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Steady system — formulation |

We consider the following system of PDEs:

div(pu) =0,
div(ou ® u) — divS + V7 = of, (1)
div(gEu) + div(mu) + div Q — div(Su) = of - u,

div(pYiu) +divFr = mwi, k€ {1,...,n}.

Here, o is the total density, u is the mean velocity field, S is the mean stress

tensor, 7 is the pressure, E is the specific total energy, E = %\u|2 + e with e
the specific internal energy, Q is the heat flux, Yix = o«/e are the mass
fractions, ok is the density of the k-th constituent, Fx, k = 1,...,n, are the

multicomponent diffusion fluxes, 9 is the temperature, m, are the molar
masses, and wy the chemical source terms, k =1,2,...,n.



Steady system — formulation Il

We consider the following boundary conditions on 9:

(F>0)or

u-n=0, (Sn+fu) xn=0

u=0,

and for the temperature and diffusion flux

We prescribe:

Fk-n:07
—Q-n+L(Y— o) =0.

/gdx:l\/l>0.
Q

(3)

(4)

(5)



Main assumptions |

Pressure:
We have

" oY,
w(0,0) = me(0) + mm(0,9) = &7+ 3_ K.
k=1

Stress tensor:

§ = u(9)[Vu + (Vu)' - % divul] +v(9)divuT,
with the viscosity coefficients

w(?) ~ (1+9), 0<v() < C(1+9).
Heat flux:

Q=> hFi+q

k=1
with
q=—k()VYI, k()= (1+9")
and the partial enthalpies hx = ¢k = (1/mi + cu)V.



Main assumptions ||

Internal energy:
We have

— Q'y—l n
= € 'm :y = vY7
e(0,9) = ec(0) + em(¥, Y) > 1+19;ck f

Y =(Y1, Ye,...,Yn).

Chemical production rate:
We have .
we(¥,Y) > —CY{, C,r>0

wk bounded functions of 9, Y. Moreover, ZZ:1 mywy = 0.



Main assumptions |1l

Diffusion fluxes:

Fi=—-Yk Z Dyud,
=1

with
(24 (2

Tm Tm Tm
|YeDul = |YeDu(9, V)| < C(Y)(1+9°).
The diffusion matrix D fulfills:
D =D, N(D)=RY, R(D)=Y",

D s positive semidefinite over R"
i

and positive definite over (1,...,1)".

Therefore

k=1

where Y = diag (Y1, ..., Ya).

V7om

Tm

I

(6)



Entropy |

The entropy is defined
s = Z YkSk
k=1
with

v

1
sk = cuk logd — — log .
my my

Entropy balance:

div(osu) + div (3 - Z f;ﬁ) =0,

k=1

where gk = hx — Usk, o is the entropy production rate

g =

S :ﬂVu Q- V19 z": Fo .V (gk) B >y nggkwk

S:Vu f<a|V19|2 F D1 MGk
ST g, - D e

k=1



Entropy Il

The Second Law of Thermodynamics dictates

o >0,

n
> i1 Mk&kwi > 0. Moreover,

Ton] Sy, T

therefore we assume —

k

Vo
—Z ¥ log pic = ZDI[ el | -
kl 1
TL’" Dy [@ _ /VTrm] Yy Vit >0,
919 k,1=1 Tm Tm

as >.,_, Fx = 0 implies

> YiDy=0 Vi=12,...,n

k=1

@ V. Giovangigli: Multicomponent Flow Modelling 1999



Simplifications

We cannot read estimates of V Y from the entropy inequality. One possibility
was used in

P.B. Mucha, M.P., E. Zatorska: Heat-conducting, compressible mixtures with
multicomponent diffusion: construction of a weak solution, SIMA 2015
It requires information on Vp, the viscosity was density dependent with the BD
entropy. Not available in the steady case.
Another possibility: take my = ma =--- = m, = 1. Then 7, = 09,
Yo _ Y/vw—f;m = VY,. Therefore

Tm

Fi=—>_ YiDuVY,

=1

and

" F e (VY V(e9)) _ ¥ v
_ LI VAT = — Fr + = DuVYIVYi > c|VY|.
;mk & Pk ; k ( Y oV ) ,;1 MV T Tk | |



Definition of a weak solution I: (0, u, ¥, {ok}7_;)

We look for functions ¢ >0, [,edx =M, 9 >0, 0« >0, 0=37_; ok,
ok = Yxo a.e. in Q,

0 € L7(Q),ue W;3(Q)
oluP € LY(Q), Y € W?(Q)
9"V € L1(Q),9 € L1(Q)

and the following identities hold
e the weak formulation of the continuity equation

/gu~V1/de:O
Q

holds for any test function ¢ € C*°(£2);
e the weak formulation of the momentum equation

/Q(—Q(u®u):V<p+S:V<p)dx—/

Q

wdivipdx = / of - pdx
Q

holds for any test function ¢ € C5°(Q);

(8)

(9)



Definition of a weak solution II: (0, u, ¥, {ok}7_;)

e the weak formulation of the species equations
—/YkQU‘deX—/Fk-VQ/JdX:/wk’l/ldX (10)
Q Q Q

holds for any test function ¢ € C>(Q) and for all k =1,..., n;
e the weak formulation of the total energy balance

—/Q(%Q|u\2+ge)u~V1/JdX+/Q/$V19-Vz/)dX—/Q (;hm) - Vip dx

= f - dx — Su) - Vo d 7u - VY dx — L(9 — 9 ds
/Qg p dx /ﬂ(u) wx+/ﬂu x /Q( o)) ”

holds for any test function 1 € C*(Q).

