In particular, MnJFe. Fe0, ferrites have been reported to have Curie
temperatures between 75 and 325°C and to have as-synthesized particle sizes between 6 and 20
mm. ! These physical propertiesfit well with our requirements for ferrofluid particles. However,
there are other compounds, such as Gd-ferrites, that have high pyromagnetic coefficients (fM/{T)y,
possibly providing amore effective material for field-induced (magnetoca oric) ferrofluid pumping. ™

For this investigation, we compared three separate ferrofluid compounds. magnetite in oil, MnZn
magnetite in oil and MnZn magnetite in water. Curie temperatures, aong with the pyromagnetic
coefficient, were measured using aWalker Scientific temperature controlled Hysteresisgraph. Fig 17
displays a comparison of the intrinsic magnetization of three different compounds. magnetitein oil,
MnZn doped magnetite in oil, and MnZn doped magnetite in water. Fig. 18 and 19 display the
variation in magnetization, for Magnetite and MnZn ferrofl uids respectively, asthetemperature varied
from 25°C to 85°C in 10°C increments. It is clear that the MnZn ferrofluids exhibit a much larger
variation in magnetization for the given temperature range. Asdescribed previoudly, thistemperature
sensitive variation in magnetization generates pressure gradientsin thefluid. Subsequently, we should
see significant improvements in fluid flow by simply modifying the particles used in the ferrofluid.

Comparison of Magnetization
0.05 T T T

0.04 Magnetite in oil
0.03p MnZn_in oil
0.02

0.01
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o

-0.01}
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1 1 1 I 1
-1000 -500 0 500 1000
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Fig. 17. Comparison of B-H curves at room temperature.
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Fig. 18: Magnetite temperature variation. Fig. 19. MnZn temperature variation.






4. MODELING OF MAGNETOCALORIC EFFECT

In order to predict the behavior of a magnetocaloric pump, and aid in the design of systems
exploiting this phenomenon, we now summarize the basic thermal, magnetic, and fluid dynamic
constitutive relationships of our magnetocaloric pump, displayed in Fig. 1. We assume cylindrical
coordinates. In addition, we assume the fluid is incompressible. Our objective is to define the
relationship between our heat source, g, external magnetic field, H, and the resulting fluid vel ocity,

V4(H,q).

4.1. CONSERVATION OF ENERGY
We begin with asimple expression for the energy balance for a differential element of fluid.

Gere 021 Gt
k k1t )
2 2
wherefz= 1,11 110 1

w r9r r*99° 9Tz

While the temperature varies as both afunction of radius, r, and distance, z, we will smplify our
anaysisfor now by assuming temperature varies only with distance z. Our motivationisto formulate
asimplerelationship that will provide a straightforward prediction of the fluid flow as afunction of
external magnetic and thermal fields. However, we will use the full spatial models when we refine
our results in the finite element analysis. With these assumptions, we can smplify the above
relationship.

ﬂ-{-g:rcpﬂ
zZ2 k kTt
3
Gt o
k 9z °

We make one final assumption that the temperature gradient islinear. With this assumption, we
can establish the following relationship between the temperature gradient, applied heat, and fluid
velocity.

IT. ¢
fz rCyv

Pz

(4)

4.2. MAGNETIC PRESSURE

Next, we consider theimpact the magnetic field hason theferrofluid. Our objectiveisto establish
the pressure in the fluid due to variations in the materials properties. We follow the same
conservation of energy approach described by Woodson and Melcher.’® We begin with the simple
expression for the energy stored in afixed volume of fluid.

11
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Thevectors B, H, and F are the magnetic flux density (kg/s?A), magnetic field strength (A/m), and
fluid force (N/nf). Equation (6) isthe constitutive rel ationship between the magnetic field intensity
through a medium and the resulting magnetic flux dengity.

B=p,(M+H) (6)

We now use variational calculus on Eg. (5) with the intent on developing an expression for the
fluid force.

AW, = B >dH + 2H>dB - Fodz %v
ve2 2 2

7
& 1 1 0 @
= Oé“oH xdH + —p,H>dM + - ,M>dH - F>dz xdV
v 2 2 2

Since the variational in energy is zero by definition, theterminside the integrand is zero aswell.
From this, we can establish the force relationship.

