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We propose a theoretical prototype of a micro-scale turbine externally driven by diffusive heat flux
without the need for macroscopic particle flux, which is in sharp contrast to conventional turbines. The
prototypes are described analytically and validated by computer simulations. Our results indicate that a
micro-scale turbine composed of anisotropic blades can rotate unidirectionally in an external tempera-
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ture gradient due to the anisotropic thermophoresis effect. The rotational direction and speed depend on
the temperature gradient, the geometry and the thermophoretic properties of the turbine. The proposed
thermophoretic turbines can be experimentally realized and implemented on micro-devices such as
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Introduction

In the last century, the population growth and the rapid
increase of technological demand has translated into an expo-
nential rise of the world energy consumption. In most indus-
trial and everyday processes, enormous amounts of energy are
being wasted through heat dissipation. Waste heat recovery is
thus critical from an economical and an environmental
viewpoint. Two important devices for recycling waste heat are
traditional heat engines like the Stirling engine and thermo-
electric generators. Conventional heat engines operate efficien-
tly through the expansion and compression of working fluids,
but are quite difficult to scale down to microscales," where
thermal gradients are ubiquitous. Although small in terms of
power, the recovery of waste heat from microchips and other
electronic components represents a significant challenge.
Thermoelectric generators, which convert heat flux into electri-
city by the Seebeck effect of solid-state materials, are robust
and easy to miniaturize.>* However, the applications of these
devices have been largely limited by their low operational
efficiency and high costs. Besides the search for better thermo-
electric materials, finding out novel strategies to recover such
waste heat is of great practical and fundamental importance
and could have an enormous economic impact.
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computer-chips to recover waste heat or to facilitate cooling.

In this work, we propose theoretically a microscale turbine
that can rotate in an external temperature gradient due to an-
isotropic thermophoresis. The character of external-tempera-
ture-gradient-driving allows the micro-turbine to harvest
mechanical work directly from waste heat. This is in contrast
to other existing thermophoretic rotors*® which are self-pro-
pelled by local temperature gradients. Moreover, the proposed
micro-turbine is driven by purely diffusive heat flux, and it is
fundamentally different from conventional turbines that are
driven by convective particle fluxes. This conceptually new
thermophoretic turbine constitutes an important complement
to existing turbines. Our work thus opens up new possibilities
for recycling waste heat and designing turbines, and also pro-
vides new insights into thermophoresis of anisotropic objects.

Theory: anisotropic thermophoresis
and thermophoretic turbine

In solutions with thermal inhomogeneities, suspended par-
ticles exhibit directional drift along or against the temperature
gradient, a phenomenon known as thermophoresis, thermo-
diffusion or the Soret effect.®”® Practical applications of this
effect are numerous, including manipulation of macromole-
cules in solution,'®™* analysis of protein interactions in bio-
logical liquids™ or the design of self-propelled micro-
objects.*>'* The driving force for thermophoresis, namely the
thermophoretic force, arises from the interactions between
particles and the surrounding inhomogeneous fluid environ-
ment induced by the temperature gradient,"®® and is related
to the temperature gradient VT by

f == —aTkBVT. (1)
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Here, kg is the Boltzmann constant and the dimensionless
coefficient ar is known as the thermodiffusion factor. This
coefficient is determined by the specific properties of the par-
ticles and the solvent, and it is very sensitive to a large number
of factors such as the average temperature or density. By con-
vention, ar > 0 and ar < 0 respectively correspond to thermo-
phobic and thermophilic behaviors.

Thermophoresis of isotropic objects is characterized by a
unique value of the thermodiffusion factor (scalar), such that
the thermophoretic force always occurs in the direction of the
temperature gradient. This is however not the general case for
anisotropic objects, where multiple thermodiffusion factors
(tensor) are needed. As a consequence, the thermophoretic
force applied on an anisotropic particle can eventually have a
non-vanishing component perpendicular to the temperature
gradient. To demonstrate this, we first consider a simple ellip-
soidal particle in a non-isothermal solution, as shown in
Fig. 1la. The thermophoretic anisotropy of the particle is
characterized by thermodiffusion factors along the short and
long axes, ars and ar,;, and then the thermophoretic forces
along these two axes can be separately calculated as

fs = —arskg sin 6|V T|ng (2)
and
f1=—arikp cos 0|VT|n,. (3)

Here, 6 is the included angle between the particle long axis
and VT, and ng and n; are the unit vectors in the directions of
the short and long axes, respectively. The total thermophoretic
force acting on the ellipsoidal particle is then fr = f; + fi, which
has a nonzero component perpendicular to the thermal gradi-
ent when ar s # ar), as shown in Fig. 1a.

