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Abstract

This thesis is on the compressible Navier-Stokes equations. Firstly, the Navier-
Stokes equations are derived. Subsequently, the equations are discretized using
finite volumes and the complete flux scheme. The resulting system is solved for
several choices of boundary conditions and solution variables using the Newton-
Raphson method. Subsequently, the results of this numerical implementation are
given and a convergence analysis is executed. Additionally, an analytical solution for
the momentum equation is given. Lastly, the dimensionless system is given and an
alternative discretization approach is proposed.
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1 Introduction

The Navier-Stokes equations are named after engineer and physicist Claude Louis Marie Henri
Navier and physicist and mathematician George Gabiel Stokes. The origin of these equations
can be dated back to 1687 [1]. In this year, Isaac Newton wrote a papier on viscous fluid
motion. Subsequently, the inviscid Euler equations were derived by Daniel Bernoulli in 1738
and Leonhard Euler in 1755. After these equations were derived, fluid flows were researched by
several mathematicians, the first being Claude-Louis Navier. However, these mathematicians
did not take viscous terms into account. This was done first by George Stokes in 1845 and so
the Navier-Stokes equations as we know them today were derived.

Since the equations were derived, many have wondered about the existence and smoothness of
these equations. This topic has even become one of the seven Millennium Prize problems stated
by the Clay Mathematics Institute in May 2000 [2].

The Navier-stokes equations are used to describe fluid motion. They describe the behaviour of
important fluid properties such as density, velocity, pressure, temperature and viscosity. The
equations are based on three conservation laws. The conservation laws that are used in the
Navier-Stokes equations are the conservation of mass, momentum and energy. These equations
can be used for many applications, such as weather prediction, air flow around aircraft and
biomedical applications. Because of the wide range of application, more efficient solution methods
to these equations are always sought after.

The Navier-Stokes equations exist for compressible flows as well as for incompressible flows. It
is important to distinguish these two versions of the Navier-Stokes equations. An incompressible
flow is defined by the inability to be compressed when external pressure is applied. This means
that the density remains constant within a volume. Furthermore, the Mach number is normally
smaller than 0.3 for an incompressible flow [3]. Lastly, incompressible flows are often liquid flows
such as water flow.

On the other hand, a compressible flow, as the name suggest, can be compressed. That is, the
density can change in a volume. These flows normally have a Mach number larger than 0.3.
Examples of compressible flows are gas flows such as aerodynamics. We will only consider the
compressible Navier-Stokes equations.

In this thesis, we will construct a numerical method for the compressible Navier-Stokes equations.
This approach starts with the finite volume method. That is, the computational domain is
divided into finite volumes. Subsequently, we integrate over each volume. This leads to the
introduction of the (numerical) fluxes and the discrete conservation law. In order to compute
the fluxes, we propose the complete flux scheme. In this scheme, a local boundary value problem
is defined. The solution of this boundary value problem defines the numerical flux. This flux is
then substituted into the discrete conservation law to form the discretized system. Finally, this
system is solved using the Newton-Raphson method.

In addition to the numerical method based on the finite volume method and the complete flux

scheme, we also propose an exact solution for the case in which the Prandtl number is equal to

%. The exact solution is computed using the momentum and energy equations. Additionally,

boundary conditions at the inflow are imposed. This solution may indicate the behaviour of a
correct solution of the Navier-Stokes equation.

In Section 1, we will derive the conservation laws. These laws are generally accompanied



by several equations of state. These equations together form the system of equations known
as the Navier-Stokes equations. Subsequently, we will use a finite volume discretization in
Section 2. In this discretization, the complete flux scheme will be applied to form the nonlinear
discretized system consisting of two equations and an equation of state. Next, before we start
the implementation, we first look at an analytical solution of the momentum equation in Section
3. Thereafter, we implement the previously explained discretization in Section 4. In this
section, several choices for the boundary conditions are explored as well as options for the
solution variables. Furthermore, it is explained how to solve the system using the Newton-
Raphson method. Thereafter, the results of this numerical implementation are given in Section
5. The results are evaluated using a convergence analysis. In Section 6, an extension to the
original approach, which extends the method to all Prandtl numbers, is described. Finally, the
dimensionless system is derived in Section 7. Moreover, an alternative finite volume approach
and its results are given.



2 Compressible Navier-Stokes equations

In this chapter, we will derive the one-dimensional compressible Navier-Stokes equations. Starting
from a generic conservation law, we will derive three important conservation laws: conservation
of mass, momentum and energy. Furthermore, additional equations of state will be introduced.
These equations describe the properties of the fluid in question. The three conservation laws
along with the equations of state fully describe fluid motion.

We consider an isotropic Newtonian fluid. That is, the properties of the fluid are identical
in all directions. Furthermore, a Newtonian fluid adheres to Newton’s law of viscosity. This
means that the dynamic viscosity is independent of the shear rate. In addition, we consider a
fluid as a continuum. In a continuum, the fluid is considered as a whole and not as individual
molecules. Therefore, all properties of the fluid can be measured at a point in space as the fluid
is considered to be continuous.

2.1 General conservation law

Consider a scalar quantity per unit length U on an arbitrary one-dimensional spatial domain
Q = [z1,2n] in the domain of interest. The domain is stationary, it does not move along with
the fluid. A general conservation law for a single fluid reads

d
5 QUdH[F}jf:/QQU do+ [Q.], (1)
where x is the spatial variable, F' is the flux and @,, ()5 denote the volume and surface sources,
respectively. This conservation law states that the sum of the temporal variation of the chosen
quantity per volume and the flux at the boundary is equal to the sum of contributions of the
volume sources and the surface sources in the domain Q.

Using Gauss’ theorem, equation (1) can be rewritten to include only volume integrals to obtain

d OF Qs
E Qde—l—/Qa—xdx—/Qdex—&—/Q o dz.

As this holds for any arbitrary fixed domain, we can now obtain the differential form of the
general conservation law:

ou oF 0Qs

o T or P o

Lastly, the flux can be split into the convective flux, F,, and the diffusive flux, Fy;. We then
obtain the final version of the general conservation law:

oUu  OF.  0F 0Qs

ot Tor T o T s

2.2 Conservation of mass

In the conservation of mass equation, we consider the quantity U to be the specific mass of the
fluid, that is, the mass per unit volume. This is otherwise known as the density, denoted by
p. Furthermore, we denote the velocity of the fluid by u. This gives a convective flux F, of
pu. In the conservation of mass, there is no diffusive flux Fy. Furthermore, mass conservation



is independent of the forces acting on the system and the nature of the fluid. Thus, the source
terms @, and @)y are not present. This leaves us with the following conservation law for mass

8£ + 6FC _
ot or

Finally, substituting U and F. gives the following conservation of mass

0.

Pt + (Pu)x = 07

where subscript ¢ denotes temporal differentiation and subscript = spatial differentiation.

2.3 Conservation of momentum

We now consider momentum as the chosen quantity U. Momentum is the product of the mass
and velocity of a fluid. As we again consider the specific mass, we obtain a momentum of pu,
i.e., U = pu. The convective flux F,. consists of the chosen quantity multiplied by its velocity.
Thus we obtain a convective flux of pu?. In the conservation of momentum, there is no diffusive
flux F,;. Furthermore, we assume that there are no volume forces, i.e., @), = 0.

Next is the internal force that works on the boundary, i.e., the term Q5. The total internal force,
also known as the internal stress, is denoted by o. Thus we obtain Qs = o. The internal stress
consists of the isotropic pressure and the viscous shear stress. Firstly, the isotropic pressure is the
force per unit area of the fluid acting in the direction of the outward pointing normal. Thus the
isotropic pressure working on the fluid flow is denoted by —p where p denotes pressure. Secondly,
we have the viscous shear stress, denoted by 7. This force is a result of the deformation caused
by the resistance to flow. It can be shown that the shear stress depends only on the rate of
deformation [4]. The rate of deformation depends on the derivatives of the velocity components
in all spatial directions. For an isotropic Newtonian fluid, this means that the shear stress in the
direction z is

T = \ug + 2pu,, (2)

where p is the dynamic viscosity and A is the second viscosity coefficient. Now we can use Stokes’
hypothesis, which relates the dynamic viscosity and the second viscosity coefficient as follows

3\ + 20 = 0,
implying that
A=—3p. (3)
Substituting (3) into (2), we obtain
T = %,u,ux.

A more detailed derivation of the shear stress can be found in [11]. Combining the shear stress
and the isotropic pressure, we obtain the total internal stress

o=—p+ Uy (4)

Finally, substituting the convective flux pu? and the total internal stress o, we obtain the following
law of conservation of momentum

(pu)t + (pu®) = (=p + G0 ) (5)



2.4 Conservation of energy

According to the first law of thermodynamics, energy cannot be created or destroyed, it can
only be transformed. The law states that the change in energy is equal to the heat flux at the
boundaries plus the work done by the system. We consider U to be the product of the total
specific internal energy e (energy per unit mass) and the specific mass, i.e., U = pe. Note that
the meaning of specific can change. For specific mass, it means per unit volume. For specific
energy, it means per unit mass. The convective flux is again the chosen quantity times the
velocity. Thus, we obtain that F, = pue.

The diffusive flux F,; consists of the heat flux ¢q. According to Fourier’s law of heat conduction,
the heat flux ¢ is proportional to the negative temperature derivative, i.e.,

q= _KTZDa

where x denotes the thermal conductivity. This coefficient is a property of a material that
describes the ability to conduct heat.

Furthermore, the surface source results from work done due to the internal stress acting on the
surface. This is the product of the internal stress o and the velocity u, i.e., Qs = ou. Using (4),
we obtain

Qs = —pu + %.uuux-

Finally, again no volume forces exist, i.e. @, = 0.
Substituting all terms into the general conservation law gives

(pe)t + (pue — KTy)s = (—pu + %Muuw)w (6)

Lastly, we introduce the specific enthalpy h. This is the sum of the specific energy and the work
due to pressure and volume:

h=e+ P

P

Substituting the specific enthalpy into (6) gives the final form of the conservation of energy
equation:

(pe)i + (puh)e = (5puny + KT) .

2.5 Equation of state

An equation of state denotes the relation between state variables of a fluid. These state variables
are pressure, volume and temperature. As the equation describes properties of a fluid, it can
differ per fluid.

From now on, we will consider an ideal gas as the fluid. Therefore, we will use the ideal gas law,
known as

p = pRT,

where R is the specific gas constant. Furthermore, the specific gas constant can be related to
the specific heat constants, i.e., R = ¢, — ¢,, where ¢, is the specific heat for constant pressure
and ¢, the specific heat for constant volume. Furthermore, the ratio between the two specific
heat constants is called the heat capacity ratio, defined as v = Z—f The specific heat capacity
at constant pressure denotes the amount of energy that is needed to increase the temperature
of the fluid by one unit per unit of mass at constant pressure. Similarly, the specific heat at
constant volume denotes the amount of energy needed to increase the temperature by one unit

for one unit mass at constant volume.



