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GRADIENT-DEPENDENT TRANSPORT
COEFFICIENTS IN THE
NAVIER-STOKES-FOURIER SYSTEM

Matyas Sziics and Rébert Kovacs

ABSTRACT. In the engineering praxis, Newton’s law of viscosity and Fourier’s
heat conduction law are applied to describe thermomechanical processes of
fluids. Despite several successful applications, there are some obscure and
unexplored details, which are partly answered in this paper using the method-
ology of irreversible thermodynamics. Liu’s procedure is applied to derive the
entropy production rate density, in which positive definiteness is ensured via
linear Onsagerian equations; these equations are exactly Newton’s law of vis-
cosity and Fourier’s heat conduction law. The calculations point out that,
theoretically, the transport coefficients (thermal conductivity and viscosity)
can also depend on the gradient of the state variables in addition to the well-
known dependence of the state variables. This gradient dependency of the
transport coefficients can have a significant impact on the modeling of such
phenomena as welding, piston effect or shock waves.

1. Introduction

In engineering practice, classical constitutive laws such as Newton’s law of
viscosity and Fourier’s heat conduction law are still fundamental and have been used
successfully in several situations. These constitutive laws, together with the balance
equations, form the Navier—-Stokes—Fourier system. However, as with any other
models in physics, these also have a limited range of validity. There are situations
and phenomena which could outreach that limit, and thus, a reliable and practically
helpful explanation is necessary by revisiting the background of these models.

In irreversible thermodynamics, various approaches exist, and they provide nu-
merous ideas about the generalization possibilities. For instance, the Rational Ex-
tended Thermodynamics [1] approach considers compatibility with kinetic theory
rigorously. Hence, it best works for rarefied gas systems and is much less advanta-
geous for room temperature solids. The Extended Irreversible Thermodynamic [2]
approach treats kinetic theory loosely, leaving open the possibilities for adapting
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any suitable elements. Furthermore, that approach utilizes only dissipative fluxes
as extra state variables, therefore limiting the possibilities when other types of state
variables would be necessary (e.g. the fabric density in fracture mechanics [3]). In-
ternal Variable Methodology [4] extends the possibilities by allowing other variables
beyond dissipative fluxes and also treats the entropy flux more flexibly [5-7].

Although the classical continuum thermodynamic background for the Navier—
Stokes—Fourier system is known (see e.g. [8,9]) and its several extensions and gen-
eralizations are already existing, its review with the tools of modern irreversible
thermodynamics helps improve the understanding and provide ideas about their
extensions and possible couplings.

This is exactly our aim in the present paper: starting with the balance equa-
tions and the dissipation inequality, the transport equations for the classical Navier-
Stokes—Fourier system is derived via Liu’s procedure [10]. Liu’s procedure, a
rigorous mathematical technique provides further insight into both classical and
generalized theories. Furthermore, it also reveals the possible-and non-trivial—
nonlinearities (state variable dependency). The main result of this investigation
is that transport coefficients can depend not only on the state variables, but their
gradients, too. This kind of dependence can have a great impact on the modeling
of such phenomena, in which sudden changes appear, such as welding [11], piston
effect [12] or shock waves [13].

2. The Navier—Stokes—Fourier system

In general, continuum theories are formed by balance equations and constitu-
tive equations (also including thermostatic relationships and transport equations).
While balance equations express the conservation of extensive quantities indepen-
dent of the material and hence describe dynamics, constitutive equations char-
acterize the material itself. More closely, thermostatic relationships connect the
extensive and intensive state variables through the entropy function, and, in paral-
lel, transport equations assemble relationships among the thermodynamical fluxes
and forces. These latter ones are usually the gradients of intensive state variables.