Fxdz =p,H>dH +%uoH>dM +%p.0|\/| dH (8

Our objectiveisto express each of the first two termsin Eq. (7) asavector dot project with the
variation of the independent displacement, dz. By doing so, we will be able to define the full
expression of the fluid force. We know that the material’s magnetization, M, is a function of
temperature (T), magnetic field intensity (H), and density (r ). However, Rosenswieg points out that
the magnetostrictive effect, the variation with respect to density, is negligible for ferrofluids.
Therefore, werestrict our analysisto only the temperature and magnetic field effects. Wenow usethe
chain ruleto expand the variationa of the material’ s magnetization in terms of each of these variables.

In addition, we exploit the fact that the magnetization, M, is proportiona to the product of the
materia’ s susceptibility (c=1M/H) and magnetic field intengity.

Fxdz =p,H>dH += uOHXlTT—MdH 2“ Hx‘llTMdT+;u M>dH

(9)

=P HdH +p M >dH+ = pOH X.ETMdT

We begin by deriving arelationship between the variation of the magnetic field intensity, dH, and
the variation of the displacement variable, dz. After afew manipulations, we cometo thefollowing
expression.

12



(10)

Assuming thereisno free current or electrical displacement in thefluid, Ampere’ slaw statesthat
the curl of the magnetic field intensity is zero. Subsequently, we arrive at the following.

H>dH = H(N>H)dz (11)

Likewise, since there is only a scalar relationship between the magnetic field intensity and
magnetization (the materia’ s susceptibility, ¢), asimilar reduction can be made for the dot product
between the magnetization, M, and the variational of the field intensity, dH. As stated earlier, we
know from Curie-Weiss that magnetization varies with temperature, the M/ T terminEg. (9). This
isclearly shown in Fig. 19. However, up until now, we have modeled magnetization asavector. In
theformulation in Eq. (9), the changein magnetization asafunction of temperature, aso referred to as
the pyromagnetic coefficient, is a scalar and is a property of the material. In an attempt to avoid
confusion, we can represent this same phenomenon as a variation in the material’ s susceptiblity asa
function of temperature.

)‘H

HdM = (H »H ﬂ; RIT >dldz (12)

For compl eteness, wewill also consider the possibility that permeability will vary asafunction of
the fluid’'s density as well, the fM/r term. In a given volume of fluid, thereis afinite number of
magnetic nanoparticles. Aswe compressthefluid, the volume of the fluid decreases, but the number
of fluid particles remains the same. Subsequently, we should see an increase in magnetization (or
permeability) asthefluid iscompressed. We adopt the same methodology as Woodson and Melcher
by modeling this effect as a variation in density instead of a variation in volume.

Fxdz =p,H>H +p M >dH +%uOH x@dT

fc o

(13)
- B(K 1 HH
= B(N>H)>dz +2p0(H )ﬂT

NT >d?

Finally, exploiting afew identities and the divergence theorem, we can manipulatethethird termin
Eqg. (13) to finally define an expression that permits us to separate al of the force terms from the
virtual displacement. We can now fully define the force experienced by the fluid.

F=B(R>H)+= pé?—l 9NT (14)

It isclear that thereis the potential for three sources of forceson thefluid. Thefirst termin (14)
represents the field magnetic pressure on thefluid. Asan example, when acolumn of fluid isexposed
to amagnetic field, this magnetic pressure forces the fluid into an equilibrium configuration with the
magnetic field. The second term, which isour primary interest, isthe magnetocaloric force. Clearly
thefluid experiences achangein force associated with achangein temperature. Thefinal component
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represents the magnetostrictive component on the fluid. In atypical hydrocarbon or water-based
ferrofluid, the compressibility of the carrier fluid isabout 100 times greater than the particles, so the
magnetostriction of the particle is negligible in terms of the compression of the fluid. Inside the
solenoid in Fig. 1, thefieldisuniform so thefirst termisneglected. Therefore, for our single degree-
of-freedom problem, the force reduces to the following where H and M represents the scalar
magnitude of the magnetic field intensity and magnetization, respectively.

_IP
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Now, it should be clear that, to achieve the greatest pressure gradient, it isdesirable to maximize
the IM/T term. Inspection of Fig. 2 shows that thisis possible through designing fluidswith Curie
temperatures as close as possi bl e to the maximum operating temperature. Inaddition, itisdesirableto
maximize the saturation magnetization.