2.6 Caloric equation of state

In this equation of state, the specific enthalpy h is defined. The specific enthalpy is the total
energy in a system per unit of mass, due to temperature and pressure. The total energy consists
of the thermal and kinetic energy. Firstly, the specific kinetic energy equals %uQ. Secondly, we
can use the specific heat at constant pressure to determine the thermal energy. As c, denotes
the amount of energy needed to increase the temperature by one unit, the product of ¢, and
the temperature T equals the amount of energy due to temperature, also known as the thermal
energy. Now combining the thermal and kinetic energy, we obtain the following equation for the
specific enthalpy

h=c, T+ %uQ.

2.7 Compressible Navier-Stokes equations

Putting all equations together, we obtain the one-dimensional compressible Navier-Stokes equations:

pt+ (pu)e =0, (7a)
(pu) + (pu® + p)a = (54U0)a (7b)
(pe)s + (puh)s = (Fpuny + KT%)s, (7c)
p = pRT, (7d)
h=c,T+ %uz. (7e)

These equations will be discretized to form the discretized system and subsequently will be
solved.



3 Finite volume discretization

We will now discretize the compressible Navier-Stokes equations.
Firstly, we assume that the fluid system is in steady state. Thus we consider the following
compressible Navier-Stokes equations

(pu)z =0, (8a)
(pu” +p)a = (311U0)a, (8b)
(puh)e = (puus)s + (KT)z, (8c)
p = pRT, (8d)
h=c,T + u? (8e)

We will rewrite this system of equations to obtain a new system that includes two differential
equations together with two equations of state. Subsequently, we will apply the finite volume
method. Furthermore, we will define the numerical flux using the complete flux method [5]. To
this purpose we introduce two scaled boundary-value problems (BVP). Finally, the numerical
flux is substituted into the finite volume scheme to obtain the final nonlinear discretized system.

First we define the mass flux as the product of density and velocity, i.e., m = pu. From (8a), we
then obtain

mg =0,

thus we know that m is constant. Furthermore, we introduce the specific volume 7 defined as
T= %. Using these new variables, we can now write pu? = m?7 and v = m7. Thus we can also

write u, = m7,, as m is constant. Substituting these new expressions into (8b), we obtain

2

(m°T — %,ume +p): =0.

Furthermore, we can rewrite (8c) to obtain
(mh)x = (%ﬂ(%lﬁ)x)m + (”Tx)fc-
Substituting $u? = h — ¢,T from (8e) into these equations gives
(mh)e = (3u(h = ¢,T)a)e + (KT)a,
or equivalently,
(mh — %th;)g; = (k(1 — %Pr)TI)z, (9)

where the Prandtl number, defined as

is introduced. The Prandtl number denotes the ratio between momentum diffusivity and thermal
diffusivity. Fluids with a low Prandtl number, i.e., Pr < 1 have dominant thermal diffusion
whereas fluids with Pr > 1 have dominant momentum diffusion.

Next we rewrite (8d) as

pr = RT, (10)



and substitute this into (9) to obtain

(mh - %th)w = (O‘(pT)JI?)m

where a = %(1 — 3Pr).

Finally we rewrite (8e) as

2
h= ’y_lpT—l-%(mT)Q, (11)

where we used that v = Z—” and R = ¢, — ¢y.
In summary, we have rewritten the conservation laws to obtain

(m*r — fum, +p)s =0, (12a)

(mh — %ﬂh:c)x = (a(pT)z)a, (12b)

for the three unknowns p, 7 and h, where we have used equations of state (10) and (11). We will
refer to equations (12a) and (12b) as the specific volume and enthalpy equations, respectively.

3.1 Momentum equation

First we discretize the specific volume equation (12a). We define the momentum flux f; as

fr=m?T — gumt, +p.

Using this definition, we then obtain

(fr)ac =0.

We cover the domain with N equidistant points with boundary points x; and x. This gives
N —1 volumes of size Az = *5=7*. Now we apply the finite volume method on control volumes

Vi = [xj_%,xﬂ_%] for j = 2,...N — 1. The grid and control volumes are depicted below.

vy, VN-1
X1+1/2 Xo41/2 XN-3/2 XN-1/2
X4 X2 X3 XN-2 XN-1 XN

Figure 1: Spatial grid

Integrating the momentum flux over the control volume leads to

fr(@jy1) = fr(z;_1) =0.

We introduce the numerical flux as F, ;, 1. Hence the discrete conservation law becomes

Fa—F.; 1=0

J—3
Now we define a local boundary value problem as follows

{ (fr)a: = 0, Z; <zr< Tjt+1,

m(x;) =75, T(¥j+1) = Tiv1-



This boundary value problem defines the numerical flux. That is, the solution of this BVP equals
the numerical flux. This results from the observation that fr is constant and therefore F, ;, 1
is also equal to this constant, i.e., fr = F ; 41 In the BVP, Dirichlet conditions are chosen to
successfully adapt the complete flux approach and to form the discretized system later on.

To simplify computations, we rescale this BVP using o(z) = “x2 where Az = x4 — x;. It
then holds that 0 < o(z) < 1. The scaled BVP reads

(m21 —em7’' +p) =0, 0<o<1,
7(0) =75, 7(1) = Tjt1,

where prime () refers to differentiation w.r.t. o and & = ;A—"I.

Rewriting the numerical flux using the integrating factor (assuming m # 0) gives

/
Fjy1=—em <€_mo/87'> emo/e 4 p,

where we assume ¢ to be constant in order to simplify matters. Subsequently, we multiply with
1

—8—meﬂew to isolate the derivative as follows

1 1
—mo/e N\ _ _— _—mo/e _ __— _—mo]e )
(e T) po— p(o) = p— Foji1
Now that the derivative is isolated, we integrate and apply the boundary conditions to obtain
I I

Tit1 —Tj — — e_m"/sp(a) do = —— e ™7/ do F

_m/
€ i 1.
em Jo em Jo Ttz

The right-handside integral equals

1
—mo /e _ i _ _—m/e
/0 e do m(l e )

Thus, we obtain

—m?2 B m 1
Friy = g € T =)+ S e

1
/ e /% p(o) do.
0

Now we split the flux into two parts, namely Fle L1 F2 .. 1, where the second part includes the
K 2

Ti+3’
pressure term. The first part of the flux equals

—m m
Frl,j+§ =me (B<€)7j - B(g)Tj+1> )

where B(z) = =%5. Introducing the Péclet number Pe = ", the flux becomes
Fl . =me (B(—Pe)Tj - B(Pe)TjH). (13)

The second part of the flux takes the effect of the pressure into account. We assume that the
pressure can be written as a linear function, i.e. p(o) = p;+ (pj4+1 —p;)o, where again 0 < o < 1.
Using this linear pressure, we can use integration by parts on the integral as follows

1 1 1
/ e_m”/ep(a) do = pj/ e~/ do + (Pj+1 — pj)/ e Mg do
0 0 0

5 o e (e o o
=pj-(1-e /E)+(Pj+1—Pj)m(m(1—6 /E)—fi /€>~

10



Thus the second part equals

2 1= 46_"1/6_1—"_% p; + 4em/6_1_% Pj+1
T.J+3 Ajg(efnﬂsgfl) J %%f"ve"l) J+t
= W(—Pe)pj + W(Pe)ij, (14)

where W(z) = % For this function it holds that 0 < W(z) <1 and W(z) + W(—z2) = 1.

Now combining (13) and (14), we obtain the total numerical flux

1 2
Frjry =¥ +F

T.j+3 TJ+%
=me (B(fPe)Tj - B(Pe)7j+1) + W (=Pe)p; + W(Pe)pj41.
Although we assume that m # 0, the same results can be obtained for m = 0 using the Taylor

series of the exponential function. However, when m = 0, there is no fluid flow since either the
density or velocity is zero.

3.2 Energy equation

Now we will discretize the enthalpy equation (12b). First moving all the terms to one side, we
obtain

(mh — Sphy — Oé(pT)l) =0.

xT

We define the enthalpy flux fj as fr, = mh — %phg: — a(pT7),. Thus we obtain that
Lﬁ)rzo.

Similarly as before, we apply the finite volume method on control volume V; = [asj_ 1Tt ] to
obtain

Jo(@jpa) = fulz;_

Thus we again obtain the discrete conservation law

) =0.

Nl=

Frjry = Frj-y =0,

3
where we have introduced the numerical flux F}, ;. 1 We can now formulate the following BVP
which, similarly as before, defines the numerical flux

(fh)z = 07 T <zxr< Tjt1,
h(zj) = hj,  h(zjpa) = hja.
We observe that f; is constant and therefore
fon=Fp ey
Thus the solution of the BVP defines the numerical flux. Furthermore, we again consider Dirichlet
conditions for the reasons previously mentioned.
Again, to simplify computations, we scale the BVP to obtain
(mh —eh' — 2 (p7)") =0, 0<o<l,
h(0) = hj, h(1) = hjq.

11



Furthermore, we can rewrite Fj, ;. 1 as follows

—mo mao. (0%
Fyyjpy = —¢le /fh)e™s — E(pT)/~ (15)

We now assume that Pr = %, leading to a@ = 0. Then, the numerical flux reduces to

mo

I
Fy 1= —E(e_m”/ah) e« .

—m
€

Multiplying with ée ” gives

1 —mao —mo !
_ge /EFh,j-ﬁ-% - (e /sh) )

Subsequently, assuming m # 0, integrating and applying the boundary conditions gives
Fh,j—&-% =& (B(—Pe)hj — B(Pe)hj+1) .

This result can also be obtained using Taylor series for m = 0.

Lastly, we note that this approach can also be seen as the homogeneous flux scheme as there is
no source term. However, one could also take the pressure term as a source term in order to
resemble the complete flux more. Both approaches lead to the same result.