2.1. Balance equations. Let us assume a one-component non-polar fluid,
and only the thermomechanical interactions are considered. Neglecting volumetric
source terms such as field strength or heat sources, the substantial forms of the
conservation of mass, linear momentum, and total energy are

(2.1) 0+ 0oV -v=0,
(2.2) ov+P -V =0,
(2.3) 06+V - -Jg =0,

where o, v and e are the density, velocity field and (mass) specific total energy,
respectively, P = PT is the symmetric pressure tensor (here T denotes the transpose
of a second order tensor), which is a consequence of the conservation of angular
momentum, Jg is the current density of total energy. The substantial or comoving

e:=0e+(e@V): Vv
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characterizes the change of a quantity in time at a fixed material point, while it
flows with velocity v, here and later on 9; denotes the partial time derivative, and
V is the nabla operator, which represents gradient or divergence depending on the
tensorial multiplication.

2.2. Constitutive equations. The second law of thermodynamics, i.e. the
thermodynamical stability of

e the material itself,
e and the realized process

is expressed through entropy. The first part belongs to thermostatic considerations,
while the second one prescribes requirements on the dynamics.

2.2.1. Thermostatic constitution. Now, we briefly summarize the thermostatic
properties of the material, which is in connection with the entropy, hence, the main
properties of entropy are collected here:

(1) There exist independent thermodynamical bodies, which are characterized
by extensive state variables. The thermodynamical state space is spanned
by these extensive state variables, namely, the internal energy U, the
volume V', and the mass m. Entropy S is a potential function of the state
space in the variables (U, V,m), from which the intensive state functions,
more closely temperature T, pressure p, and the chemical potential pu

follow as
ool = pwvim),
o = R vm),
g% v 7%([]’ vim),

respectively. This relationship is expressed through the Gibbs relation

_1 Py _ B
(2.4) dS = ZdU + ZdV — Zdm.

(2) Entropy is an extensive state function.
(a) More precisely, entropy is a first-order Euler homogeneous function
of its variables. For example

(2.5) S(c-U,c-V,e-m)=c-S(U,V,m)

with the positive constant c.

(b) From the previous statement, the introduction of specific entropy
follows. The mass-specific entropy (later called specific entropy) is
defined as

1 UV
2.6 s(u,v) := —S(—, —)
(26) (wo)i=—5(
with u = % and v = % denoting the (mass) specific internal energy
and specific volume, respectively. Analogously, the volume-specific
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entropy, also known as the entropy density, is

1 U m
2.7 ) = 7S<777>a
(2.7) es(e,ov) = 353 v
where oy = % and ¢ = {7 are the internal energy density and the
(mass) density, respectively.
(¢) The Euler relation for the entropy is

(28)  SUVm) = (V.m0 + B V,mv - B v,mm.

_ K

T
As consequences of (2.4), (2.5), (2.6), (2.7) and (2.8) the specific
entropy and the entropy density are

s(u,v) = l(u,v)u + B(u, v)v — ﬁ(u,v)7

T T T
1 P 1
es(ev. 0) = 7 (ev, Q)ou + (v 0) — (v, 0)e,
and the Gibbs relation on the specific entropy and the entropy density
are
(2.9) ds = ~du+ La
. s = mdu+ =dv,
1 1%
dos = =doy — =d
0s T ou T 0,
respectively.
(3) The specific entropy is a concave function of its variables, i.e.
0?5 0?5
aa2l, 7% a2l 20 etV >0
The so-called internal stability criteria on the isochoric specific heat ca-
pacity
ou
v = —=—| >0
“=arl,
and isothermal compressibility coefficient
10
XT = —f—v) >0
voplr

follows from this condition (or vice versa), which actually realizes the Le
Chéatelier—Braun principle. These describe relationships among changes
irrespective of what external actions have created those changes.

Next to the isochoric specific heat capacity and isothermal compressibility co-
efficient

e the isobaric thermal expansion coefficient 3, := 294 |, and

. . . . 9 2,0 B2
e the isobaric specific heat capacity ¢, := cv—T(a—g | ) /6—5 |r= cv—i—TvX—;
is applied to characterize the thermostatic behavior of the material. There is no

restriction on the sign of 3,. Usually, it is positive, however, e.g., in the case of
water between 0°C and 4°C it is negative. From the conditions 7" > 0, v > 0
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and xr > 0 follows that ¢, > ¢,, and equality exist when thermal expansion is
neglected.

