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NON-ISOTHERMAL ELECTROKINETICS: ENERGETIC
VARIATIONAL APPROACH*

PEI LIUT, SIMO WU%, AND CHUN LIU?®

Abstract. Fluid dynamics accompanies with the entropy production, thus increases the local
temperature, which plays an important role in charged systems, such as the ion channel in biological
environment and electrodiffusion in capacitors/batteries. In this article, we propose a general framework
to derive the transport equations with heat flow through the energetic variational approach. According
to the first law of thermodynamics, the total energy is conserved and we can use the least action principle
to derive the conservative forces. From the second law of thermodynamics, the entropy increases and
the dissipative forces can be computed through the maximum dissipation principle. Combining these
two laws, we then conclude with the force balance equations and a temperature equation. To emphasize,
our method provides a self-consistent procedure to obtain the dynamical equations satisfying proper
energy laws and it not only works for the charge systems but also for general systems.
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1. Introduction

The inhomogeneous and time-dependent temperature could be of great importance
in the electrodiffusion processes. It also plays a key role in many biological and chemical
applications. For example, a number of ion channels are observed to be sensitive to
the temperature changes [2,20]. These temperature-gated ion channels can detect the
temperature; thus regulating the internal homeostasis and disease-related processes such
as the thermal adaptation and the fever response. Also the electro-osmotic flow (EOF)
in the microfluidic devices will cause the internal heat generation, which is known to be
the Joule heating effects [13,14]. This inhomogeneous increase of the temperature will
change the fluid dynamical properties, thus it is important in controlling the EOF and
designing microfluidic devices.

The ionic transport can be modeled through the classical Poisson-Nernst-Planck
(PNP) theory and its various modified versions [3,7,10,12,17,19,22,24], which are shown
to be successful in describing various phenomena and properties. Through the energetic
variational approach (EnVarA), C. Liu et al. derived the modified PNP equations with
given free energy functional and the form of entropy production [9,11,23]. However,
these models are all isothermal: the temperature is fixed as a constant.

To model the non-isothermal dynamic processes, we need to couple the mechanical
equation and the thermal equation together. In [1], Bulicek et al. considered the
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incompressible homogeneous Newtonian fluids with temperature-dependent coefficients
and obtained the long-time and large-data existence for a suitable weak solution. For the
heat conducting compressible Newtonian fluid, Feireisl [5] developed a Navier-Stokes-
Fourier system and derived a priori estimates and the weak stability based on variational
weak formulation and the thermodynamic second law. Eleuteri et al. [4] studied the non-
isothermal diffuse-interface model for two incompressible Newtonian fluids, resulting in a
Cahn-Hilliard system. Also, many papers are devoted to real applications. For example,
Xuan and Li [25] reported that the Joule heating effects in the electrokinetic flow could
increase the current load, enhance the flow rate and reduce the separation efficiency.
Sénchez et al. [21] analyzed the Joule heating effect on a purely electroosmotic flow
of non-Newtonian fluids through a slit microchannel. In addtion, Gonzalez et al. [8]
studied the electrothermal motion in microsystems generated by AC electrical field.

In this work, we adapt the EnVarA, aiming to propose an unified framework to
self-consistently describe the electrothermal motion. With given form of the free energy
functional and the entropy production, the conservative forces can be derived through
the least action principle (LAP) and the dissipative forces are given by the maximum
dissipation principle (MDP). For any open subset of the fluid region, the energy balance
and the entropy increase lead to the mechanical and thermal equations. Here, we derive
the model in Euler coordinates, in contrast to the classical approach in literature based
on the Lagrange formalism. The reason is that the charged systems usually involve
more than one ionic species, thus several velocity fields appear, employing the material
derivative like previous papers might cause confusion and inconvenience.

To emphasize, our approach guarantees the resulting equations satisfying funda-
mental laws of thermodynamics and it can be generalized to a variety of complex fluid
systems such as liquid crystal [6].