For the slip b.c. additional terms due to the b.c. appear (if f # 0), the velocity
is required to have zero normal trace only and the test function in the
momentum equation has zero normal trace only. (Important!)



Result |

Theorem (Giovangigli, Pokorny, Zatorska '15)

lety >3, M>0,m>1,a< % Let Q € C?. Then there exists at least
one weak solution to our problem above. Moreover, (p,u) is the renormalized
solution to the continuity equation.

@ V. Giovangigli, M. Pokorny M., E. Zatorska: On the steady flow of reactive gaseous
mixture, Analysis, 2015.



Variational entropy solutions

We replace the the total energy balance by the entropy inequality and the
global total energy balance (weak formulation of the total energy balance with
test function ¢ = 1).

Entropy inequality

S:Vu |V9|? AR
/Q 5 wdx—l—/ﬂn ¥ dx /Q;T(cpk cu log ¥ + logYy) dx

+/¢Z DuVYi VY dx+/ fﬂowdsg/w dxf/gswvw dx
Qg1 oo U v Q

f/chklogﬂFk'Vw dx+/ZI0ngFk-V¢ dx+/ Ly dS
Q Q N

k=1 k=1
for any non-negative ¥ € C*(Q).

Global total energy balance

/BQL(ﬂ—ﬁO)d)dS:/QQf'UdX

Changes for f # 0 as above in the global total energy balance.



Comments to the variational entropy solutions
The entropy balance has the form

. . /Q "~ g
div(gsu) +div ( — — E =Fi) =0
(19 — 9 )
with the entropy production rate

1. Q- VY 8K\ Dp—1 BKWk
0=58:Vu- =73 —;Fk~v(§)—T,

the Gibbs function
8k = cpr® — Vs = ot — I(cuk log ¥ — log o — log Yk)

and the total entropy
n
S = Z Sk Yk.
k=1

We would have problems in the entropy inequality with terms containing log o
as the density may be equal to zero. But either the terms are of the form gsy,
or we may use in the definition that >~/_; w« =0, >_]_, Fx = 0 and we do not
consider these terms in the entropy inequality. The inequality instead of the
equality is a consequence of the limit passages in the proof and the weak lower
semicontinuity of some terms.



Result I (Dirichlet b.c.)

Theorem (Piasecki, Pokorny '16)

Lety>1, M >0, m>max{3,3 } a< 3. Let Q € C. Then there
exists at least one variational entropy so/utlon to our problem above. Moreover,
(0, u) is the renormalized solution to the continuity equation.

In addition, if m > max{1, ﬁ} v> %, a< 32 then the solution is a
weak solution in the sense above.

@ T. Piasecki, M. Pokorny: Weak and variational entropy solutions to the system describing
steady flow of a compressible reactive mixture, Nonlinear Analysis 2017.



Result 11l (Navier b.c.)

Theorem (Piasecki, Pokorny '17)

Lety>1, M >0, m>max{3, 5525} a< %, Yo € L}(09), Yo > Ko > 0

a.e. on Q. Let Q € C? be not axially symmetric. Then there exists at least one
variational entropy solution to our problem. Moreover, (g, u) is the
renormalized solution to the continuity equation.

In addition, if m>1, v > 2, 2 then the solution is a weak solution in
the sense above.

If Q is axially symmetric, let f > 0. Then there exists at least one variational

entropy solution to our problem. In addition, if vy > 2, m>1, m > 157 1 (if
18—6y

ye(2,8]) orm> o7 (ifv € (3, 2)) then the solution is a weak solution in
the sense above.

@ T. Piasecki, M. Pokorny: On steady solutions to a model of chemically reacting heat
conducting compressible mixture with slip boundary conditions, submitted 2017.



Approximation

Take § > 0 (regularization of pressure and temperature), € > 0 (parabolic
regularization of the continuity equation), A > 0 (regularization of the fluxes),
1 > 0 (regularization of some constitutive relations), and N € N (Galerkin
approximation of the velocity).

We let subsequently N — oo, 7 — 0", A = 07, and ¢ — 07

» We read the estimates either from the entropy inequality or from the
energy equality, the limit passages are standard.
» For A > 0 we read estimates on Y) from additional terms.

> As soon as A =0, we know that >~} _; Yi =1 and we read estimates on
Yy from the diffusion matrix term.



Limit passage | (6 — 0™)

For simplicity, we consider only weak compactness of the solutions. We have
the following estimates independent of §:
From the total energy balance with constant test function

fllusl2.00 + 1951100 < C(l + ’/ osus 'deD- (12)
Q
From the entropy inequality with constant test function:

VY55 + IVOZ 115 + [ Vus|3 + 195|100 < C. (13)
We have: Y7, Ye=1and 0<(Yi)s <1, k=1,2,...,n.