2.2.2. Constitution on the transport properties. The second part of the second
law prescribes conditions on the dynamics, which is expressed through entropy
production. The balance of entropy reads as

(210) Q=§+V'J5:ES

with the entropy current density Jg and the entropy production rate density Xg,
which is a positive semi-definite function along a realized process, i.e., X5 > 0, thus
ensuring dynamic stability of the process. It means that positive semi-definiteness
of the entropy production rate density imposes constraints on the transport prop-
erties. (2.10) is frequently given via the dissipation inequality

0<p5+V-Jg.

From a mathematical point of view, the balances (2.1)—(2.3) are constraints
to evaluate the dissipation inequality. Here, we apply a rigorous mathematical
technique, namely Liu’s procedure. Liu’s procedure specifies the entropy production
rate density and the relationship of entropy current density to the thermodynamical
currents, too. Furthermore, it also highlights the possible state variable dependence
of the transport properties.

Liu’s procedure is based on Liu’s theorem, which is a special case of Farkas’

lemma on conditional algebraic inequalities [14,15]. Briefly, the inequality
(2.11) a(x)-y+p(x) =0,

holds for all y such that

(2.12) A(x)-y+B(x) =0,

if and only if there exists A-called Lagrange—Farkas multiplier-such that
(2.13) a(x)—A-Ax) =0,

(2.14) B(x) —A-B(x) > 0.

Here and later on x denotes the variables, which span the thermodynamical state
space (the basic variables), X the elements of the constitutive state space, which in
general contains x and its temporal and spatial derivatives, y contains the elements
of the process direction space, which is spanned by the derivatives of the constitu-
tive variables x that are not already given in X. Furthermore, A, B, a and 3 con-
tains the derivatives of the constitutive functions with respect to the constitutive
variables. Usually, equations (2.11) and (2.12) together are called Coleman—Mizel
formulation of continuum thermodynamics, equation (2.13) is called Liu-equation
and (2.14) is the dissipation inequality. For deeper mathematical details, see e.g.
the appendices of [16] and [17].

Usually, Liu’s procedure is utilized in the local description. However, now we
perform the calculations in the substantial one due to two reasons:

e First, the formulas in the substantial description are more transparent;
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e Second, the substantial description is much more connected to the mate-
rial itself, than the local one. Therefore, thermodynamical calculations,
including Liu’s procedure, are more natural in the present approach.

In order to check the results, we have realized these calculations in the local de-
scription as well, leading to the same outcome. Furthermore, [1] also presents this
approach, which connects Galilean invariance to the Lagrange—Farkas multipliers,
on which in this case [1] refers as internal Lagrange multipliers.

Let us present Liu’s procedure applied to the Navier—Stokes—Fourier system.
First, one has to fix variables and functions. The state space is spanned by the
variables x := (o, v, ). In case of Navier—Stokes—Fourier system—as a basic example
of classical irreversible thermodynamics-the constitutive state space is spanned
by x := (o,v,e Vo, v @V Ve) thus the process direction space is spanned by
y = (6,v,¢, (Vo) (va V) (Ve (Vo) @V, (va V)@V, (Ve)® V). The constitutive
functions are (s,P,Jg,Jg).

According to Liu’s procedure, the dissipation inequality constrained by the
balances (2.1)—(2.3) reads as

(2.15) 0< 05+ V- -Js—b1(0+ 0oV -v)—by- (0v+P-V) —b3(pe + V- Jg)

:(Q%Z_b1>@+9(g%_b2) V+9(g 53)€+03(88) (Vo)

+ga(§v) (v V)4 ga(é)v’se)-(Ve)Jr(a;; ~bs- 68—1;—1738;;) Vo
+ (aaivs —bi1ol —ba- 2P bsa;E) (ve V)

+(6§—:—b2 aa—P—bgagE) Ve

+ (orw 5wy o) (F9V)