With eqn (2) and (3), the forces perpendicular and parallel
to the thermal gradient are then

f 1 = (ars —ar))sin 6 cos Okg|VT|n (4)
and

S| = —(ars sin® 0 + ar cos® 0)ks VT, (5)

Fig. 1 (a) Diagram of the thermophoretic forces on an anisotropic ellip-
soid. (b) Sketch of a minimalistic thermophoretic turbine. Two ellipsoidal
blades have opposite orientation angles and their centers are connected
by a rigid bond. The rotational direction of the turbine is parallel to the
external thermal gradient.
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where n, is the unit vector perpendicular to VT. For an isotro-
pic particle, ars = ar,, such that f is zero and eqn (5) reduces
to eqn (1). How different ars and ar; will depend on the geo-
metry and properties of the object and the solvent. Besides
nonsymmetric geometry, heterogeneous material properties
may also result in the anisotropy of the thermodiffusion
factors. The crucial point now is that a non-zero f| can create a
net torque in the direction of the thermal gradient, which
allows us to design microscale thermal-gradient-driven tur-
bines. Such turbines do not need macroscopic directional
fluid flows as is commonly required for conventional heat
engines or turbines.

A minimalistic thermophoretic turbine can be straightfor-
wardly constructed by considering two anisotropic ellipsoids
with opposite orientation angles, i.e. ¢’ = —6 (the prime refers to
the right blade), using a rigid rod to connect the centers of both
ellipsoids, as displayed in Fig. 1b. A turbine thus constructed
has two-fold rotational symmetry with respect to the tempera-
ture gradient, but lacks reflection symmetry. It can be readily
shown that the thermophoretic forces on the two blades
satisfy the relations, f = fj and f = —f,. Therefore, the torque
acting on the turbine is parallel to the temperature gradient and
reads

T =dxf, = d(ar) — ars)sin 6 cos OkgVT. (6)

Here, d is the bond vector connecting the two blades, with d =
|d|. The direction and magnitude of the torque depend on the
difference at; — ars, the externally applied temperature gradi-
ent V7, and the orientation of the blades, . This thermophore-
tic torque can thus drive the micro-turbine to rotate
unidirectionally in an external thermal gradient. The turbine
reaches a steady rotational velocity when the hydrodynamic
friction balances the thermophoretic torque. The angular velo-
city is w = u, 7, with pu, being the device rotational mobility.

It is instructive to compare the micro-turbine proposed in
the present work with the other existing self-thermophoretic
rotors.® Although all these devices rely on thermophoresis,
they have significantly different driving mechanisms and
potential applications. The present turbine is passively driven
by an external thermal gradient whose existence is indepen-
dent of the turbine. On the other hand, self-thermophoretic
rotors are actively driven by a local temperature gradient which
is generated by the rotors themselves. Moreover, the turbine
exploits the anisotropic thermophoresis, while the self-thermo-
phoretic rotors employ normal isotropic thermophoresis. Con-
sequently, the turbines can recover otherwise wasted heat from
existing external thermal gradients, while the self-thermo-
phoretic rotors are not suitable for this purpose.

Simulation method

Computer simulations are performed to test the viability of the
proposed thermophoretic micro-turbines. We employ a hybrid
scheme of dynamic simulations to account for the drastic
differences in both time and length scales between the solvent
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molecules and the micro-turbine. The solvent is described by a
coarse-grained approach known as multiparticle collision
dynamics (MPC),">>* while the micro-turbine and its inter-
actions with the solvent are simulated by standard molecular
dynamics (MD). In MPC, the solvent is modeled as a large
number N of point-like particles of mass m with continuous
positions r;(¢) and velocities v;(¢). The algorithm consists of
alternating streaming and collision steps. In the streaming
step, all the solvent particles move ballistically for a time At,
ri(t + At) = ri(t) + v(t)At. In the collision step, particles are
sorted into cubic cells of size a. Then, for each cell, the particle
velocities relative to the center-of-mass velocity v., of the
cell are rotated around a random axis n by an angle
a,vi(t + At) = vem + R(a) - (0i(t) — Vem), with R(a) being the
rotation matrix. This coarse-grained collision rule locally con-
serves mass, linear momentum and Kkinetic energy. The MPC
algorithm has been proved to properly capture hydrodynamic
behavior, thermal fluctuations, mass transport, heat conduc-
tion and dissipation processes,'®>* and has been successfully
used in the study of colloidal thermophoresis."***?® In
addition, local conservation of the angular momentum in the
direction of the temperature gradient (z-axis) is relevant in our
simulations. This can be satisfied using the rotational angle in
the collision determined according to: cos a = (4> — B%)/(A* + B?)
and sin a = 2AB/(A*> + B®). Here, A = [Yr; X (v; — vynn)]-2 and B =
[>r x (n x (v; — vynn))]2, with 2 being the unit vector of the z
direction, and the summation taken over the particles located in
the same collision cell.”® In the simulations we employ standard
MPC parameters with the collision time At = 0.1, the average
number of solvent particles per cell p = 10, and the average
temperature of the solvent kg7 = 1. Thus, the dynamic viscosity
of the solvent is around 5 =~ 3.2. In the following, all quantities
are expressed in terms of the MPC units, where the units of
length, mass and energy are separately imposed as a, m and