4.3. FLUID DYNAMICS

Thefinal component in our examination of the constitutive relationshipsisthefluid dynamics. We
assume that the fluid flow is incompressible. We use Navier-Stokes to express the relationships
between external forces on the fluid and the fluid flow.

Dv 1P

r —=F, - — +n N?v,
Dt 1z
with 2=y Ty Ve 1, 1 (16)
Dt 1t r r g fz
2 2
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For the cylindrical element of fluid, we assume a steady state condition aswell asno velocity in
the g- and r-direction (e.g., thefluid ismoving uniformly in the z direction). With these assumptions,
Navier-Stokes collapses to the expression in Eq. (17).

iP__ 19Ne&eflv,0
1z riré 9z o

(17)

If we assume a no-dlip condition at the boundary surface (r = R) and finite fluid velocity at the
center of the channel (r = 0), the velocity profile is the standard form found in most fluid dynamics
references.
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Given the velocity profile, we can extract the flow rate.

R
Q=qy.(N2p rdr

OpR2 . (19)
o 8n E

The average velocity, v,, of thefluid isnow expressed asthe ratio of thefluid flow rate, Q, over
the channel cross sectional area.

vV, =-—— (20)

4.4, COUPLING RELATIONSHIPS

The previous analysis provides three fundamental relationshipsin Egs. (4), (13), and (20). Our
objective isto establish afundamental estimate of the fluid velocity, v,, as afunction of the external
magnetic field, H, and heat, . Simple algebraic manipulation results in the following relationship.

= R_zﬂ_sz 9
Y1 T rC,

(21)
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5. EXPERIMENTAL INVESTIGATION

We now provide asimple comparison of magnetocal oric energy conversion, comparing an oil and
water based ferrofluid using the same series of particles, MngsZnysFe;04, which has a Curie
temperature of approximately 150°C. From the previous analysis, it is advantageous to design a
ferrofluid with a low viscosity, high specific heat, large pyromagnetic coefficient and Curie
temperature close to the maximum cycle temperature. The wide array of potentia applications may
require either an oil-based or water-based carrier fluid. For example, all electromagnetic actuators
have coincident magnetic and thermal fields. The maximum operating torque of electric actuatorsis
limited due to thermal constraints on the coils. Subsequently, it is possible to cool an electric motor
using ferrofluids. The advantage to such an approach is two-folds. First, there is no need for an
externa pump, the internal magnetic and thermal fields provide the energy for fluid propulsion.
Second, the system is self regulating. As the motor temperature increases, the fluid flow increases.
Such applications require the use of oil based ferrofluids for electrical insulation.

Fig. 20 and Fig. 21 show the basic configuration for this series of experiments. We have a
simple 2 mm diameter glass tube with a40 mm long column of ferrofluid. The heat sourceisacoil of
nichromewire. The coil wraps around the glass tube and is approximately 15 mmlong and hasa4.4
W resistance. The objective of this experiment is to establish the impact the ferrofluid has on the
measured flow rate. We compared three different series of ferrofluids. magnetite in ail,
MnysZnosFe,04 in oil and MngsZngsFe,0,4 in water. The experiments are controlled so that the only
variablethat changesistheferrofluid. We have thermocouples measuring the fluid temperature at the
heat source and at the end of the fluid column. We use the same heating element with the same
excitation (2.6 V, 0.56 A) for each experiment. The average field strength across the column of fluid
was 2.7e5 A/m. We use a digital video camera to record the experiment. We estimate the fluid
velocity, viathe digital video output, by measuring the displacement, observed with theruler in Fig.
21, and time, recorded on the time stamp on the video. The results of these experiments are tabul ated
inTable4. Thelast three columns represent the estimated flow, flow estimate from the finite element
analysis, and the measured flow. Thefirst observation isthat we achieve approximately an order of
magnitude increase in flow, at lower temperatures, than was previously possible with conventional
magnetite-based ferrofluids. However, we also observe that, in each case, the actual flow wasthree
to six times below the estimated flow. There could be some error in the measured velocity. We are
not accounting for acceleration, displacement accuracy is on the order of 0.2 mm, resolution of the
timestampis 10 ms. For the estimate, we are assuming thefield is constant acrossthe diameter of the
tube. Whilewe know the amount of power generated by the heating element, thereis some uncertainty
in how much of thisheat istransferred to thefluid. To overcomethis problem, we use thermocouples
at the inlet and outlet to measure the temperature gradient. We then use Eq. (13) to estimate the
pressure gradient that is substituted into Eq. (20) for our estimated velocity.