2. Theory of charge dynamics

Consider a closed system with IV ionic species in domain 2. Define the local density
distribution for ith species as space dependent: p;(r,t), i=1,2,---,N, and the charges
are denoted by z; respectively. The time evolution is usually modeled through the PNP
equation:

e V-D;i(kpTVpi+piziV),

N (2.1)
—V-eVo=> " piz.

Here ¢ is the mean electrical potential, D; is the mobility coefficient, kg is the Boltzmann

constant. T is the temperature, which is homogeneous and remains independent of time

within the PNP model. The corresponding energy dissipation is known to be,

N N
% (; IVo|? + ZkBTpi(logpi - 1)) dr= —Z/ &UcBTVpZ‘ +piziVo|2dr, (2.2)
Q i=1 =1/ Pi
where the left integral is the Helmholtz free energy including the mean electrical energy
and the entropic contribution. Since the classical PNP system is a mean field theory,
the correlations between particles are neglected. The right hand side represents the
energy dissipation. With the energy dissipation law (2.2), the PNP Equation (2.1) can
be derived through the EnVarA [23]. In the PNP theory, the system entropy increases
without affecting the temperature, which indicates that a specific amount of heat/energy
must be transferred to the system. Through the second law of thermodynamics, it is
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straightforward to evaluate the heat absorption rate of the system,

dQ Z/ (kTVpi+piziN)-p;iz Vo dr. (2.3)

When the heat conducting rate is very large or the total heat generated is negligible
compared with the system heat capacitance, it is reasonable to assume that the tem-
perature T is a constant. But more generally, we have to consider the temperature
evolution with given heat sources.

2.1. Energy functional. To study the effects of temperature, we use T'(r,t)
to describe the temperature distribution at time . We write the general form of the
free energy F'(V,t) for the system in any subdomain V' C €2, which is a functional of the
temperature and particle densities,

F(V,t) Z/ i(pi(r,t),T(r,t)) dr+zzlzm//pl ) pm (' t)v(r, v’ )drdr’

7,m=0

+;Zi/vpi(r)< P(r,t) —|—sz/ pm (T 1)V )dr)dr. (2.4)

The first term ¥; is a local function of density p;(r,t) and temperature T'(r,t), repre-
senting the free energy density from the entropy contribution. It should be noted that
one can include the steric effect, ionic correlation and the variable dielectrics into proper
form of W,;. The index i=0 stands for the solvent particles, which is imcompressible
with constant density pg, and index 1,---, N represents the solute species. The second
term in (2.4) represents the potential energy from the Coulomb interaction z;z,v(r,r’),
and the kernel v satisfies —V-eVo(r,r’) =§(r,r’). The last term is the potential energy
from the external field, including the external electrical potential ¢ and the contribu-
tion from particles outside domain V. Since the negative local entropic density is the
derivative of the free energy density with respect to the temperature, the entropy,

oW, ( rt
Z/ aT & t)( ) . (2.5)

Then the corresponding internal energy is given by the Legendre transform of the
Helmholtz free energy with respect to the temperature,

U(V,t) = F(V,t) Z / A pé(;(?g(r’t))dr (2.6)

For each species, the Velomty field is denoted as wu;(r,t), then their densities sat-
isfy the mass conservation: 2 p;+V-(piu;)=0. Each velocity field u;(x;(X,t),t) de-
termines a unique flow map x;(X,¢) for the corresponding particle species through
%xi(X,t) =u;(x;(X,t),t). Introduce the mass m; of each species and the kinetic energy

K(V, ;z;vofv m;p;(r,t)u?(r,t)dr. Then the total action of the whole system is
A= fo (Q,t) — F(Q,t)]dt. According to LAP, the conservative force on each species
can be obtamed through the variation of the action with respect to the flow map,

0A

F ) = s

) —M; P; <§tul+u1Vu1> fVPz—fpizl-ng, (27)
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where ¢(r, ):w(r,t)—|—Z£V:1zifﬂpi(r’,t)v(r,r’)dr’ is the mean electrical potential,

P;(r,t)=p(r, )ap? 7 (\I”'(p"l(f’(?f)r(r’t))) is the thermal pressure [23] for i=1,---,N.
Since the solvent is incompressible, the thermal pressure Py appears as a Lagrange

multiplier and is undetermined.