kgT, such that the time unit is av/m/kgT. The simulation box is
a cuboid of dimensions L, = L, = 50 and L, = 34, with periodic
boundary conditions in the x and y directions and a non-slip
1”7 in the z direction. The temperature gradient is applied in
232829 ensuring that

wal
the z direction with a boundary thermostat,
heat conduction is correctly accounted for.
The efficiency of the previously introduced minimalistic
turbine (see Fig. 1b) relies on the thermophoretic anisotropy
of each ellipsoid, which is in practice very small. To obtain a
reasonably strong anisotropy, we simulate a turbine consisting
of two connected triangular blades instead of the ellipsoidal
ones, as depicted in Fig. 2a. Each blade is composed of a
single layer of monomer beads assembled in the shape of a
rigid equilateral triangle. The coupling between the turbine
beads and the solvent particles is modeled by potential inter-

R\ (R\’
actions. Here we consider U(r) = 4¢ Kf) — (f) } +eforr<
r r
1., with R the bead radii, r the distance from the bead center to
the solvent particle, € = 1 the potential intensity, and . = /2R
the cutoff radius. This soft repulsive potential has been shown

to describe beads with thermophilic behavior and a large ther-
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Fig. 2 (a) Simulation model of the external thermal gradient driven
micro-turbine. Here, the included angles between the z axis and the left
and right blade planes of the turbine are § = —n/4 and 6’ = =/4, respect-
ively. (b) Symmetric micro-turbine with 0 = ¢ = —=n/4. (c) The cylinder
used to approximate the rotational mobility of the micro-turbine.

modiffusion factor.?® Each blade is composed of 78 beads of
radii R = 1.25, with neighboring beads separated by § = 1 (i.e.
each blade edge has 12 beads and a length / = 11). Due to the
large bead overlap, the solvent particles (not shown in Fig. 2a)
cannot penetrate the blades. Bead-bead interactions only
slightly affect the thermophoretic properties of the blade and
the local temperature distribution, so that we do not take them
into account. In order to avoid the drift of the entire turbine to
the warm areas, and to ensure its maximal performance, we fix
the center of the turbine in the middle of the simulation box,
and allow it to rotate only around the z-axis. The momentum of
inertia of the micro-turbine is set as I = 2 x 10°. The equations
of motion are integrated with a velocity-Verlet algorithm®® with
a time step ot = At/50. Namely, between two consecutive MPC
steps, there are 50 MD steps.

Results and discussion

Simulation measurements are performed when the system has
reached a steady state with a time independent temperature gra-
dient, in which no net solvent flux is present. The angular dis-
placement of the turbine, ¢, is averaged over realizations as a
function of time and displayed in Fig. 3. Results show that the
presence of a temperature gradient induces a unidirectional
rotation of the turbine. The turbine motion is subject to
thermal fluctuations which can briefly reverse the rotation as
shown in the inset of Fig. 3 (also see ESI}); but considering
long enough times, the turbine displacement increases linearly
with time. As expected by analyzing the torque acting on the
turbine in eqn (6), the rotational direction is reversed when the
temperature gradient changes sign. In the case of a symmetric
turbine where the two blades of the turbine are parallel to each
other, ie. ¢ = 6 (as in Fig. 2b), the turbine fluctuates around
zero angular position with no net rotation. This clearly indicates
that the orientational mismatch between the blades is necessary
for the directional rotation of the turbine. The angular velocities
o can be obtained from the slope of the angular displacement
curves. Fig. 4 nicely shows how @ increases linearly with VT,
and varies nonmonotonically with . The maximum around 6 =~
—n/3 is also consistent with the prediction of eqn (6).