Next, we explorethe possibility of improving our velocity estimateswith finite element analysis.
We use the same congtitutive relationships described above for the magnetic, thermal and fluid
dynamic models, but now we resolve to use finite element analysisto refine the spatial variationsin
the congtitutive relationships. This problem is complicated somewhat in that there is significant
coupling between each of the three domains (thermal, magnetic, and fluid dynamics). We havedready
discussed how the magnetic and thermal fields produce pressure gradientsin thefluid. However, fluid
flow in the channel impactsthethermal distribution. In addition, the fluid has atemperature dependent
magnetic susceptibility that impacts the magnetic field. To include each of these phenomena, we use
the multiphysics finite element package, Femlab. Fig. 22 through Fig. 25 display the results of the
analysis for our water based MngsZnysFe;O, ferrofluid under the same conditions as described
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previously. Theresultsaretabulated in Table 4 aswell. Clearly, the resulting predicted velocities
are considerably closer than the simplified analysis. The finite element analysis (FEA) predicts
velocities anywhere from 5% to 53% over the actual flow. Itispossibleto refinethe models moreto
include variations in viscosity due to magnetic and thermal variations.
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Fig. 20. Experimental setup.
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Fig. 21. Closeup of fluid.
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Table4: Magnetocaloric pump comparison.

Material Specific | Viscosty | Ms | Tiow Thi vy (est) vy (FEA) Vy
Grav. (mPas) | (mT) | (°C) | (°C) (mm/s) (mm/s) (mm/s)
Fe;04inall 1.40 375 35 74 86 0.42 0.23 0.17
Mny sZny sFe;04 inall 1.52 380 25 48 61 3.25 1.60 1.59
My sZno sFe,0;4 in water 1.37 83 11 46 59 4.67 157 2.10
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6. LAB-ON-A-CHIP APPLICATION

For now, our motivation isto develop modelsthat provide reasonable estimates of fluid flow and
can adinthe design of systemsthat exploit the magnetocaloric effect. Asan example, we consider the
design of a microfluidic pump for “lab-on-a-chip” (LOC) applications. A popular method for
controlling the flow of fluids in LOC systems is based on deforming diaphragms driven by
piezoelectric,’®*® thermopneumatic,®®?* electrostatic?®®, electromagnetic®, and shape memory
actuation™?. The advantage of this approach to micropump design is the independence of the fluid
medium. However, the deformable diaphragm approach does require deflecting amaterial at ahigh
frequency. This hastwo drawbacks. Firgt, the fluid flow is pulsating, not continuous. Second, the
fatiguelife can berelatively short. For example, the Shape Memory Alloy (SMA) pump described by
Xu has afatigue life of approximately 4x10 cycles.”® The operating frequency is 100 Hz, leading to
approximately 111 hours of operation before probablefailure. Thislimitation hasled to more recent
work that focuses on field-induced pumps that require no moving mechanica parts. Culbertson
describes an electroosmotic (ion drag) pump based on high differential voltage between inlet and
outlet channels.?’ However, while the electroosmotic approach is attractive based upon a lack of
moving mechanica parts, this approach requires high voltage levels (~1000 V), complicating
miniaturization of the power electronics. Field induced flow based on ferrofluids may provide an
elegant approach to LOC microfluidic pumping. First, many DNA amplification and chemical
processes require thermal cycling (heating and cooling) of thefluid that could also serve asthe source
of the thermal gradient for the field induced pumping. Second, magnetic sensing and detection
systems, such as the Bead Array Counter developed by the Naval Research Laboratory, rely on
magnetic sensors and microbeads to detect the presence and concentration of bioagent DNA.% It may
be possible to use the same particlesfor both the magnetic sensing and field induced pumping. Third,
this methodol ogy requires no moving mechanical parts (increasing reliability) and requires only the
addition of an external magnetic field (no need for a high voltage source).