3.3 Discretized system

In summary, we have computed the numerical momentum flux and the numerical enthalpy flux,
which read

FLjy1=me (B(—Pe)Tj - B(Pe)7j+1> + W(=Pe)p; + W(Pe)pj41, (16a)
Foyay = e(B(=Pe)l; — BPe)hyy ). (16b)

Furthermore, we assumed that p can be written as a linear function p(c) = p; + (pj+1 — p;)o
and that Pr = %. For both numerical fluxes, we use the finite volume method to obtain

FT,jJr% _Fr,jfé :0, (17&)
Fhj+s = Fhj-3 =0 (17b)

Substituting (16a) into (17a) gives
me [—Bij_1 + (B~ + BM)1j — B+Tj+1] W pja+ (W™ = WH)p; + Whpj1 =0,

where B~ = B(—Pe), BT = B(Pe) and similarly for .
For the enthalpy flux, we substitute (16b) into (17b) to obtain

5 [—Bih]’_l + (Bi + B+)hj — B+hj+1] =0.
Thus we have the following nonlinear discretized system

me [~B7j_1 + (B™ + BY)7; = BY 1] = Wpjoa + (W™ = WH)p; + Whpj =0, (18a)
€ [—Bihj_1 + (37 + B+)hj - B+I’Lj+1] =0, (18b)

h = 5 1 lpT + %(mT)z. (18c¢)

This nonlinear system can now be solved.

12



4 Analytical solution for the momentum equation

Before continuing with the discretized system, we first propose an analytical solution. Here, we

again assume that Pr = %.

4.1 Formulation of IVP

Before we consider the momentum equation, we briefly consider the energy equation (8c).
Integrating the energy equation gives

puh — %,uuuw — kT, = C1, (19)
where (' is an integration constant. Substituting m = pu and h = %uQ + ¢, T into (19) gives
—%,uhw +mh =r(1l - %Pr)Tw + O,
where Pr is the Prandtl number. We assume that Pr = %, giving
—%uhx + mh = Cj.

Imposing inflow boundary condition at x = —oco: h = hy, and h, = 0 leads to C; = mhy,. Thus,
the differential equation becomes

4
_gﬂhz + mh = mhiy.

Therefore, the solution for A is

h(z) = hin + Coedme/4,
As enthalpy is a fluid property, it should be bounded for x — oo, leading to Cy = 0. Thus, we
have that h = hy,.

Now consider the momentum equation (8b). Integrating this equation gives
pu® +p= %uuz + Cs, (20)
where C5 is a constant. We can now substitute m = pu and p = pRT = RT'm/u. Furthermore,
we can rewrite
R Cp — Cou

y — 1 1,2
RT = c, I = ’U,2 = h u).
cp © Cp ) ¥ ( 2v)

Substituting m and p into the integrated momentum equation (20) and multiplying with u/m
gives

4 1 -1
iuwu = iUQ + Lhin - 2037 (21)
3m 2y o m

where we used that h(z) = hi,. Note that we again assume that m # 0, otherwise there would
be no fluid flow.

The boundary conditions that we impose for the velocity at the inflow x = —oo are u = ujp,
uy; = 0. Substituting this in (21) gives

1 -1
C'3: <’y+ u12n+ry h1n> ﬁ
2y Y Uin

13



Subsequently substituting C3 into (21) gives

4 1 -1 1 -1
iuum — _l iu?n + Lhin + iu? + Lhin-
3m Uin \ 27 v 2y g
Now we introduce the scaled velocity v = u/u;,. Rewriting the equation above finally gives
v, = 0(v —1)(v =), (22)
where § = 30+ and M;, = %» js the Mach number at the inflow.

_ oy—1 2
8uy ﬁ T oy+1 + (y+1)M?

in

Furthermore, ¢ = | /% is the speed of sound. The Mach number classifies the type of flow. If

Cin

M < 1, we have a subsonic flow; if M = 1, we have a sonic flow and if M > 1, we have a
supersonic flow.

Relation between Mach and g

Figure 2: Relation § and Mach for v = g

In Figure 2, we can see the relation between the Mach number and 3. If § is larger than one,
the Mach number is smaller than one and vice versa. Thus, 8 < 1 gives a supersonic flow while
B > 1 gives a sonic flow. Finally, 5 = 1 describes a sonic flow.

In order to solve (22), we impose an initial condition to obtain the following initial value problem

vu, =0(v—B)(v—1), = > xg, (23a)
v(x0) = vo, (23b)

where vy € [0.5,1.5]. We will later see how important the choice of z( and vy is.

4.2 Solution methods

The exact solution of (23) can be found by changing the variable that is differentiated. That is,
we rewrite the differential equation for v to obtain a differential equation for z. First we rewrite

14



dv/dz to obtain a term da/dv as follows

dv 0
FP ;(U = B)(v—1),

dx v

& - B—1)

Using partial fraction decomposition, we obtain

dz 1 -0 n 1

dv 1-p)\v—-p8 wv-1)°
Now we integrate over the interval [vg, v] to obtain the following equation for x as a function of
v

1

z(v) = m(—ﬁlog\v—ﬂ +log|v — 1| 4+ Blog|ve — B| — log |vg — 1|) + x0. (24)

From (24), we see that « can not be computed for a sonic flow, i.e., for § = 1. Thus for a sonic
flow, we have to compute the expression for x separately. We start with

dv 0

— =Z(v-1)>~
dx v(v )

Then using a similar method as for the subsonic and supersonic flows, we obtain

Ei v
dv (v —1)%’
VAR N
S o\v—-1 (v—1)2)°
Now integrating, we get
1 1 1
=-11 -1 -1 -1 - — . 2
x e(ogv | — log |vg — 1| v—1+vo—1> (25)

From (24) we can already see that there is no solution for v = 8 and v = 1. These are the
equilibrium solutions also seen in the direction fields in Figure 3. Using (24) and (25), we can
choose an interval for v and compute x as a function of v. Subsequently, we can plot these results
in an (z,v) plot.

Alternatively, (23) can be solved numerically using an ode-solver in Matlab. We have used the
ode45 solver.

4.3 Results

From (23a) we see that there are two equilibrium solutions v = 1 and v = 8. To analyze the
stability of these solutions, we plot the direction field for supersonic, sonic and subsonic flows in
Figure 3.
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Direction field for Mach=1

Direction field for Mach=0.8
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Figure 3: Direction fields, m =1,y =1l.e — 3,y = 1.4,0 = 642.86

From Figure 3, we see that for a subsonic flow, v =  is an unstable solution, while v =1 is a

1 is a semi-stable solution.

=B =

stable solution. For the supersonic flow v = § is a stable solution while v = 1 is an unstable

solution. For the sonic flow v

The stability of equilibrium solutions can also be computed using (23a). Firstly, we write (23a)

Secondly, we compute f,(v) = 6(1 — 8/v?) for v = 1, for all Mach numbers.

If this derivative is negative, the equilibrium solution is stable. If it is positive, the equilibrium

f(w).
solution is unstable.

as vy

Lastly, if it is equal to zero, it is a semi-stable equilibrium solution. For

0. Finally, for M;, = 1.2,

= fU(IB) =

(1) < Oafv(ﬁ) > 0. For M;, =1, fv(l)
B) < 0. These results coincide with the direction fields in Figure 3.

phrm
00
A

—
P
=2

From (23) we can already see that the solution will presumably be invariant of xg. However, the
range of x will influence how much of the shock solution can be seen. We demonstrate this in
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the following figure.

v0=1.4687, Mach=0.8, beta=1.4687
T T T

145 %

14

1.36 -

— & [x0x]=[0.1 0.2]

— o [x0X]=[00.1]
—v=j

———-v=1

Figure 4: Numerical solution for different spatial intervals

In Figure 4 we see that for different spatial intervals of equal width, the solution remains the
same. The width of the left plateau depends on the choice of vg. If vy is chosen closer to 3, the
plateau will become even wider. The width of the right plateau depends on the width of the
spatial interval. Although we have only shown this phenomena for a subsonic flow, it also holds
for a (super)sonic flow.

Next we compute the analytical and numerical results for a subsonic flow.
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v0=0.5, Mach=0.8, beta=1.4687

0.005 0.01 0.015 0.02 0.025 0.03
X

(a) Initial condition v(0) = 0.5

v0=1.2, Mach=0.8, beta=1.4687
T T T T

———-y=1 ® ———-v=1
Analytical > 11t ® Analytical | |
Numerical ’ ® Numerical

0 0.005 0.01 0.015 0.02 0.025
X

(b) Initial condition v(0) = 1.2

0.03 0.035

v0=1.4687, Mach=0.8, beta=1.4687

— — — v=beta
e —— == |
Analytical
121 O Numerical | -
115 | 5
1. 7
1.05 7

0 0.01 002 003 004 005 006 007 008 009 01
X

(c) Initial condition v(0) = 8 — 0.00001

Figure 5: Solution for subsonic flow

As seen in Figure 3, it is expected that all solutions with an initial solution smaller than g tend
towards the equilibrium solution v = 1. This is exactly what can be seen in Figure 5. As can be
seen in Figure 5c, even if the initial solution is very close to (3, the solution still tends towards

= 1. As v = u/u;,, this means that the velocity always tends towards the inflow velocity.
Furthermore, we note that for each initial solution vy, the x-axis differs. This is a result of the
analytical solution. For the analytical solution, the range of v is chosen in order to compute .
Therefore, x can vary for each initial solution. Lastly, we note that only for vy close to 3, we can
see a whole shock. Such a shock is a result which is expected for the Navier-Stokes equations.
Next, we compute the solution for a sonic flow.
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v0=0.5, Mach=1, beta=1 v0=0.8, Mach=1, beta=1
T T T T T T

1 _____I______‘ _________ __'_’T_— - = D ' '
0.95 &

— i 0.96 | .
0.85 7 0.04 | |
0.8 b L 1

— — —-v=1=beta 0.92 — — —-v=1=beta
> 0.75 Analytical | 4 > 09 _fP-a Analytical | 4

Numerical ‘._,; Numerical
07 1 0.88 [ 1
0.65 ;' g 0.86 | b
0.6/ , 0.84 § i
0.55 : Osgg 1
059 ; : ; ‘ . g . ‘ j ‘ i ]

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 015 0.2 0.25
x X
(a) Initial condition v(0) = 0.5 (b) Initial condition v(0) = 0.8

Figure 6: Solution for sonic flow

As can be seen in Figure 6, the solution again tends towards equilibrium solution v = 5 = 1.
This behaviour only happens for initial solutions smaller than 1, as can be seen from the direction
field plot. When using an initial solution bigger than 1, the solution diverges to infinity. For the
sonic flow, we were not able to compute a whole shock as previously done. Lastly, we compute
the solution for a supersonic flow.
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v0=0.8, Mach=1.2, beta=0.74537
T T T T

v0=0.6, Mach=1.2, beta=0.74537 —_
076l T T T T T T T m g
0.74 ) T 0.8¢
0.72 7 0.79
T ’ 078
ff — — — -v=beta
> 0.68 | g Analytical >
i Numerical 0.77
0.66 - & i
Jof 0.76
0.64 b
g
&
0.62 ;’ b
05% R 0.74
0 0.005 0.01 0.015 002 0.025 003 0035 0.04
X

(a) Initial condition v(0) = 0.6

v0=0.99999, Mach=1.2, beta=0.74537

— — — -v=beta
Analytical
Numerical | 7
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
X

(b) Initial condition v(0) = 0.8

I EEoeeEeEESsE, - — — — — —— — ————— — — — — — — — — — =l
0.95 =
0.9 — — — -v=beta ]
- B ol |
Analytical
0.85 - O Numerical | |
0.8 r
E BT 1 R —
0 0.02 0.04 0.06 0.08 0.1
X

(¢) Initial condition v(0) = 1 — 0.00001

Figure 7: Solution for supersonic flow

For all initial solutions smaller than 1, the solution tends towards the stable equilibrium solution
v = (. As 3 is roughly %, the velocity tends towards % of the inflow velocity, thus the velocity
decreases. In Figure 7c, we can again see a full shock. This is a result which is expected and will

presumably resemble a solution of the complete flux approach.