REMARK 2.1. Define the entropic density: 7;(r,t) = o (lm) a%(pég&?,g(ryt)) and the
internal energy density: €™ (p;(r,t),m;(r,t)) =W, (pi(r,t), T (r,t))+T(r,t)p;(r,t)n;(r,1).
According to the property of Legendre transform, the definition of thermal pressure is

equivalent to P; (r7t> = p? (I',t) 8/}(?1‘ 5 (eznt (plp(réi‘);?l(r7t))

), which is used in literature [5].

According to the first law of thermodynamics, the internal energy is conserved with
the work done and the heat absorbed. The rate of work is given by,

—WVt Zzl/plrtatl +sz/ ,v')dr’ | dr

m=0

+Z/ (r,t)u;(r,t)-dr. (2.8)

Here the first integral is due to the time-dependent external field, including the contri-
bution from the ions in domain Q\V. The second term is from the work of the stress
tensor T; on the boundary 0V, which includes the contribution from the thermal pres-
sure P; and the dissipative force. The form of T;(r,t) will be specified when we have
the dissipative force in Equation (2.14). The rate of heat transfer is given by the heat
flux j and body heat source ¢,

d .
ﬁQ(V,t):—/BV]-erF/qur. (2.9)

We should notice here that the control volume V' does not move along with the velocity
field as different solute species have different flow maps. At the boundary 0V, the
mechanical flux will also introduce a total energy flux, which should be considered,

N
1 .
Je(V,1) :Z/ Ui [mipiuf—ke;‘“(pi,m)+zipi¢} dr. (2.10)
—Jov |2
So, the energy conservation is expressed as,
d d d
T [U(V,t)+ KV, )]+ Jp(Vit)= £W(V,t) + %Q(VJ). (2.11)

With (2.6) and (2.8)-(2.11), and using the fact that the control volume V is arbitrarily
chosen, we then obtain a differential equation (see Appendix for more details),

N
o7, \ (0T ov, o, 0w
=T T ; T
Z( aT2><at+“’v)+Z< P, L ar TP aTap )V“l

=0

N
0
1=0 =0

This equation provides a relation between the temperature evolution and the mechanical
velocities. In order to form a closed PDE system, we need another relation which can
be given by the entropy production.
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2.2. Entropy production. The second law of thermodynamics states the fact
that the entropy increase of any closed system must not be less than the heat absorbed
from the environment, and the equality only holds for reversible process. We choose the
entropy production density to be,

~ vipilu; —uol® +&|V - u; Ai| V| 1.
Afr,t)=> 7 +) T +EH2' (2.13)
i—1 i=0

Then the entropy production rate in arbitrary domain V is A(V,t) fV r,t)dr. Here
& is the bulk viscosity, A; is the shear viscosity coefficient for zth species, v; descrlbes
the viscosity between the ith particle and the solvent, j represents the heat flux, k is
a constant relating with the heat conductance. It should be noted that all of these
coeflicients can depend on the concentration distribution and the temperature. Here we
only consider the relative drag between the solvent and the solute while neglecting the
friction between different solvent species. This is generally true for dilute solutions, and
the correction can be made following the argument in [10]. Compared with the entropy
production in the classical fluid dynamic equations, we have one extra term from the
heat flux. Then the dissipative force is given by the MDP,

fdis(r t)zl(szTAdI‘ _ yipi(ui—uo)—V(SiV-ui) -V-A\Vu;, i=1,---,N.
v ’ 2 5Ui(1‘,t) Zzzlympm(uo—um)—V)\OVuo, 1=0.