Fig. 26 shows a L OC with a 50 micron (approximately the width of asingle hair) by 10 micron
channel loaded with a 15 mm column of oil based Mn-Znferrofluid. The averageflow rate, when the
thermoel ectric heater isenergized, is2 microns/sec. The predicted velocity from the pipe model is48
microns/sec. However, asbefore, the finite element model providesacloser match (1.4 microns/'sec)
to the actual fluid velocity.
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50 microns wide, 10 microns deep
Mn-Zn ferrofluid in oil

Fig. 26. LOC with ferrofluid and heating element. Fig. 27. Closeup of LOC with ferrofluid.
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Fig. 28. Oil based Mn-Zn ferrofluid in LOC. Fig. 29. Water based Mn-Zn ferrofluid in LOC.

In the design process, we considered two methods for supplying the heat: an external
thermoel ectric heater (Figure 30) and an integrated joule heating element (Figure 31). The external
thermoel ectric heater provided the ability to modify existing chipswith a commercia hegting dement.

However, our finite element analysis and experimentation showed that this approach lacks in
efficiency. The heat must first passthrough the glass before heating thefluid. Thisapproach to heating
lacks the ability to focus the heat directly on the fluid. In contrast, the finite element analysis shows
that, by locating the integrated joule heating element in direct contact with the fluid channel, we can
better control the heat distribution on the column of fluid. Fig. 29 suggests that we should expect
approximately an order of magnitude increase in flow rate if we use water based Mn-Zn ferrofluids
and move the heating element directly adjacent to the column of fluid. As an example, we used
photolithographic techniques and ametal liftoff processto pattern gold heating coilsdirectly onto the
glass substrate adjacent to the fluid channels. There are three advantagesto thisapproach. First, the
heat is directly focused on the fluid, reducing the amount of power required for heating. Our required
power for heating drops from 1.5 W to 35 mW. This reduction in power requirements leads to the
second advantage to this approach. The two elements shown in Figure 31 have an electrical
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impedance of 250 W. A simple 3V battery, similar to those used for hand held calculators, provides
enough current to heat thefluid to our target levels. Note, to avoid generation of gaseous speciesfrom
electrolysis of the water-based ferrofluid, a passivation layer (100 nm of silicon dioxide) was
deposited upon the gold metallization using plasma-enhanced chemical vapor deposition.

The final advantage is that the heating is localized. All of the previous analysis shows
considerable agreement between the finite element model of the magnetocal oric energy pump and the
experimental results. Wenow exploit thismodel to assist in the design process. Itispossibleto have
multiple stages of coincident magnetic and thermal zones. The finite element analysis aides in
guantifying the spacing between these zones. This spacing provides an effective fluid column length
for each stage. Sincetheflow islaminar, flow rateisinversely proportional to the columnlength. By
having multiple stages, it is possible to effectively reduce the fluid column length for each stage,
significantly increasing the fluid flow rate. Our objective was to demonstrate a mobile platform for
conducing lab-on-a-chip operations. Thefinal system, displayed in Fig. 32 and Fig. 33, can operate of f
of a3V or 9V battery. Theintegrated joule heating element is etched in glass while the microfluidic
channdl is etched in the adjoining surface. We compared three materials for the channel. Thefirst,
glass, workswell with oil and water based ferrofluids, but was not flexible and difficult to clean. The
second material, SU-8, worked well with water and oil, permanently attaches to the glass, but was
likewisedifficult to clean. Thefinal material, PDMS, worked well with water based ferrofluids, was
easy to clean and reuse, but proved difficult to work with oil based fluids.

Figure 30: LOC with external THE. Figure 31: LOC with integrated joule heating.
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Fig. 32. Portable unit. Fig. 33. Chip in portable unit.
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7. CONCLUSION

There has been agreat deal of effort devoted towards devel oping smart materials for advanced
actuation systems. In thismanuscript, we describe amaterial, ferrofluid, that exhibitsafield induced
flow when exposed to coincident magnetic and thermal fields. We have characterized the constitutive
thermodynamic equati ons and shown how particle characteristicsaid in controlling the performance of
such fluids under varying conditions. The primary goals of this paper are to expose the readersto a
material, provideinsight into its behavior, describe synthesis procedures, and finally describe afew
applicationsthat exploit the novel behavior of thefluid. The approach demonstrated the potential for
using thefluid infuture“lab-on-a-chip” technology. The primary motivation with thisapplicationisto
demonstrate a“dual-use” of the particles, serving both in terms of sensing and fluid control. Future
research is focusing on further chip design and optimization, particle design for increased
pyromagnetic coefficients, and comparing the chemical and biological synthesisprocedureto quantify
the quality of particle synthesis.
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