In conclusion, the analytical and numerical solution are both highly dependent on the initial
solution vy and the range of v and x, respectively. However, when a suitable interval is chosen,

the complete shock can be seen in the solution.
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With the use of the analytical and numerical solutions, we can also compute other solution
components such as the density and pressure. As we can only compute v = u/u;,, we have to
make two assumptions in order to compute other variables. Firstly, we assume that wu,, the
velocity at the inflow, is equal to 1.1. The value of u;, is based on the Dirichlet boundary
conditions of a supersonic flow with Mach equal to 1.1, as we will see later on in this report.
Secondly, we use h is constant for Pr = %. We can then obtain the following result

All solution components, Mach=1.1, u= 0.001, v=1.4

tau
P
qL rho | J
u
h
2571 b
2 1 -
15 1
1 )<i |
0.5 L L . L L L
0 0.02 0.04 0.06 0.08 0.1 0.12

Figure 8: Solution based on the exact solution for Pr = %

In Figure 8, we can see a very promising solution. In this solution, we can see a flow moving across
a shock wave. Across this shock wave, the variables change. For example, the velocity decreases
and as a result, the density increases as it is a compressible flow. The physical interpretation
will be discussed more extensive later on.

Now that the analytical solution is computed and we have seen the first results, we can continue
the discretization.
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5 Numerical implementation

We will now solve the discretized system (18). In order to solve the system, a few choices have to
be made. Firstly, we have to choose what kind of boundary conditions to apply. Secondly, a choice
in variables has to be made. System (18) consists of three equations and three variables which
will be reduced to two equations for two variables. This will presumably simplify computations.
These options will be explored and the results will be discussed.

5.1 Boundary conditions for system in 7, p

Suppose we have the spatial domain [z1,zy]. We need boundary conditions at x; and at .
We assume that the fluid flow is in positive z-direction. Thus the boundary at z; is the inflow
boundary while zy is the outflow boundary. Suppose we use the variables 7 and p, which are
obtained by substituting (18c) into (18b).

5.1.1 Dirichlet and Neumann boundary conditions

A possibility is to impose Dirichlet conditions at the inflow boundary and Neumann conditions
at the outflow boundary. These boundary conditions can be written as

T(x1) =11 = 71, T/(JJ"N):T]IV:Q
plz1) =pr=pr, P(an)=py=0.

In order to solve the nonlinear system (18) with the chosen boundary conditions, we need a
suitable solution method. In this report, we propose the the Newton-Raphson method defined
as

Ypr1 = Y — (F/(Ek))ilﬂ(gk)a

where k denotes the iteration and system (18) can be written as F'(y) = 0 for solution vector y
that consists of the variables 7 and p. We will now formulate the Newton-Raphson method for
system (18).

We want to solve F(y) = 0 where F consists of two parts, i.e., F = (F,, F,)T that coincide with

)
equations (18a) and (18b). The solution vector y is defined as

y= (T23p27 .. 'TN7pN)T'

Note that the solution vector could also be chosen differently. This choice influences the Jacobian.

Implementation of the Dirichlet condition is straightforward. For the Neumann condition, we
use central differences at * = x to obtain the relations 7y_1 = 7y4+1 and py_1 = py+1. For
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the momentum equation (18a), we can write F'; as follows

B~ + Bt —-Bt T
-B~ B~ + Bt —-Bt
Fy =me |+
— B~ B~ + Bt Bt :
—-B~—-B* B~ 4+ Bt N
wW--wt w+ Do —meB~ 1, — W™ pr,
-W- W-—-wt w+ . 0
. . S+ : =0,
W= wW- —-wt wt : 0
-W-+W+t W~ —-W+ PN 0

where again B~ = B(—Pe), BT = B(Pe) and similarly for W.
The energy equation (18b) can be written as F, as follows

B~ + BTt -Bt < 1,22
Yp2T2 + 5MT.
-B~ B~ +Bt  -B* 2
Iy =¢ - - +
B~ B-+B* -Bt ] L,
—-B-—-BY B~ + BTt VYPNTN + 3M T
—eB~ (§rrpL + $m*7})
0
: =0,
0
0

where 7 = ﬁ
Thus we have a system F(y) = 0 that consists of 2N — 2 equations for 2N — 2 unknowns. The

system in matrix notation is briefly written as

F, =meBr + Wp + f1,
E2 :€Bh+év

where B, W are square matrices of size N — 1 and fi, fo are vectors including the boundary
conditions.

In order to implement the Newton-Raphson method, we compute the Jacobian of F; and F, to
form F’ = (F| F%)'. Differentiating F; and F, w.r.t. all elements of y gives

me(B~+BT) W~ —-WT me(—BT) w+
me(—B7) -w- me(B~+Bt) W- —-Ww+t me(—BT) W
’
me(—B7) -W- me(B~+BY) W--Ww+t me(BY) w+

me(—B~ —BY) —W~+ W%t me(B~+BT) W--W+
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(B~ + B™)
(=B7)
F,=¢

Ap2 + m?7y

5.1.2 Dirichlet boundary conditions

(B=+B%)  (-BY)  (-BY)
(B (B BY) (B EBY (B (B
(-B) (B (B +BY) (B +BY)
(-B~=-B%) (-B~-B7)
ira
Aps + m>73
73

PN + mPTN
TN

")
(B~ + B™)

Alternatively, one can choose to use Dirichlet boundary conditions at both boundaries:

(1) =7

p(z1) =p1

Using the solution vector

=TL,

pL,

T(zNn) = 7N

p(zn) =pN

Y= (T2>p2, . --TNfl,qu)T,

24
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the system to be solved can again be written as F' = (F;

F,)T where

B~ +B+  -B* "
-B~ B~ + Bt —-B*
Iy =me . - +
—B~ B~ + Bt —-Bt
-B~ B~ + Bt TN-1
W--Ww+ w+ Do —meB~ 1, — W™ pp,
-W- W-—-wt w+ . 0
+ :
W= wW- -—Wwt w+ 0
—-W- W- -Ww+t PN-1 —meBtrp + Wpg
B~ + Bt —-Bt ~ 1,22
Yp2Te + 5M7T:
-B~ B 4B+ -B* 2
Ey,= ¢ - ) +
B~ B~ —i—B"' _B+ ) . )
—B~ B~ +B* | \Opn-17n-1 +amPTR
—eB~ (§rLpL + $m*7})
0
: = 97
0
—eBY(3Trpr + 3m*73)
where 7 = 5.

Note that we now have 2N — 4 equations for 2N — 4 variables. The Jacobian now becomes

me(B~+BY) W= —-W*  me(-BY) wt
me(—B7) -w- me(B~+BY) W~ —-W*t  me(—B") w
me(—B7) -W- me(B~+BY) W——WT me(B™T) w+
me(—B7) -W- me(B~+BY) W——W+
(B~ +B*%) (B~ +B7) (—B™) (—=B%)
(=B7) (=B7) (B~ +Bf) (B-+B%) (-BY) (=B%)
P, — - | ) )
(BT (-B)  (BT4BY) (B 4BY)  (-BY)  (-BY)
(-B7)  (-B7)  (B-+B) (B-+BY)
Ap2 + m>Ty
T2
Aps + m>T3
373
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5.1.2.1 Conditions for Dirichlet boundaries

When using Dirichlet boundary conditions at both boundaries, a solution is not always guaranteed.
To determine criteria that guarantee solvability, we look at the momentum and energy differential
equations and integrate them over the interval [z1, zy]. Furthermore, we assume a uniform flow
at both boundaries, i.e., 7, = p, = h, = 0 at the boundaries. We then obtain:

m27r, + pL = m*Tr + pr (26a)
mhL = mhR, (26b)
%mQT2 + ﬁpr
Equations (26a) and (26b) can be seen as a version of the Rankine-Hugoniot conditions. These
conditions explain the relation between two states on either side of a shock wave in one-dimensional
fluid flows [6].
From (26a) we obtain

where h =

PR = PL +m2(TLfTR). (27)
Subsequently substituting h and pg into (26b) and rewriting gives

v
%mB(TL —7r)(TL + TR) = ﬁm (pr('rL — 1) + m?rg(rL, — TR)> .
As we do not seek the trivial solution 77, = 7, pr, = pr, etc., we eliminate these trivial solutions

and rewrite to obtain:

2 -1
v gl (28)

TR = + TL-
R m2(7+1)pL 7+1L

Thus, we now have equations for 7z and pr dependent on 71, and pr. We can choose the values
at the inflow and subsequently compute the values at the outflow.

However, there is one more condition which has to be satisfied. Namely, the second law of
thermodynamics, also known as the entropy condition, has to be satisfied. This law states that
it must hold that the entropy does not decrease [7]. Entropy is a measure of the amount of
energy unavailable to do work. In a closed system where energy is conserved, the amount of
available energy cannot increase. Therefore, entropy cannot decrease. We denote entropy by s.
It can be shown that across a shock, it should hold that s;4; > s; for j = 1,... N — 1. This can
be shown using the balance equation for entropy, a detailed derivation can be found in [7]. The
entropy for an ideal gas can be approximated as s = pr? [8]. It should then hold that

PRTR > PLT]. (29)
Furthermore, the entropy condition should hold on all volumes, i.e., it should hold that
v

Pj417jyy > pi7) for j=1,N — 1.