(2.14)

The terms related with the relative velocity u; —ug between the solvent and the solute
species are the body forces and they do not provide work to the system. The terms
V&V -u; and V- \;Vu,; represents the surface forces, which can be expressed into the
divergence form: V-(&V-u;14+\;Vu;). Since the stress tensor T; is symmetric, by
IlOtiCiIlg V- )\szuz = V(sz . Ui), we should have T1 = [7Pi + (El - )\,)V . Uz]]l+ 2)\iDUi,
for i=1,---,N, where I is a 3-by-3 identity matrix, Du; = [Vu; +(Vu;)T]/2 is the sym-
metric part of Vu;. For the imcompressible solvent, To=—Pyl4+2\gDug. Similarly, we
should take into account the entropic flux at the boundary 0V,

OV, (p;i(r,t),T(r,t))
Z/W AT D u; - dr. (2.15)

So the second law of thermodynamics is expressed as,
iS(VtH—/ i.-dr—/ gdr+Js:A(Vt)>O (2.16)
dt ’ av T v T e

where ¢ is the heat source. Combining (2.5), (2.13) and (2.16), we then obtain (see
Appendix for more details),

N .
0%, (0T G\I/i 82 q J

This equation provides another relation between the temperature evolution and the
velocity fields.
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2.3. Governing equations. Multiply Equation (2.17) by the local temperature
T(r,t) and then subtracting Equation (2.12) gives,

Zuz fcon fdls) _ ~, (JFVCZ’T’) (218)

Here, we have used the definition of the conservative force (2.7) and the dissipative
force (2.14). The right hand side of Equation (2.18) is about the heat flux which is
invariant under any inertial frames of reference, while the left hand side is about the
particle velocities which depend on the reference frame we choose. So it is reasonable
to claim their coefficients must vanish, thus the Onsager Principle holds, ffo" = fdis for
1=0,---,N. The heat flux: j=—kVT, which is the Fourier law. Finally, the dynamic
equations for the solute particles become,

0
ﬁﬂﬂrv'(fh‘ui)—o

mz’pz( ot —|—uZVuZ)+VP +pizi v¢—Vzpz( ’U,Z‘)-‘FV(&V'Ui)—FV')\iVUi, (2'19)
V- VH= YN oozt pr.

Here, we use the fact that —V-eVo(r,r')=§(r—r’). Together with proper boundary
conditions, py = —V eV describes the external field 7. For the imcompressible solvent,

0
ey <8tu0 +UOVUO> +VPy+pozoVeo= Z%Pz u; —up) + V- AoV,

s (2.20)
V'UOZO.
And the temperature equation,
N
0%, oT
=T VT
Z;( aw)(aﬁ“ v ) ( T )
=V. kVT—O—z:I/szuZ ug|? +&|V- ul|2+2/\ |Vu)® +q. (2.21)

i=1 =0

In Equation (2.21), ZZ 0 ( T%2T‘I’2"’> can be viewed as the weighted average heat capac-

itance of the system. The second term represents the work of thermopressure transfer
into heat. On the right hand side, V-kVT describes the heat diffusion. We should
notice that the entropy production from mechanical viscosity appears as an internal
heat source.

Together with proper boundary conditions, the Equations (2.19), (2.20) and (2.21)
form a closed PDE system to describe the non-isothermal electro-thermal flow.

REMARK 2.2. For real physical systems, we usually have ng\yZ <0, corresponding to
a positive heat capacitance. For example, ¥ =kgTp(logp— ClogT) describes the ideal
gas system, g;‘% = —%. Thus %—{ and V-kVT in (2.21) have the same sign as in the

heat equation.

REMARK 2.3. The heat source term Zfil vipilu; —upl? in Equation (2.21) takes the
form of ionic flux square times the resistance. If the temperature and densities are all
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homogeneous in space, then the electrical current as well as the ionic fluxes p;(u; —ug)
are proportional to the local electrical field. Thus the energy dissipation is equivalent to
the well known Joule heating effect, which states the current square times the resistance
becomes heat in a circuit. For more general situation, our model suggests to use fluxes
of each ionic species instead of the total electrical current.

3. Examples

With given free energy density ¥; and entropy production A, the above approach
can be applied and generalized to a wide variety of systems, such as the modified PNP
equations with ionic correlation, size effects and relative drags. In this section, we
consider two examples.