+ (a(fg;w —bs a(va;w - b3a(vagv>) Hvev)iev]

* (a?.]vi) Bk G?é)e) _b:‘aa(éi)) H(Ve)® V]

The Liu equations are obtained from the previous inequality as the multiplicators
of the independent elements of the process direction space, i.e.,

85
2.1 ) : — —b =
(2.16) 0 89 b1 =0,
. 0
v a—i—bg
) 0
é: a—z—bg

Os

(2.17) (VjS Qm =0,
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(v® V): ga(v‘i‘;v) —o,
(2.18) (Ve): 0 8(856) =0,
(2.19) (Vo) @V : 8%2) —by- a?;) — bs a?éi)) =0,
(2.20) (VvoV)eV: a(vagv) — by - a(va; 5 bga(f‘gv) =K,
(2.21) (Ve)@v: a?ése) —ba- a(a;;) —bs a?éi) =0

Equations (2.16)—(2.18) prescribe conditions on the specific entropy, according to
(2.17)—(2.18) specific entropy is independent on the gradients; thus, specific entropy
is a function of x, i.e. s = s(x), for which the Gibbs-relation is

13} 13} 0 b
(2.22) ds = Zao+ L av+ Lde = 2Ldp+ by - dv + bsde.
do ov de 0
Integrating equations (2.19)—(2.21) with respect to the gradients the entropy current

density is obtained in the form of

_ %(@ P(x) + @(x)JE(&) +Js(x),

where Jg denotes a residual entropy current density, which is assumed as zero.
Since the coeflicients of (2.19) and (2.21), i.e. (Vo) and (Ve) are symmetric ten-
sors, and the coefficient of (2.20), i.e. (v ® V) is symmetric in its second and
third indices, Liu’s procedure provides information only about the dependence of
symmetrical parts. A further and open question is how the antisymmetric parts
of these quantities contribute to entropy current density. Since entropy production
remains unchanged when these antisymmetric parts also appear, thus the physical
content stay unchanged. However, this property together with the residual entropy
current density may be exploitable in numerics.
Replacing our previous results in (2.15) we obtain

(2.23) Js(%)

0 0s 0 0s
2.24 <|{=—— P+ —— .
(2.24) 0 (89 ov + do aeJE) Ve
0 _ Os 5 0s 0 Os .
+(87V®37V.P_Q 8791_37V$®JE) (ve V)

0 Os 0 0s

+(geav P aeae
0s 0Os 2 0s

— (a—v)@)V:P—&-V(%) Je—o0 %11(V®V)-

Applying the well-known relationship among the specific total energy, the specific
internal energy, and the specific kinetic energy

JE) Ve

1
(2.25) e:u+§v-v
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the Gibbs-relation is

Y odv - —=do,

1 P 1
ds = —du— L-dp= —de —
STt T et T T 02T

where we applied that dv = fg%dg and equations (2.9) and (2.22), hence the partial
derivatives of the specific entropy with respect to (g, v,e) are

ds 1 ds v ds P

9e T v T 90 T

Substituting these derivatives into (2.24) one obtains

(2.26) 0<—(%)®V:P+V(%)-JE—f—%l:(v@V)
:—%(P—pl):(v®V)+(JE—v~P)-V(%).

Here, we can recognize the usual and well-known quadratic expression of thermo-
dynamic forces and fluxes with the dissipative fluxes

II(x) := P(x) — p(x)1,
(2.27) Jo(%) = Jp(%) — v P(%),

where the first one is the viscous pressure tensor and the latter one is the heat
current density. Assuming isotropy—thus different tensorial orders and characters
do not couple according to Curie’s principle [8]-the positive semi-definiteness of
(2.26) is ensured via the linear Onsagerian equations

(228)  Jo(®) =1(®)V(109) = ARVT()),

p¥o (%) — @M (%) (" (%)

3 (V-v)l 5
where \ = % > 0 denotes the thermal conductivity, while ,uV01 > 0 and ,uSh >0
are the volumetric and shear viscosity coefficients.