In order to establish when the entropy condition holds, we first define the shock relations. These
can be found by dividing (28) by 77, and (27) by pr, respectively. Furthermore, we use that
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2 2 .
M? =4 = "jypT to obtain:

TR _ 2L -1
o My D 1
PR _ m? (7, — TR)’
pL PL
M2 = ey

YPR

After rewriting these equations, we obtain the shock relations:

B_Q—F(’y—l)Mﬁ

=, 30
TL (y+ 1)M? (30a)
2yM?2 — (v —1
pL vy+1
2 —1)M?
2 + (’y ) L (300)

BUME - (- 1)

The shock relations are well known and can be found in literature, e.g., in [9]. Substituting (30a)
and (30b) into (29), one can derive that the entropy condition only holds for My, > 1, that is, a
sonic or supersonic fluid flow. It then also holds that 7z < 7, pr > pr and Mg < M. Thus,
rarefaction shocks, which are multiple waves over which the density decreases, are not possible
[10]. For a perfect gas, one can expect a supersonic inflow with a compression shock. This means
that there will be a dividing wave between the stationary and moving fluid, also known as a
shock wave. A shock wave occurs when force is applied to the fluid. Due to this force, the fluid
starts to move and becomes compressed [10].

In conclusion, when using Dirichlet boundary conditions at both boundaries, we can prescribe
the inflow conditions and compute the outflow conditions using (28) and (27). These boundary
conditions satisfy the entropy condition and are only possible for supersonic inflows.

5.2 Boundary conditions for system in 7, h

Until now, we have only considered 7 and p as variables. However, we could also choose 7,k or
p, h, although p, h does not seem like a suitable choice as F; is linear in 7. Therefore, we now
consider 7, h as variables. Using (18c), we can write p in terms of h to obtain

hj — %mQT-2

L J

p; = = .
YT

5.2.1 Dirichlet and Neumann boundary conditions

Using Neumann-Dirichlet boundary conditions similar to those described in section 5.1.1, we
now get

T(x1) = 11 = 7L, m(xn) =Tn =0,
h(ah) = h1 = hL, h’(xN) = IN = O7

with solution vector

Y= (7'2,]7,2, .. 'TN,hN)T_
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Furthermore, system (18) can now again be written as F = (F,, F,)T where

B~ + BTt —B*t Ty
—B~ B~ + BTt —B*t .

El =me : —|—
-B~ B~ + Bt -B* :

B~ — Bt B—_|_B+ N

W- —w+t W+ M —meB7 Ty, —W_(%)
-W- W —wt W e 0
. . . . + = Q
W~ W — W+ w+ : :
W~ + wt W —wt hN—%szjz\, i
T B 0
B-+Bt —B+ hy —eB~hy
-B~ B~ +B* BT , 0
Fy,=e¢ - - ot : =0
B~ B~ + B+ _B+ : :
-B~—Bt B~ +B*t hn 0
Note that for the system in 7, h, F, becomes linear. The Jacobian of Fj is
me(B~+BT) (W™ —WH)pay me(—BT) Wtps
me(—B) W™ pan me(B~+BTY) (W™ —=WTH)psp me(—BY) Wtpan
me(—B~) ~W™pN_2n me(B~ + BT) (W= —=WH)pN-1n me(B1) Wpnn
me(—B~ — BY) (=W~ +WH)py_1, me(B-+Bt) (W= —WH)py,
(W= =WH)par 0 Wtps 0
_W7p277' 0 (W7 - W+)p3,7' 0 W+p4,r 0
0 -W™pn_2r 0 W =WhHpy1, O Wpn.»
0 (-W-+WHpn_1,r 0 (W™ —WHpy,,
where p; » = %(—%Trﬂ — IT%) and p;p = % are the partial derivatives of p w.r.t 7 and h. The
A j

Jacobian of Fy becomes significantly easier:

0 «(B-+B*) 0 <(~-BY)
0 e(-B") 0 B~ +B") 0 e(—B™)
0 &-B7) 0 eB +B*Y) 0 e(-BY)
0 e(—B~ —B*) 0 (B~ +B")

5.2.2 Dirichlet boundary conditions

Consider using Dirichlet boundary conditions at both boundaries:

T(x1) =11 = 71, T(xN) = TN = TR,
h(xl):hlzh[,, h(LL'N)ZhN:hR.
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Similar as in Section 5.1.2, these boundary conditions must satisfy certain criteria in order to
guarantee a solution and the entropy condition. Using the same method used as in Section 5.1.2,
but now eliminating p, we obtain the following relations

_ 2(’}/ — 1)hL
(14+~v)m27y’
hr = hy.

For solution vector
y= (72, ha,...Tn—1,hAn_1) ",

system (18) can now again be written as F = (F,; , F,)" where

B~ + Bt —B* Ty
—-B~ B~ + BTt —-Bt .
—-B~ B~ + Bt —B*t :
-B~ B~ + Bt TN-1
wo—wt Wt 2ha—m?73 —meB~ry — W (HhLmiL
2572 2571
W= w- —-wt w+ . 0
- : =0
-W- wW-—-Ww+t w+ oh T, 0
- - N-17™M TN_1 VR —2m2 T2
-W w-—-wt e N —meBTTR + W‘*‘(%)
B~ +Bt —Bt hy —¢B~hy
—B~ B~ + Bt —-Bt . 0
F,=c¢ . - ' + : =0,
—B~ B~ + Bt —Bt : 0
-B~ B~ +Bt hn-1 —eBthp
The Jacobian becomes
me(B~ +Bt) (W™ —=WT)pyp me(—B*) Wtpsh
me(—B~) W= pap me(B~+BY) (W™ =W™H)ps me(—B1) Wpyp
/
me(—B7) W= pn_sn me(B~+BY) (W™ —=WH)pn_an me(BT) Wpyn_1.n
me(—B~) W pNn_a.n me(B~+BY) (W= —=W™H)py_1n
(W7 - W+)p2,7' 0 W+p3.,7' 0
—Wipgﬂ— 0 (W7 — W+)])317— 0 I/V+[)4J 0
0 —Wopn_3r 0 W= =WHhpn_a-r 0 Wpn_1,r
0 -W=pNn_2r 0 (W~ =WHhpn_1r
0 ¢B~+B%) 0 e(—BT)
0 e(=B7) 0 B +B") 0 e(—Bt)
F/ — . . . . .
0 e-B7) 0 ¢B +BT) 0 e-BT)
0 e— B~ 0 (B~ +B™")

The result of all different implementation options will be shown in the next section.
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6 Results

In this section we will look at the results of the complete flux approach. This will be done for the
Neumann-Dirichlet boundary conditions as well as for the Dirichlet boundary conditions. We
primarily use variables 7,p to compute the results and do not show results in 7, s as they often

coincide. If the results do differ, we also show results in 7, h. The results of the system in 7, h

that are not shown here, can be found in Appendix A and B. All results are computed for Pr = %.

All solution are shown in the following variables with units:
1. pin kg/m?,
2. 7 in m?/kg,

p in N/m?,

Ll

u in m/s,

5. hin J/kg.

6.1 Neumann-Dirichlet boundary conditions

First we consider the Neumann-Dirichlet boundary conditions. For this combination, a non-
trivial solution is not always guaranteed. This is highly dependent on the initial solution.
Therefore, we try several initial solutions. For all initial solutions, we use Mach = 1.1 and
1 = le—5kg/ms. Computations using a low Mach number are easier and therefore have a higher
possibility of obtaining a nontrivial solution.

6.1.1 Distortions

Firstly, we use a trivial solution with a sinus distortion as a test case. This test case checks
whether the solution converges to the trivial solution for an initial solution that is close enough
to the trivial solution.
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Figure 9: Initial solution with distortion, system in 7, p

As can be seen in Figure 9, the solution does indeed converge to a trivial solution. This verifies
that the method is able to converge.

6.1.2 Linear

In order to find a nontrivial solution, the first initial solution that we propose is a linear initial
solution between values at the left and right boundary. The boundary values that were chosen
here are

TL:%a TR:TL70.2, (31&)
PL = 1, PR = DL + 0.1. (31b)

Using these boundary values, a linear line is constructed between the left and right boundary.
Subsequently, the values for h and u are computed. Note that the values at the right boundary
are chosen arbitrarily and could also have been chosen differently.
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Newton solution in 7, p, Neumann-Dirichlet boundary conditions
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Figure 10: Initial linear solution, system in 7,p

In Figure 10 we can see that using a linear initial solution results in a trivial solution where
additionally oscillations occur. As oscillations are not expected in a nontrivial solution, we
suspect that the linear initial solution is not a good choice for the system in 7,p when using
these boundary values.

When we use the system in variables 7, h, we do obtain a nontrivial solution. This presumably
is a result of the construction of the initial solution. In the system for 7, h, the graphs for 7 and
h are first computed and then the graph for p is computed. The graph for h is chosen to be
constant as we have previously seen that h should be constant for Pr = %.

For the system in 7, p, the graphs for 7 and p are first chosen and then h is computed. Therefore,

h is not necessarily constant as h is not an ‘input’ variable.

32

0.1



1= 1e-05, M, = 1.1, N=100, 4= 1.4, tol= 1e-08 p=1e-05, M, = 1.1, N=100, = 1.4, tol= 1e-08
IIFII,=5.704e-15, [|S||,=6.5638¢-14, IF /||, =0.011998 [IFI,=5.704e-15, ||S||=6.5638e-14, |F ,||,=0.011998
35 T T T T 35 T T T T
tau tau
- P H P
3r rho 1 3r tho 7
u u
h h
251 1 25 b
2| . 2t 1
15¢ g 15¢ 1
1 ] 1 ﬁ J
\
05 . : ‘ 0I5 ‘ : : :
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08
(a) Initial solution (b) Final solution

Initial solution in r, h, Neumann-Dirichlet boundary conditions Newton solution in r, h, Neumann-Dirichlet boundary conditions

Figure 11: Initial linear solution, system in 7, h

In Figure 11, we see a nontrivial solution. This solution resembles a shock which is an expected
solution. The main difference in the initial solutions between the two systems is the choice of h.
Therefore, we suspect that there is a better chance of computing a nontrivial solution when h is
constant in the initial solution.

6.1.3 Arbitrary shock

Next we propose a shock as the initial solution. The right boundary values 7 and pr are again
(31a) and (31b), respectively. The shock is placed in the middle of the spatial domain, i.e., at
x = 0.05. The shock is a jump from the left boundary values to the right boundary values and
has a width equal to Ax.
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Figure 12: Initial solution with shock, system in 7,p

As can be seen in Figure 12, we again find the trivial solution.

However, when we use this initial solution for the system in variables 7, h, we find a different
result.

Initial solution in 7, h, Neumann-Dirichlet boundary conditions Newton solution in 7, h, Neumann-Dirichlet boundary conditions
= 1e-05, M1= 1.1, N=100, 4= 1.4, tol= 1e-08 = 1e-05, M1= 1.1, N=100, += 1.4, tol= 1e-08
||F||2=3,5343e-10, ||S||2=7.2827’e-09, ||F0||2=0.071874 ||F||2=3.5343e-10, ||S||2=7.28273-09, ||FU||2=O.071874
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Figure 13: Initial solution with shock, system in 7, h

In Figure 13, we find a nontrivial solution. The main difference between the initial solutions in
7,p and T, h is again that h is constant in the latter option. Furthermore, we see that h remains
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constant in the final solution. Lastly, we see that the nontrivial solution depicts a shock. The
shock is similar to the shock found when using the linear initial solution for 7,h. The only
difference is the location of the shock.