3.1. Imcompressible Navier-Stokes-Fourier system. By setting the number
of ionic species to zero, we can also investigate the solvent system alone. Consider the
fluid in a confined domain 2 and at the boundary 0f2 there is neither mechanical nor
heat flux. Suppose the solvent is charge-neutral and incompressible, the free energy
functional is just,

F(V,t) —C/ r)logT(r)dr. (3.1)
Here C is a constant. The entropy production takes the form,

A(&/,t):/v<A|z“|2+k|T| )dr (3.2)

We also take into account the kinetic energy K (V,t) = fv mu?(r,t)dr. So the governing
equations become,

U=

0
<§tu+uVu> +VP=V-\Vu,
T

0
(-l—u-VT) —V-kVT+\|Vul> +q.

\%
Cat

This set of equations satisfy the thermodynamic laws automatically,

jt[U(Q B+ K (1) = /q(nt)dr,

d q )\|Vu|2 1.7
L 904 = 4 1L
s /Q<T+ L),

where the entropy is S(Q,t)=C fQ logT(r)+1)dr and the internal energy is given by
ue)=C fQ r)dr. Note that the diffusion coefficients A and k can depend on space
and the state Varlables.

(3.4)

3.2. Poisson-Nernst-Planck-Fourier system. Consider a system in a confined
domain 2 and there is no flux at the boundary. The free energy density function ¥, is
given by,

v, (pl (I‘,t),T(I‘,t)) = kBT(r’t)pi(rvt) [logpi (rvt) - logT(r,t)] ) (35)
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REMARK 3.1. In the classical PNP system, the temperature is a constant, so there is
only the plogp term. Here Equation (3.5) uses the complete form of the ideal gas free
energy density as a function of both density and temperature. C; is a constant related
to the heat capacitance of each species.

The entropy production rate is,

~ Ao|Vuol? al vipilui—uol®> 1,7 5
AVt :/ A(r,t dr:/ + +—|=|* | dr. 3.6
= [ B V( Vlt g tpuwl 1) (35)

i=1

Neglecting the kinetic energy, the governing equations for the ionic species become,

0
E,OH-V'(PW%‘) =0,

vipi(u; —ug) = —kpV(p;T) —zip; Vo, (3.7)
—V V=301 PmZm + Py

Here ps(r,t)=—V-eVi)(r,t) describes the external field ¢ (r,t). For the solvent,

V'UO:O, (3 8)
VPO—FEijiluipi(uo—ui)—V~)\0Vu0:O. .

And the temperature equation,

(ZkBC pl> (Zch sz,l) VT + (i kBin-ui> T

=1
N
:V]{)VT+)\0|VUO‘2+ZV2[JZ|U17U0|2+q (39)

i=1

REMARK 3.2. Equation (3.7) is the modified PNP equation, where particles are driven

by the pressure gradient and the mean electrical potential. The chemical potential of
ith ion species is given by, p;(r,t)= gi((?::)) =kpT(r,t)[logpi(r,t)+1—CilogT(r,t)]+
z;¢(r,t). Thus the equations in (3.7) are not equivalent to %pi =V 2.V ;, indicating
that when temperature is a variable, we should use pressure instead of using chemical
potential.

REMARK 3.3. Here we cannot simply assume ug is a constant, since the solvent energy
and entropy are included. This is different from the original PNP equation where the
velocity, energy and entropy of the solvent are not considered. Equation (3.8) might
not be solvable without the solvent viscosity Ag.

Equation (3.7), (3.8), (3.9) form a closed PDE system, which we call Poisson-Nernst-
Planck-Fourier (PNPF). We can also check that they satisfy the thermodynamic laws,

d
ZU@Q.1) /<q+z pizi >dr, o

N .
d q /\0|VU0| vipilui—uol®* 1,7 5
Ysqn=[ (2L 3 21212 ar.
S(,t) /Q<T+ +¢f + 22 ) dr

dt T
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Here the entropy and internal energy are given by,
N
S(,t)= —Z/ kppi(r,t)[logpi(r,t) — C;logT (r,t) — C;ldr,
U(Q,t)= Zzzzm//p,rtpmrt) r,r’ drdr+ZkBC/plrt (r,t)d

i,m=1

Note that only for the isothermal system, we can combine the above two thermodynamic
laws together, obtaining the free energy dissipation,

d
ZF@.1)= d[U(Qt) TS(Q,1)] /Z“

Dar—ra0,0). (3.11)