Our analysis with Liu’s procedure resulted in the same constitutive functions
as classical irreversible thermodynamics with some notable differences. Since the
state space was fixed from the beginning of the analysis, the dependence of the con-
stitutive functions and quantities on the state space is determined. As the indicated
variable dependence shows, in general, the transport coefficients in (2.28)—(2.29)
can depend on the gradient variables, too.

Now, let us determine the entropy current density in the light of our results
so far, thus replacing (2.27) into (2.23) the well-known relationship between the
entropy current density and heat current density is obtained, i.e.

(2.29) (%) = — (VRV+Vav),

A 1

Ts(y) = —w(3) Py) + (3T e(y) = 7T v P) = 2Jo.

The relationship among the specific total energy, the specific internal energy
and the specific kinetic energy (2.25) establishes a connection between the balances
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of linear momentum (2.2) and total energy (2.3), i.e.

(2.25)
(2.27)

. 7 . .
0=0pe+V-Jg =" 0u+V-Jg+Vv-(o0v+V-P)+P:(vaV),
where the third expression is exactly the balance of linear momentum (2.2), thus
the well-known balance equation of internal energy

ou+V-Jog=-P:(vaV)

follows.

3. Analysis and conclusions

In the engineering praxis, thermomechanical processes of fluids are modeled via
the Navier—Stokes—Fourier system, which is formed by the balances of mass, linear
momentum, and internal energy, thermostatic constitutive equations on tempera-
ture, pressure, and constitutive equations on the transport phenomena, i.e. New-
ton’s law of viscosity and Fourier’s heat conduction law. These equations are given
in the variables (T, o, v) or (T,p, V).

Replacing (2.29) into (2.2) one obtains the Navier—Stokes equation

Vol Sh Sh
P —p

o =-Vp+ [ (Ve A ve v+ V)V

Since
. 1 (. .
ou = pc, T — (T& —p)fg' @D oc, T + (T& —p)V %
XT 1% XT
and applying (2.28) the balance of internal energy can be given as

oc,T = —V-(WT)—T@V-V
XT
V017HSh ‘uSh
3 (V'V)1+7(V®V+V®V)}:(V@V).

Let us now express V - v from (2.1) in the variables (T, p), i.e.

+[=

1. : .
V'V:*EgzﬁpT*pr

2
Q(CU + zB—I)>T =—V-(AVT)+5,Tp

Vol _ . Sh Sh
+ [%(vv)lJr%(v@VJrV@v)} L (va V),

where on the left hand side the isobaric specific heat capacity is recognized, i.e.,
oc, T = —V - (AVT) + B,Tp
Vol _ 'uSh( Sh

+ [% v-v)1+"7(v®v+V®v)] (v V).
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Our previous calculations have pointed out that the transport coefficients A,
Vel and pS" can depend on the state variables and on their gradients, too. Ac-
cording to Noll’s material frame-indifference [18], we exclude velocity dependence.
The thermostatic constitutions provide the opportunity to transform energy and
density dependence into temperature and pressure dependence, i.e. the functional

relationships
A=MNT,VT,p,Vp,veV),
pVo = VT, VT, p, Vp,v & V),
pSt = 1SNT, VT, p, Vp, v @ V)

can be assumed on the transport coefficients.

This gradient dependency can significantly affect such phenomena, where sud-
den changes can appear. For example, the piston effect is induced by fast thermal
expansion in the hydraulic boundary layer, resulting in a pressure wave coupled to
the temperature field. Since this phenomenon requires particular fluid properties,
it is most probable nearby the critical point [19], where the material properties
and transport properties are notably sensitive to pressure and temperature. This is
a challenging task for thermodynamic modeling and numerical simulations. How-
ever, according to acoustic wave propagation, large gradients in the temperature
and pressure fields occur.