6.1.4 Dirichlet shock

As a last initial solution, we use the Dirichlet boundary values computed in Section 5.1.2. These
values are used to construct a shock in the middle of the spatial domain. The Dirichlet boundary
values guarantee a nontrivial solution when using Dirichlet boundary conditions at both sides.
We suspect that these values also guarantee a nontrivial solution when using Neumann-Dirichlet
boundary conditions but using the Dirichlet values in the initial solution. In addition, we have
chosen h to be constant in this initial solution for both systems as we previously have seen that
an initial solution where h is constant shows better results.

[IFIl,=4.1576e-11, ||S||,=7.1906e-11, ||F ||,=0.0029698

Newton solution in 7, p, Neumann-Dirichlet boundary conditions
= 1e-05, M, = 1.1, N=100, 1= 1.4, tol= 1e-08 u=1e-05, M, = 1.1, N=100, = 1.4, tol= 1e-08
[IFll,=4.1576e-11, [|S||,=7.1906e-11, ||F||,=0.0029698

Figure 14: Initial solution with Dirichlet shock, system in 7, p

In Figure 14 we again find a nontrivial solution that has a shock structure. We note that the
solution is very similar to the initial solution. Therefore, we suspect that the use of Dirichlet
boundary values at both sides of the spatial domain gives better results. We find the same
solution when using variables 7, h.

In conclusion, finding a nontrivial solution when using Neumann-Dirichlet boundary conditions
is not guaranteed. The use of a constant h in the initial solution presumably helps with finding
a nontrivial solution. Furthermore, using the Dirichlet boundary values in the initial solution
gives better results.

6.2 Dirichlet boundary conditions

Now that we have concluded that Dirichlet boundary conditions presumably guarantee a nontrivial
solution, we use Dirichlet boundary conditions at both boundaries.
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For the following results, we have used

y=1{,
Min S (133]a
w € [le—2,le—5],
_ 3
PI‘— 19
T1 :% m3/kg7
pp=1 N/m2,
1 m?
hi=—+4+— J/kg.
1 o + 57 /kg

Note that for these values, the speed of sound at the inflow, ¢1, is always equal to 1 m/s . We
again show the results for the system in 7,p. The results for the system in 7, h can be found in
Appendix B. As a nontrivial solution is guaranteed for these computations, we also analyze the
evolution of the Mach number and the entropy. A physical explanation of the results is given at
the end, as all results show similar physical behaviour.

6.2.1 Mach =1.1
We first compute the results for Mach = 1.1. We do this for ¢ = le—3 and p = le—5.
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Figure 15: Initial solution with shock, system in 7,p

In Figure 15, we see that the initial shock becomes smoother but does not disappear. Furthermore,
we see that the Mach number decreases nicely, as predicted by the shock relations. We note that
although the entropy at the right boundary is higher than the entropy at the left boundary,
there is an interval where the entropy decreases. The decrease of the entropy is a phenomenon
which is usually not allowed. Although the decrease does occur, we note that the decrease is only
of 0.002 J/K. Lastly, we note that we obtained the same result in Figure 8 for the analytical
solution.
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Figure 16: Initial solution with shock, system in 7,p

For a lower dynamic viscosity, as shown in Figure 16, we see that the shock width decreases.
Furthermore, the graphs for the Mach number and the entropy become sharper. Unfortunately,
we again see a small peak in the entropy.

6.2.2 Mach =2

Now we increase the Mach number to Mach = 2 and compute results for 4 = le—2 and y = le—5.
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Figure 17: Initial solution with shock, system in 7,p

Firstly, in Figure 17, we see that for y = le—2, the shock width becomes even larger than before.
Furthermore, we see that the shock has moved to the right side of the spatial domain. This is a
result of the higher Mach number. Lastly, we note that the range of the variables increases for
a larger Mach number. That is, the pressure and density increase and the velocity and specific

volume decrease w.r.t. Mach = 1.1.

Note that for Mach = 2, we have used u = le—2 instead of u = le—3. This is a result of a
problem of the method. For certain combinations of the Mach number and the dynamic viscosity,
the method does not work. This phenomenon will be discussed in more detail in the discussion.
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Based on Figure 17, the spatial domain seems to be too restricted. For larger Mach numbers, the
shock travels to the right of the spatial domain. It can be argued whether the variable derivatives
at the right boundary are truly zero. Therefore we expand the spatial domain to [0, 0.2].

Newton solution in 7, p, Dirichlet boundary conditions
p=0.01, M =2, N=100, 4= 1.4, tol= 1e-08

IIFIl,=9.8666e-14, ||S||,=1.4591e-09, |IF j||,=11.6673
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Figure 18: Spatial domain enlarged

From Figure 18, we first note that the shock has moved. We have chosen the spatial domain
twice as long. However, the shock has moved along with this enlarged domain. The position of
the shock has remained the same. That is, the shock is still located at roughly % of the spatial
domain. From this we can see that the solution is invariant of x.

Furthermore, we see that the result is very similar but the shock becomes sharper. The plateau
at the right boundary has become longer. As a result, the derivatives seem to be truly zero.
Thus, if the shock tends too much towards the right boundary, an enlarged spatial domain can
slightly improve the solution.

Lastly we note that the number of grid points N has remained equal to 100. Therefore Az has
increased which has a influence on the Péclet number. The choice of .4, only influences Ax
when N remains unchanged. Thus the difference in the size of the plateau is presumably a result
of a different Péclet number.
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Figure 19: Initial solution with shock, system in 7,p

In Figure 19, we see that for a high Mach number and a low dynamic viscosity, the shock width
becomes minimal and the graphs become very sharp. Visually, there is a minimal difference
between the initial solution and the final solution. In the graph for the entropy, we finally see
only an increase. This is the behaviour that is expected of entropy. However, we can not verify
why the entropy has a small decrease for lower Mach numbers and lower dynamic viscosities.

6.2.3 Mach =3
Finally, we analyze results for Mach = 3 and p = le—3 and pu = le—5.
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Figure 20: Initial solution with shock, system in 7,p

In Figure 20, it can be seen that the shock has again moved to the right in the spatial domain.
However, we can clearly see that the derivatives at the right boundary are zero. Furthermore,
the range of the variables becomes even larger. In the entropy, we again see a small peak.
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Initial solution in 7, p , Dirichlet boundary conditions
(= 1e-05, M, = 3, N=100, 7= 1.4, tol= 1e-08

IIFIl,=8.9082e-12, ||S]|,=9.5005¢-13, [IF ||,=0.36316
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Figure 21: Initial solution with shock, system in 7, p

In the final result in Figure 21, we see the highest Mach number and the lowest dynamic viscosity.
This results in the sharpest solution yet. Furthermore, the entropy does not decrease for these

values.

In all results, we can clearly see the flow moving across a shock wave. The location of the shock
waves differs for different combinations of the Mach number and the dynamic viscosity. Along
the shock wave, the velocity decreases. As a result of the compressible flow, the density increases.
Furthermore, variables which are not shown are the temperature, energy and speed of sound.
Across the shock wave, the temperature increases while the energy decreases. Furthermore, the
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speed of sound increases. As the speed of sound increases and the velocity decreases, the Mach
number decreases. Lastly, the entropy increases across the shock wave. This means that there
is less energy available to do work.

Additionally, we compute the Reynolds numbers of the flows. They Reynolds numbers is defined
as Re = pul/p, where [ is a characteristic length. The higher the Reynolds number, the larger
the chance for turbulent flow instead of laminar flow. A laminar flow is usually a smooth fluid
motion while a turbulent flow is chaotic and shows unstable behaviour. The Reynolds number
of these flows will be used later in this report.

ML Pl 1e—2 1e—=3 1le—5
11 154 154 1.5ded

2 28 280  2.8e4

3 42 420  4.2¢4

Table 1: Reynolds number for varying Mach and dynamic viscosity

Furthermore, we want to note that the location of the shock is difficult to determine. As we
have already seen, the shock moves to the right side of the spatial domain when using a higher
Mach number. However, the location of the shock is independent of the initial solution. To
demonstrate this, we choose two different initial solution shocks and compute the results.
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Initial solution in 7, p, Dirichlet boundary conditions
p=0.001, M1: 1.1, N=100, 4= 1.4, tol= 1e-08

IIFll,=1.3745e-10, ||S]|,=1.8028e-09, ||F ||=0.29698
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(a) Initial solution
Initial solution in 7, p , Dirichlet boundary conditions
#=0.001, M, = 1.1, N=100, 4= 1.4, tol= 1e-08
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(c) Initial solution

Newton solution in 7, p , Dirichlet boundary conditions
p=0.001, M1: 1.1, N=100, 4= 1.4, tol= 1e-08

IIFll,=1.3745e-10, ||S]|,=1.8028e-09, ||F ||,=0.29698
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(b) Final solution
Newton solution in 7, p, Dirichlet boundary conditions
#=0.001, M, = 1.1, N=100, 4= 1.4, tol= 1e-08
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Figure 22: Initial solution with shock,

(d) Final solution

system in 7, p

In Figure 22 we can see that the placement of the shock is independent of the placement of the
initial shock. Therefore, it is difficult to predict the placement of the final solution shock.

Furthermore, we want to discuss the choice of the solution vector y. We have chosen to alternate

between variables 7,p, i.e., y = (..., Ti, Pi, Tit1, Pit1, - - -

order, €.8., ¥ = (.o Ty Tig1yereye--

). One could have also chosen a different
,Diy Dit1, - --)- This would influence the Jacobian. However,

we have tried this alternative order of y and it gave the same results. The difference in convergence
was negligible. This also holds for the system in variables 7, h.
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Lastly, we note that all computations were done in less than 10 iterations.

6.3 Convergence analysis

Now that all results are shown, we analyze the convergence of the Newton iteration. This is
done using convergence plots in a semilog scale. For each computation, we plot the norm of the
residual for each iteration step. This is done for the system in 7,p as well as for the system
in 7, h in order to compare the convergence of the two. We note that all methods converge in
less than 10 iterations. Furthermore, we note that the stopping criteria that we used for the
Newton-Raphson method are ||E|| < tol A ||S]| < tol, where S is the update step. As a result, it
can be seen that, in some computations, there is an extra iteration although the norm of F is
already smaller than the tolerance. In these cases, the norm of the update step is not yet small
enough and thus extra iterations are needed to satisfy the stopping criteria.