When the external field ¢ is independent of time, this is equivalent to (2.2),

4. Numerical results

In this section, we present the numerical results of the PNPF equations. Consider
a one-dimensional channel with 100mM NaCl water solution at room temperature
To=25°C'=298.15K, so that N =2, z==e, where e is the elementary charge. The
water velocity vanishes due to the incompressible condition. We choose the parameters
from the real experimental data. The diffusion coefficients for Na* is 1.334nm?/ns and
for Cl1~ is 2.032nm? /ns [15]. Water mass density is 103kg/m?, dielectric permittivity is
78.3 [18] and the specific heat capacity is 75.375.J/(mol - K) [16]. For an ion, we choose
C+ =3. After nondimensionalizing with /=1nm, 7=1ns, Ty =298.15K, the whole set
of dimensionless equations becomes,

1o}

HePi TV (piui) =0,

vipiwi ==V (piT) = 2ip;V,

—V~€V¢:47TZBZ,01-Z¢, (4.1)
i==

Zzo:iC pz 5 —i—zz;C’ Pl - VT+2plTV u;=V- kVT+2lel|ul ,

with initial conditions, p4(2,0)=po=0.06 and T'(x,0)=1.The dimensionless parame-
ters are, z+ =41, Copo =302, 1/vy =1.334, 1/v_=2.032, e=1, I3 =0.714. In order to
highlight the contribution from the temperature, we choose a relatively small heat con-
ductance k=100. The computational domain is L =10. The boundary conditions for
ion density and temperature are Dirichlet, i.e. p;(0,t)=p;(L,t)=po, T(0,t)=T(L,t)=1.

The initial concentration and temperature distribution are all constants in space.
Then we apply constant electrical voltage on the boundary, ¢(0)=0 and ¢(L)=V, so
that the ions immigrate under the electrical field. Under the same setup, for the classical
PNP system, where the temperature is a constant, there is no temperature equation;
thus we can derive its analytical solution: pii® (x,t) PNF(z,t) =1, ¢™"(z,t) = 2L and
the VI relation is linear.

However, from panel (a) and (b), we can see the ionic distributions from the PNPF
model become nonhomogeneous. Both the Na* and CI~ have lower concentrations
in between the boundaries. This is related with the local temperature enhanced by
the electrodiffusion, as shown in panel (¢). With higher voltage applied, the entropy
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FIG. 4.1. The steady state properties of the system. (a) NaT density distribution. (b) Cl~ density
distribution. (c) Temperature distribution. (d) Voltage-Current relation of the system. PNP stands
for the classical Poisson-Nernst-Planck model, PNPF stands for the Poisson-Nernst-Planck-Fourier
system with the temperature effect.

production or we say the Joule heating effect becomes more significant, so that we
have higher temperature distribution and lower ionic concentrations. As a consequence,
although the diffusion efficiency increases with the temperature, the overall ionic current
reduces as shown in panel (d).

5. Conclusion

The temperature diffusion and mechanical diffusion are coupled for a non-isothermal
fluid. We have proposed a self-consistent framework to derive the equations for elec-
trothermal diffusion, which can also be applied and generalized to many other systems
with different kinds of inter-molecular interaction. When applied to the imcompressible
Navier-Stokes system, we obtain the Navier-Stokes-Fourier equations; when applied
to the classical Poisson-Nernst-Planck system, we obtain the Poisson-Nernst-Planck-
Fourier equations. Our approach is consistent with the laws of thermodynamics. The
constitutive relation for the mechanical fluxes are governed by the force balance equa-
tions, where we use the pressure instead of the chemical potential. The thermal distri-
bution is given by the heat equation with additional heat convection and heat sources.
Within the framework, all the diffusion coefficients can depend on the space, time and
even state variables.

Appendix. In the appendix, we present the mathematical details of Equation
(2.11) and Equation (2.17).