Estimates of the density | (Dirichlet b.c.)

To get the missing density estimates we use the local estimates of the pressure
based on the test function for the momentum equation

X — Xo
Ix — x|

We may use it with suitable cut-off function if xo is far from the boundary to

get
/ 71-(96,’[95) dx
Bry (o) |X — X0|® (14)
< C(1+ [Im(os, 95)lla + lluslla2(L + 195]lsm) + [l oslus]*[12),
provided
. (3m—=2

a<m|n{ o ,1}. (15)

For xo € 0Q2 we apply
¢'(x) = d(x)Vd(x)(d(x) + |x = xo|") ™ (16)

with d(x) a regularized distance function. It yields the same estimate as above

provided ar < 3';:2'




Estimates of the density Il (Dirichlet b.c.)

For xo ¢ 09, but close to 9Q (dist {xo, 90} = 5¢) we use
@ = Ko' +¢°,

where K is a suitably chosen positive constant and

X—Xo_ (1 -1 ), |x — xo| < &,
[x—xo] 22
2 1 1
= - [ @ ) - > d >
F)=] o) g i) ] > a0 >
1 1
X — X o — = |, |x—=x0| >e,d(x)<e.
=) (oo F ~ e ® ) Xl ()
(17)

It leads to the same result as above under the same restrictions. These
estimates can be then transformed into the integrability estimate of the velocity
and kinetic energy under some restrictions on the parameters v and m.



Estimates of the density Il (Navier b.c.)

For xo far from the boundary we proceed as above. To simplify the idea, let us
assume that we deal with the part of boundary of Q which is flat and is
described by x3 =0, i.e. n =(0,0,—1) and 71 = (1,0,0), 72 = (0,1,0) the
tangent vectors. The general case can be studied using the standard technique
of flattening the boundary. First let xo lies on the boundary of €, i.e. (x0)3s = 0.
We use as the test function in the approximate momentum equation

w(x) = v(x — xo),
where

v(x) = || ——(x1, %2, x3) = (x-T1)T1+(x7T2)T2+((0,0, x3—z(x"))-n)n, x3 > 0.

If o is close to the boundary but not on the boundary, i.e. (x0)3 > 0, but
small, we lose control of some terms for 0 < x3 < (xo0)3. In this case, we must
modify the test functions. We first consider

oar ((x = x0)1, (x = x0)2, (x — x0)3), x3 > Lol

vi(x) =

X2 X(
ﬁ((x—Xo)l,(X—X0)2,4(X—Xo)3m>, 0< x3< (2)3.



Estimates of the density IV (Navier b.c.)

Nonetheless, we still miss control of some terms from the convective term, more
precisely of those, which contain at least one velocity component us, however,
only close to the boundary, i.e. for x3 < (x0)3/2. Hence we further consider

(0,0,X3)
— <
P e e E
B (0707X3)
|x —xo| > 1/K

(xs + 1/K|In K[-1)=”

for K sufficiently large (but fixed, independently of the distance of xo from
09). Both functions have zero normal trace, belong to W*9(Q) and their
norms are bounded uniformly provided 1 < g < 2. We finally use as the test
function in the approximate momentum balance

p= vl(x) + Klvz(x) (18)

with Ki suitably chosen (large).
More details on both cases can be found in

P.B. Mucha, M. Pokorny M., E. Zatorska: Existence of stationary weak solutions for the

heat conducting fluids, Handbook of Mathematical Analysis in Mechanics of Viscous
Fluids (eds. Y. Giga, A. Novotny), Springer, 2017.



Limit passage Il (6 — 0T)

We finish the proof of the strong convergence of the density and thus of the
main result using the standard machinery known for the steady compressible
Navier—Stokes—Fourier system, see e.g. the reference above. We either pass to
the limit only in the entropy inequality and get the variational entropy
solutions, or, if we have enough information, i.e. more restrictions on the
parameters, we may pass to the limit also in the weak formulation of the total
energy balance. The main difference consists in the fact whether or not we can
estimate the kinetic energy in L°(Q) for some s > £. This can be verified for
m > max{1, ﬁ} and v > 5, while we can only verify s > 1 for v > 1 and
m > max{Z, %}

The standard machinery to get the strong convergence of the density based on
the effective viscous flux identity and control of oscillation defect measure leads
to further restriction m > ﬁ and the limit passage in the total energy
balance requires a < 3’"2_2 while in the entropy inequality only a < 37"’
Similarly we proceed for the Navier boundary conditions.




Limit passage Il (§ — 0%)

The use of the Bogovskii-type estimates only

3m—2
3m+2

||95||'Y+0¢ < C? 0<a < mln{z’y - 35 ’Y}?

leads to immediate restriction v > 3. Further restriction due to the total
energy balance

/Q5|U5|3dx <cC
Q

leads to the result in the paper by V. Giovangigli, M.P. and E. Zatorska.
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