Another example is the propagation of shock waves for which a steep change
occurs between the two sides of the wave. Here, the presence of nonlinear transport
coefficients essentially influences the outcome. Adding that the shock wave thick-
ness is usually around the same magnitude as the mean free path [20], the presence
of steep gradients in the thermodynamic model becomes crucial.

Shock waves are often investigated for rarefied gases, which are low-pressure
gas states, and mass density dependence is crucial for transport properties. Besides,
both thermal and fluid parts must be extended and coupled in a particular way on
the level of the constitutive equations, i.e. for that situation, the NSF theory is not
applicable [21,22]. Additionally, since the transport coefficients are not indepen-
dent of each other [22], it is of great importance to investigate the corresponding
methodologies from closer, allowing further possibilities. In this respect, it would
also be interesting to investigate how kinetic theory could implement such proper-
ties. For example, [23] shows a particular example, when the transport coefficients
depend on the velocity gradient and that result is found on kinetic grounds. Al-
though it is not a necessary property of the model, it could improve the agreement
between theory and experimental data.

However, measuring gradient dependency is a non-trivial task. When one ob-
serves size-dependent material coefficients [24], probably an evident manifestation
of gradient dependency is identified. This requires further investigation as it is not
straightforward how to clearly separate the effects from each other.

That type of nonlinearity is not yet investigated from a numerical point of
view. It stands as an open question, how to treat them compatibly with space-time
aspects and how it influences the dissipation and dispersion errors in a scheme.
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More importantly, how to construct a scheme that preserves the system’s total
energy in the same way as symplectic integrators work.

As a closing remark, we would like to emphasize that the V' dependence of the
thermal conductivity is not equivalent to the heat flux dependence, which appears
in some recent studies [25], not even in Fourier’s case. For a non-Fourier equation-
such as the Maxwell-Cattaneo—Vernotte equation-the heat flux dependence could
be another interpretation for the VI' dependence.

Overall, the present study is devoted to open further discussion and research
on the transport coefficients as these quantities are the most crucial part of any
modeling task.
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TPAIMJEHTHO 3ABUCHU TPAHCIIOPTHU KOE®PUIITNIJEHTU
Y HABNJEP-CTOKC-®YPUJEOBOM CUCTEMY

PE3UME. ¥V umkemepckoj mpakcu, FbyTHoB 3akon BuckozHoctu n Pypujeon 3a-
KOH IIPOBODema TOILIOTE Ce MPUMEY]y y OIUCHBAaKY TEPMOMEXaHUYIKUX IIPOIEeca
y buayumuma. U mopes sBuXoBe ycCIeliHe IPpUMeHe, [MOCTOje HejaCHU W HeJI0BOJHHO
ACTPaKeH! JIeTa/bl HA KOj€ je JeJTMMUIHO OJAIOBOPEHO ¥ OBOM pPaJjly IPUMEHOM Me-
TOZa MPEeBeP3UOMIIHE TePMOINHAMIKE. JIMyOB OCTyIIaK je IPUMEIHEH 3a N3BODheme
CTOIIe TPOAYKIIMje €HTPOIHje, V KOjoj je mo3uTuBHA AePpUHUTHOCT 00e30ehena my-
Tem JuHeapHux OH3arepoBUX jeJHAYNHA, a KOje YIPaBO IpejcTaBbajy HbyTHOB
3aKOH BHCKO3HOCTH U DypujeoB 3akoH nposohema tormrore. [lpopaduynu ykasyjy
Ja reopujcku oapehenu TpaHcnoprHu KoeduiujeHTH (TOIIOTHA TPOBOIJBUBOCT U
BUCKO3HOCT) MOT'Y 3aBUCUTHU U O]l I'DaJijeHaTa IIPOMEH/bUBUX cramba. OBa rpaiu-
jeHTHA 3aBUCHOCT TPAHCIIOPTHUX KOepUIMjeHaTa MOKe NMATH 3HAYAjaH YTHUIA] HA
MOJIeJINpahe 1I0jaBa Kao IITO CY 3aBapuBarbe, KJIUMHU eeKaT WK YIAPHU TaJACH.
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