Convergence plot Convergence plot
#=0.001, M, = 1.1, N=100, 4= 1.4, tol= 1e-08 p= 1e-05, M, = 1.1, N=100, 7= 1.4, tol= 1e-08

(IFll,=2.2358e-10, [|S||,=3.8843-09, ||F ||, =0.29698 [IFIl,=6.9423¢-12, ||S]|,=1.7896e-11, [IF /||, =0.0029698
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Figure 23: Convergence plots, Mach= 1.1
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Convergence plot Convergence plot
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Figure 24: Convergence plots, Mach= 2
Convergence plot Convergence plot
1= 0.001, M1= 3, N=100, 4= 1.4, tol= 1e-08 pn= 1e-05, M1= 3, N=100, 4= 1.4, tol= 1e-08
IIF|l,=1.4983¢-09, ||S||,=5.745%-11, |IF ||,=1.0976 IIF|l,=1.6801e-14, ||S||,=1.1662e-15, ||F ||, =0.36316
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Figure 25: Convergence plots, Mach= 3

From Figures 23-25, we see that the rate of converges becomes larger than 2 for the final iterations.
Therefore, the method has convergence higher than quadratic convergence while the Newton-
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Raphson method has quadratic convergence. Furthermore, the convergence for the system in 7, h
is always slightly better than the convergence for 7, p with the exception of the last iteration for
Mach = 3, u = le—3. This is presumably a result of the equation for F5. When using variables
7, h, this equation becomes linear and consists of only one matrix product. Furthermore the
Jacobian FY is sparser. We do note that for variables 7,p, the equation for F; is also linear
but it consists of a sum of two matrix products and its Jacobian is slightly more dense. This
can explain the slight difference in convergence. Overall, the convergence is slightly better than
expected.
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7 Complete flux approach for Prandtl # %

In this extension to the original complete flux approach, we do not limit ourselves to Pr = %.
This choice will result in a different expression for the enthalpy flux. We start with equation
(15). If we multiply with the integrating factor and integrate this expression, we obtain

1 _m _m « ! _mo
%(1_6 ) Fy ey = —(e EhR_hL)_E i e = (pr)'do.

We previously assumed that p is linear, i.e., p(0) = pr, + (pr — pr)o. Now we also assume that
7 is linear: 7(o) = 71, + (g — 71.)o. The integral now becomes
1

1 _m _m (07 __mo
—(1-—e E)Fhﬂ-_,_% =—(e chgp—hy)— —— e e [pL(TR—TL)—FTL(pR—pL)+2(TR—TL)(pR—pL)U] do.
m eAx J,

Computing the integral and using the boundary conditions gives

_ «
Fy i1 =€ [B hy — BYhg] - Ar [pj(Tj+1 = 75) + 75 (P41 — pj) + 2(mj01 — ) (Pjr1 — ) W]

Equation (18b) now becomes

_ _ Q
e[-B hj_1+ (B~ +B")hj — Bt hj1] — Az (i (Tj41 — 75) + 75 (Dje1 — pj) + 2(7j41 — 75) (i1 — )W
—pja(ms —7i-1) = 1j1(pj — pi—1) — 2(75 — 7i-1)(p; —pj— )W =0.

We now choose Dirichlet boundary conditions and write the system in the variables 7, p, like in
Section 5.1.2. The vector F', becomes

[e%

Iy ZEBE+Q—HQ,

where Q = (CQ, NN ON_l)T,
Cj =p;j(tj41 — 75) + Ti(pjs1 — pj) + 2(Tj41 — 75)(Pj1 — )W — pj_1(75 — 75=1) — Ti—1(p; — Pj—1)
—2(15 — 75-1)(pj —pj—1)WT.

In the Jacobian, the matrix —x=C" is added to F; where

oC;
3 L =2p;1—p;+2(p; —pj_1)WT,
Tj,1
0C;
=97 =T 42T — T VW
s Tj—1 — T +2(15 — Tj—1) ,
oC;
87] =pj+1—2p; —pj—1 — 2W T (pjt1 — pj—1),
Tj
oC;
78 J = Tj+1 — 2’7’]’ — Tj,1 — 2W+(Tj+1 — ijl),
Pj
oC;
=p:4+2(pis1 —p;)WT
071 pj +2(pj+1 — pj) )
o0C;
=7 +2(1jp1 — )W,
apj_H J ( j+1 ])

In C as well as C’, the Dirichlet boundary conditions need to be substituted for j = 2, N — 1.
For the sake of brevity, we do not show the whole matrix.
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7.1 Results

For this section, we use the constants of hydrogen to compute results [12]:

Note that hydrogen can be considered as an ideal gas.
=[1.1,1.5,2,3].

35

257}

15[

05

11

105 |

0951

09

In Figure 26, we see similar behaviour to what we previously saw. A shock wave is again clearly

o " K Cp Re Pr
1.4005 8.8e-6 0.182 14310 || 3.1932e4 0.6919

Table 2: Values for hydrogen, measured at 25°C

Newton solution two dirichlet boundary conditions
1= 8.8e-06, M7= 1.1, N=100, ~= 1.405, tol= 1e-08

lterations= 4, ||F||,=1.1904e-09, [|S]|,=1.7253e-09, |IF ||,=0.002608

We now compute results for Mach
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35

tau

rho

3

rho

25¢

2,

15

A

A : 1

0.02

. ! ; 05 . . : :
0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08

Mach number Entropy

0.1

0.6207

0.6206 |

0.6205 1

0.6204 1

Entropy

0.6203 |

0.6202 |

0.02

. . . 0.6201 . . . .
0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08

Figure 26: Results for hydrogen, Mach = 1.1

visible. Unfortunately, we do see a slight peak in the entropy around the shock wave.
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Newton solution two dirichlet boundary conditions
1= 8.8e-06, M7= 1.5, N=100, = 1.405, tol= 1e-08

lterations= 4, ||F||,=4.7913e-11, [|S]|,=1.3486e-11, |IF|,=0.011384
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Figure 27: Results for hydrogen, Mach = 1.5
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Newton solution two dirichlet boundary conditions
p=8.8e-06, M =2, N=100, v= 1.405, tol= 1e-08

lterations= 4, [|F||,=15328e-11, [|S]|,=2.4177e-12, |IF||,=0.020492
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Figure 28: Results for hydrogen, Mach = 2
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12 T

Initial solution

Newton solution two dirichlet boundary conditions
p=8.8e-06, M= 3, N=100, v= 1.405, tol= 1e-08

lterations= 4, ||F||,=3.1546e-12, ||S||,=3.0741e-13, ||F ||,=0.03643
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Figures 27-29 all show similar behaviour. The range of the variables increases for increasing
Mach number. Furthermore, the decrease in entropy disappears. Thus, the entropy behaves as
expected. As the dynamic viscosity for hydrogen is quite low, all results have quite sharp curves.
Furthermore, we note that for Pr # %, h does not have to be constant. However, h is again
constant, with the exception of one finite volume. That is, in the finite volume in which the
shock is placed, the value of h differs slightly. Lastly, all physical phenomena across the shock
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wave, as explained in the previous results, also hold here.
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8 Dimensionless system
In this section, we look at the dimensionless system and propose an alternative discretization.

A standard approach to describe and interpret a physical system is through non-dimensional
variables. This yields the important non-dimensional variables such as the Prandtl number and
the Reynolds number. In this approach, the variables are replaced by dimensionless variables.
That is, the whole system is scaled. The new variables that are used are

=/l
t*=t/(l/u),
p*=p/p;

u = u/a,

" =p/(pe?),
T* =T/(@/c.),
h* = h/u?,

e* =e/u?,

where [, u, p are the reference length, velocity and density, respectively. These are chosen to be
the original length of the spatial domain and the inflow velocity and density that were previously
used in Section (5). We note that the dimensionless variables could also be chosen differently,
as long as they remain dimensionless. For example, we could have also chosen T = T'/(u?/c,).
This would result in similar results that are scaled differently.

When substituting these variables into (7a) — (7e), we obtain the following time-dependent
equations:

pt + (pu)e =0, (32a)
(pu)t + (pu* +p — 3 3sUa)z = 0, (32b)
(pe)e + (puh — § goute — 5 25:To)e = 0, (32¢)
p=(y— 1T, (32d)
h = 3u®+9T, (32¢)

where Re = pul/p denotes the Reynolds number, Pr denotes the Prandtl number and we have
omitted the superscript *. Furthermore, we have that e = %uQ +T.

8.1 Dimensionless finite volume discretization

For the dimensionless equations, we can also apply the finite volume discretization and the
complete flux approximation as described in Section 3. Here, we will again look at the stationary
solution. The specific volume and enthalpy equations (12b) and (12a) become:

(m2T +p- %émTw)x =0,

(mh — %éhm —a*(pT)z)z =0,

= (q—z)Re(ﬁ 3/
We can see that for the dimensionless approach, only the constants have changed. That is, u is

where o* L_4
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replaced by é and « by a*. Therefore, the computations also remain the same and the following
nonlinear discretized system can be found

me* [—B_ijl + (B_ + B+)Tj — B+Tj+1] — W_pj,1 + (W_ — W+)pj + W+pj+1 =0,
e [-B hj1+ (B™ + B )h; — B hj] =0,
h Y

= o 1p7'+ %(mr)Q,

*

where £* = and the Péclet number in B and W becomes Pe* = m/e*.

_4
3AzRe

8.2 Alternative finite volume discretization

In this alternative approach, we do not omit time integration. Instead we use the method of
lines. That is, we first use a spatial discretization based on finite volumes and central differences
of the spatial derivatives. Subsequently, we apply a time integration method.

This approach can be seen as an approximation of the previous complete flux approach. Both
approaches begin with integration of the conservation laws over a finite volume. Subsequently, a
local boundary value problem around z; 41 is constructed in order to compute the fluxes. In the
complete flux scheme, this boundary value problem is solved analytically using the integrating
factor. In this alternative approach, we approximate the solution of the boundary value problem
using central differences on all spatial derivatives. Additionally, we use the forward Euler method
to integrate over time in this alternative approach.