Derivation of Equation (2.11). We first compute the time derivative of the in-
ternal energy and the kinetic energy. Here, we use ¥, to represent U;(p;(r,t),T(r,t) for
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short,
d a pi(r,t)
dt[U(Vt )+ K(V,t)] ZZZ/V < Jrsz/pmrt (r,r’)dr )d
N P - N
+Zzz/ pi(r,t 3( mZ: /Q\V (r', t)v(r, )dr’) dr

L1 opi 0%, AT ou;
—|—Z/ {(302 BT&)pZ 5t ) 5 -T 57 E—lepluz 5 } dr, (5.1)
ov; 32\11 1 v, aT D
dW V,t) /

Fouadr 5.2
Z ov (5.2)

uy; i 1

:Z/ [Pz’ui (mqu +V(m i +Zz¢)> <Piui(miuf+zi¢)>

=0V ot 2 5

- ( opi - 8T8pi> V- (piui) =T 8T2 E -V (Tiui):| dr+T7 (5.3)

N
Ou; ov; 9%V,
_;/\/ [Piui (mi(at +uNui)+zN¢> - (api _T8T6p1v> V- (piui)

oV, 920, T AW (V1)
+v-(ui< TG =T G =¥ )| e+ T v, 6
32 oT
_E / [pzuZ (mz —I—quuz)—Fszng) 572 (8t + ;- VT> V- (Tiu)
0w, OV, 9%, AW (V1)

Equation (5.1) to (5.2) uses the mass conservation, the definition of the mean electrical
potential (2.7) and the work (2.8). Equation (5.3) to (5.4) uses the form of the energy
flux (2.10). Comparing with Equation (2.11), we can see,

2\ .
/Z{plul (ml +u1Vuz)+21V¢> 88;}22 (aaf W; - VT> V- (Tu;)

=0
ov; ov; 0’ )
+(\I’i—Pz‘api— 8T+ T8T8 )V u]dr—/v(q—v-j)dr. (5.6)

Since the control volume V' is arbitrary, we then conclude with Equation (2.11).

Derivation of Equation (2.17). Similarly, we first compute the time derivative
of the entropy (2.5),

9%, i , 92w, T
75 Vit)= Z/ 99 0T Bt + o7 g (5.7)
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92w, T
Z / 5‘p18T (i) = G g 40 (58)
82, 82, 82w, OT
_g/‘/plwvuz—FulaplaTvpz— 72 Edr, (59)
N
02, oV, 9, 920, OT
_;/vpiapiairv‘“' uN o igre VT e g (5-10)

N
- ' - e T . 11
Jﬁ;/v[(pzaﬂifﬁ 0T)V YT (at v ﬂd (5.11)

Comparing with Equation (2.16), we can see,

N |
0%, Y, 02V, (01 ~ q J

> ) \Papar a7 )V 1) |ar=As Lov. i a0

i_o/\/[(p 0p;0T 8T) Wi o2 (at w >} r T T (5.12)

Taking into account that the control volume V is arbitrary, we then conclude with
Equation (2.17).

REFERENCES

[1] M. Bulicek, E. Feireisl, and J. Mélek, A Navier-Stokes-Fourier system for incompressible flu-
ids with temperature dependent material coefficients, Nonlinear Anal. Real World Appl.,
10(2):992-1015, 2009.

[2] P. Cesare, a. Moriondo, V. Vellani, and P. a. McNaughton, Ion channels gated by heat, Proc.
Natl. Acad. Sci. U.S.A., 96:7658-7663, 1999.

[3] B. Eisenberg and W. Liu, Poisson-Nernst-Planck systems for ion channels with permanent
charges, SIAM J. Math. Anal., 38:1932-1966, 2007.

[4] M. Eleuteri, E. Rocca, and G. Schimperna, On a non-isothermal diffuse interface model for
two-phase flows of incompressible fluids, Discret. Contin. Dyn. Syst. Ser. A, 35:2497-2522,
2015.

[5] E. Feireisl, Mathematical theory of compressible, viscous, and heat conducting fluids, Comput.
Math. with Appl., 53:461-490, 2007.