It is enlightening to justify quantitatively the obtained
simulation results. Although the simulated turbine is slightly

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Averaged angular displacement with time for different applied
temperature gradients with 0 = —x/4. Positive ¢ corresponds to the
counterclockwise rotation of the turbine in Fig. 2a. The notation sym
refers to the symmetric micro-turbine, as displayed in Fig. 2b. The inset
corresponds to an instantaneous trajectory of the turbine, with the
temperature gradient VT = 0.0088.

different from the discussed minimalistic analytical version,
the calculated expression of the torque in eqn (6) is still valid.
When applying eqn (6) to the simulated turbine, 6 refers to the
included angle between the triangle plane and V7. The ther-
modiffusion factors ar,; and arg correspond to the directions
parallel and perpendicular to the triangle plane. The distance
between the centers of the blades is the bond length
d = 2+/31/3. To calculate the angular velocity, = u;7, one
needs then an estimation of the turbine rotational mobility. To
achieve this, we approximate the whole turbine as a cylinder
with non-slip surface (Fig. 2c). Considering the size of the
beads on the blade edges, the length and diameter of the cylin-
der are separately taken as Iy = 2R + /3] and dy; = 2R + [ cos 6,
which correspond to the turbine dimensions in the x—y and z
directions, respectively. The rotational mobility can be
expressed as u, = 3A/nyly’,> with A = —In(dy/ly) — 0.662 + 0.917
(du/ly) — 0.05(dy/lyy)*. Thus, the rotational velocity becomes

34d sin 0 cos O (ar) — ars)kgVT
= .

7
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Fig. 4 Angular velocity of the micro-turbine as a function of (a) the
temperature gradient and (b) the included angle 6, with the simulation
units. Symbols correspond to the simulation results, and lines to the
theoretical predictions from eqn (7). In the case of (a), 0 = —0' = —=/4; in
the case of (b), the temperature gradient is set as VT = 0.0088.
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Fig. 5 Thermophoretic forces acting on a fixed triangle blade as a time
average, with the temperature gradient VT = 0.0088.

Now the thermodiffusion factors ar,; and ars of the blades
are the only material quantities which still need to be deter-
mined. We quantify them by performing independent simu-
lations.>® Consider a symmetric turbine fixed in space with the
blade planes parallel (0 = ¢ = 0) or perpendicular (0 = ¢ = —x/2)
to the temperature gradient, and then we measure the thermo-
phoretic forces on the blades (see values in Fig. 5). In these
configurations only the parallel component of the thermo-
phoretic force, fj, is non-vanishing. Quantifying the thermo-
phoretic forces in both cases directly provides us with the
calibration of ar; and arg as the ratios between the measured
forces and VT. The thermodiffusion factors thus measured for
the actual device are ar) ~ —168 and ar ~ —97.

With the obtained thermodiffusion factors and eqn (7), the
rotational velocity of the micro-turbine can be analytically
determined with no adjustable parameters. In Fig. 4a and b,
we plot the angular velocity obtained from eqn (7) (dashed
lines) and simulation (square symbols) as a function of the
temperature gradient and the blade orientation. It is remark-
able that this simple analytical approximation can very pre-
cisely capture the details of the micro-turbine rotation.

Finally, we discuss the feasibility of experimentally con-
structing such micro-turbines. Modern micro-fabrication tech-
nology can easily produce turbines on the micron scale.*” The
performance of a micro-turbine driven by thermal gradient
depends mainly on the thermodiffusion factor ar and the
external temperature gradient V7. A rough estimation can be
performed by considering a polystyrene particle with 1 pm dia-
meter in water at room temperature typically which has a ap ~
5000.** Under a moderate temperature gradient (VT ~ 1 K
pum™') and using eqn (7), we estimate that a polystyrene micro-
turbine of ~1 pm can rotate at ~1 round per second.

Conclusions

We have proposed here the principle to design micro-turbines
based on the anisotropic thermophoresis effect. The thermo-
phoretic turbines are externally driven by diffusive heat fluxes,
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which is a novel concept in comparison to conventional tur-
bines. When coupled with external loads, they can directly
harvest mechanical work from the ubiquitous heat flux in
microscopic environments, which would otherwise be wasted.
At the same time, the extraction of energy facilitates the
cooling of heat sources such as micro-processors, which can
certainly find advantageous applications. A completely
different type of applications can be found in microfluidic
devices where thermal gradients can be easily turned on or off
locally. This suggests that such micro-turbines can be flexibly
utilized to control and drive other micro-devices. Moreover, a
well-calibrated turbine can also be employed to detect temp-
erature fluctuations in microscopic settings which are other-
wise difficult to measure locally. Various important open
questions on the thermophoretic micro-turbine, such as the
estimation of its maximum efficiency, warrant further
investigation.
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