[6] F. De Anna and C. Liu, Non-isothermal general Ericksen—Leslie system: Derivation, analysis
and thermodynamics-consistency, Archive for Rational Mechanics and Analysis, 1C81, 2018.

[7] D. Gillespie, W. Nonner, and R.S. Eisenberg, Coupling Poisson-Nernst-Planck and density func-
tional theory to calculate ion flux, J. Phys. Condens. Matter, 14:12129-12145, 2002.

[8] A. Gonzélez, A. Ramos, H. Morgan, N.G. Green, and A. Castellanos, Electrothermal flows gener-
ated by alternating and rotating electric fields in microsystems, J. Fluid Mech., 564:415-433,
2006.

[9] T.-L. Horng, T.-C. Lin, C. Liu, and B. Eisenberg, PNP equations with steric effects: A model of
ion flow through channels, J. Phys. Chem. B, 116:11422—-11441, 2012.

[10] C.-Y. Hsieh, Y. Hyon, H. Lee, T.-C. Lin, and C. Liu, Transport of charged particles: Entropy
production and Mazximum Dissipation Principle, J. Math. Anal. Appl., 422:309-336, 2015.

[11] Y. Hyon, B. Eisenberg, and C. Liu, A mathematical model for the hard sphere repulsion in ionic
solutions, Commun. Math. Sci., 9(2):459-475, 2011.

[12] W. Im and B. Roux, Ion permeation and selectivity of OmpF porin: A theoretical study based
on molecular dynamics, Brownian dynamics, and continuum electrodiffusion theory, J. Mol.
Biol., 322:851-869, 2002.

[13] A.E. Jones and E. Grushka, Nature of temperature-gradients in capillary zone electrophoresis, J.
Chromatogr., 466:219-225, 1989.

[14] J.H. Knox and K.a. McCormack, Temperature effects in capillary electrophoresis. 1: Internal
capillary temperature and effect upon performance, Chromatographia, 38:207-214, 1994.

[15] D.R. Lide, CRC Handbook of Chemistry and Physics, CRC press, 85th Edition, 2004.

[16] P.J. Linstrom and W. Mallard, NIST Chemistry Webbook; NIST Standard Reference Database
No. 69, NIST Chemistry WebBook, 2001.



(17]
(18]

19]

20]

(21]

(22]
23]
[24]

(25]

P. LIU, S. WU, AND C. LIU 1463

J.-L. Liu and B. Eisenberg, Poisson-Nernst-Planck-Fermi theory for modeling biological ion chan-
nels, J. Chem. Phys., 141:22D532, 2014.

C. Malmberg and A. Maryott, Dielectric constant of water from 0°C to 100°C, J. Res. Natl. Bur.
Stand., 56:1-8, 1956.

Y. Qiao, B. Tu, and B. Lu, lonic size effects to molecular solvation energy and to ion current
across a channel resulted from the nonuniform size-modified PNP equations, J. Chem. Phys.,
140(17):174102, 2014.

D.S. Reubish, D.E. Emerling, J. DeFalco, D. Steiger, C.L. Victoria, and F. Vincent, Functional as-
sessment of temperature-gated ion-channel activity using a real-time PCR machine, Biotech-
niques, 47, 2009.

S. Sénchez, J. Arcos, O. Bautista, and F. Méndez, Joule heating effect on a purely electroosmotic
flow of non-Newtonian fluids in a slit microchannel, J. Nonnewton. Fluid Mech., 192:1-9,
2013.

G.-W. Wei, Q. Zheng, Z. Chen, and K. Xia, Variational multiscale models for charge transport,
SIAM Rev., 54:699-754, 2012.

S. Xu, P. Sheng, and C. Liu, An Energetic Variational Approach for ion transport, Commun.
Math. Sci., 12:779-789, 2014.

Z. Xu, M. Ma, and P. Liu, Self-energy-modified Poisson-Nernst-Planck equations: WKB approz-
imation and finite-difference approaches, Phys. Rev. E, 90:013307, 2014.

X. Xuan and D. Li, Joule Heating in electrokinetic flow: theoretical models, in Encycl. Microfluid.
Nanofluidics, Springer US, 896-905, 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