First we use the finite volume method on volume [z;_1, ;1] for the spatial derivatives of (32)
to obtain:

pu pu 0 0 0 0
pul+p| =P +p| —am | v + 35 | Ua -z o + 55| 0 =0. (33)
puh ]+% puh ]7% Uy J+% Ul g ]7% x ]+% TI 37%

We now assume that m; = p;u; is constant on each volume [z;,2;41]. As the inflow boundary
is located at the left side of the domain, we use m; when we need to compute the mass flux at
an interface m;, 1. Furthermore, there are still two derivatives in (33). For these derivatives, we
use central differences to obtain

m; mj—1 0 0
4 . . 4 L.

myutp | = | M-t TP < 3ReAs Ujt1 = Uy + 3Reaz Uj — Uj—1

mih ) ipn \ m—th ) s (Ui — uj) w1 (uj —uj)

0 0
. S . —
RePrAx 0 + RePrAx 0 =0. (34)
Tjs1 = T; Ty —Tj—

In order to compute all flux values, we construct a boundary value problem around cell-face
c1
J+ 5°

d < mu +p — ﬁum ) _0 w(Tjr1) = ujg1, u(z;) = uy
T, ’

dz \ mh — grzuu, — 525 p(zj11) =pjt1,  plxy) =Dp;.
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Instead of applying the integrating factor, as was previously done, we use central differences to
compute the solution of the BVP to obtain

Wbl = U | Djr1 =P g Y T2 Uy
mj Axr + Ax ~ 3Re (le); - 07 (35&)
2

hjp—hy Uj+1 — Uy 2+u. 1 Uil ~ 244 T _ E+1_2Tj+%+ij
J Ax 3Re Ax J+3 (%Ax)2 RePr (%Am)Q =

(35b)

From (35a), we can obtain a formula for the velocity flux ;1 which reads

ujpy = 5 (U +uy) — gsReAw (my(uje1 — uj) +pj1 —pj) -

In addition, the temperature flux 7} 1 can be computed from (35b) to obtain

RePrm ;A r
Tiyy = 3T + 1) = === (hjr — hy) + & {(“jJrl —u;)® + 4y (ujen — 2uj, 1 + “j)} :

Using the equations of state and m = pu, we can now also compute p; 1 and h; 1 These
interface values can then be substituted into (34) to complete the spatial discretization.

For the time integration, we write the system as

0 0
9g  91(g) _o,
ot oz
where
P pu4 1
a=|pru], fla) = pu* +p — § sl
h 4 1 ol T
pe PUR = 3ReUle ~ Reprie

The spatial discretization of 0f(q)/0x as shown in (34) will be denoted by N (f(g)). If we use
forward Euler as the time integration method, we can write the system as

=g - AN(f(d), (36)
where n denotes the time level and j the spatial finite volume. Furthermore, Q;L ~ q(z;,t,) and
t, =nAtforn=0,1,2,.... Using (36) and a suitable time step, we can compute the stationary
solution.

8.3 Dimensionless Dirichlet boundary conditions

Similar as in Section 5.1.2, we can prescribe conditions for the Dirichlet boundary conditions
when m; = p;ju; is constant on each finite volume but not on the whole spatial domain. We use
the same approach but now on the following dimensionless equations:

(sz +p— %ﬁuz)x =0,

(mh — 2 Lyu, — geprLz)z = 0.
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Similarly as before, we assume that u, = T, = 0 at the boundaries and we integrate over [z, zR].
We then obtain:

mp =mpg, (378.)
m%TL +pL = m%&TR + PR, (37b)
mLhL = mLhR, (370)

where h = %mQT2 + ﬁpr.
Substituting (37a) and the expression for h into (37b) and (37c) and eliminating the trivial

solutions gives

PR =PL +m2L(TL — TR),
29pL v—1
mi(y+1)  y+1

TR =

TL,.

Note that these formulas are similar to those found in Section 5.1.2. The only difference is the
replacement of m by mp. Furthermore, the shock relations found in 5.1.2 remain the same. This
means that these boundary conditions again only satisfy the entropy condition for My > 1.

8.4 Results dimensionless systems

We will now compute results for the dimensionless complete flux method as well as for the
alternative approach.

8.4.1 Dimensionless complete flux results

For the complete flux approach, the results are computed for Mach = [1.1, 2, 3] and one low and
one high Reynolds number for each Mach number. We note that for all results, 7 is equal to
u and therefore not shown. All results are computed for Pr = %. The results will be discussed
collectively after all figures.
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Newton solution two dirichlet boundary conditions
Re=400, M= 1.1, N=100, 4= 1.4, tol= 1e-08

IIFIl,=1.3978e-13, ||S||,=2.2908e-09, |IF |, =0.067497
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Figure 30: Dimensionless complete flux, Mach= 1.1, Re = 400
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Newton solution two dirichlet boundary conditions
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In Figures 30 and 31, we see similar results as in the dimensionful results for Mach = 1.1. Note
that the Reynolds numbers of the dimensionful computations for ; = le — 3, u = le — 5 were
Thus here we have used a slightly different Reynolds number.
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Figure 31: Dimensionless complete flux, Mach= 1.1, Re = 3000

154 and 1.54e4, respectively.

Nonetheless, we see similar behaviour. We can still recognize a fluid flow moving across a shock
wave. Furthermore, the Mach number also shows similar behaviour. Lastly, there again is a peak

in the entropy.
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Figure 32: Dimensionless complete flux, Mach= 2, Re = 400
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Newton solution two dirichlet boundary conditions
Re= 3000, M,= 2, N=100, »= 1.4, tol= 1e-08

IIF|l,=1.214e-12, ||S||,=1.6931e-12, ||F ||,=0.038891

Initial solution Newton solution in tau,h

3 T T 3 T
p p
210 rho b 2.8 rho
u u
2| h ] 2t h
1.5 q 15
1 [ p: 1 y)
[ l
051 q 05+ J
0 o}
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8
X
Mach number Entropy
2 T T T 0.205 T T
\ 021
1.5 q 0.195 +
>
a
2 o019t
c
i
1r 1 0.185
018
05 : ; : ; Q175
0 0.2 04 0.6 0.8 1 0 02 04 0.6 0.8
X X

Figure 33: Dimensionless complete flux, Mach= 2, Re = 3000

In Figures 32 and 33, we see that for Mach = 2, the shock has become sharper. Furthermore, the
peak in the entropy has become sharper for Re = 400 and has even disappeared for Re = 3000.
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Figure 34: Dimensionless complete flux, Mach= 3, Re = 400
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Newton solution two dirichlet boundary conditions
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Figure 35: Dimensionless complete flux, Mach= 3, Re = 3000

Lastly, Figures 34 and 35 show the results for Mach = 3. We again see that for Re = 3000, the
peak in the entropy disappears.

In conclusion, all dimensionless results show similar behaviour as the dimensionful previous
One important observation is that the

results. Therefore, we do not get into details here.
entropy behaves better for larger Reynolds number.

As the Reynolds number increases, the
decrease in the entropy disappears and the entropy forms a smooth graph. Lastly, we note that
all results were obtained in less than 10 iterations.

8.4.2 Dimensionless alternative approach results

For the initial solution, we used

1. T1:].,

2. pr = 1/(pu?),
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3. Pr=1,

4. v= %,
5. Re = 400,
6. My, = 1.1.

The initial solution is constructed similar as before. Using the Dirichlet boundary conditions, we
place a shock in the middle. For the results, we use a time step of At = (1/2)Axz?. It is difficult
to derive a stability requirement for this alternative approach using standard approaches based
on Fourier theory. Therefore we propose this time step. Presumably, this time step is small
enough to guarantee stability. This time step is based on [13].

In the results, we introduce a new variable p. As a consequence of the chosen Dirichlet boundary
conditions, m; = 1 in each volume. Therefore, the first row of equation (36) becomes

for all j. Thus, p remains the same as the initial solution. However, u does change in the
computation. We use u to compute p = m/u and see that p changes over time and shows
behaviour which is expected.

The results, starting from ¢ = 0, are shown below.
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(a) Solution at iteration 0 (b) Solution at iteration 10000

Figure 36: Solution alternative approach, part 1
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Solution alternative discretization with dirichlet boundary condition: Solution alternative discretization with dirichlet boundary conditions
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Figure 37: Solution alternative approach, part 2

In Figures 36 and 37, we see that oscillations develop over time. This is a indication of instability.
However, we already used a restrictive time step. As a result, the run time of the computations
has increased significantly. We suspect that the alternative approach is unstable for all time
steps when using forward Euler. However, we were unable to prove this.

A possible solution to the stability issue can be to use backward Euler as it is generally unconditionally

stable. However, the system would then have to solved using an iterative method such as the
Newton-Raphson method. This means that the Jacobian has to be computed which is not
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straightforward as the fluxes have quite complex formulas. Therefore, the use of the Newton-
Raphson method would not be advised.

Furthermore, we note that the alternative approach could also be implemented as a time-
independent approach such as we have also done in the complete flux approach. We have chosen
to try the approach on the time-dependent system in order to hopefully also see the progress over
time and not only the steady state solution. Furthermore, the time-independent system would
again have to solved using the Newton-Raphson method, or a similar method. As previously
explained, the Jacobian of the system would be quite complex. Therefore, we did not look at
the time-independent system.

Lastly, we remark that there is an issue with the computation of p. As a result of the chosen
Dirichlet boundary conditions and the initial solution, p does not change over time which is not
expected. An initial solution in which m; is not the same in each volume presumably will result
in a changing p.
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9 Conclusion

In this report, we started with the derivation of the Navier-Stokes equations. These equations
were derived from the conservation of mass, momentum and energy. Furthermore, the ideal gas
law and a caloric equation of state were given. These five equations together form the basis of
this report, namely the compressible Navier-Stokes equations.

After the equations were derived, the finite volume discretization was given. For this discretization,
the spatial domain was covered with N equidistant grid points and control volumes were given.

Subsequently, the momentum flux and enthalpy flux were integrated over each control volume.

By defining and solving a local boundary value problem, formulas for the numerical fluxes were

derived. These numerical flux formulas were substituted into the discrete conservation laws that

were derived. After this, a discrete system was obtained.

Before solving the system, an analytical solution of the momentum equation was found. The
starting point of this computation was the integration of the energy equation and imposing inflow
boundary conditions. After this, it was found that h was constant when using Pr = %. Using this
discovery, the momentum equation was integrated and boundary conditions were imposed. This
led to an initial value problem for the velocity which could be solved analytically and numerically.

After an impression of the solution was given using the analytical solution of the momentum
equation, the discrete system was solved. This was done by imposing several combinations of
boundary conditions and solution variables. Subsequently, the results were given. The conclusion
of the results was that for the Neumann-Dirichlet boundary conditions, a nontrivial solution is
not always guaranteed. However, the Dirichlet boundary conditions always give a nontrivial
solution. This is a result of the shock conditions that should hold for the Dirichlet boundary
conditions. In these solutions, a shock wave was visible. Along this shock wave, the variables
such as velocity and pressure changed. Furthermore, we saw that for the Dirichlet boundary
conditions, the rate of convergence was higher than two, indicating convergence better than
quadratic convergence.

In the second to last section, an extension to the original finite volume discretization was given.
This resulted in an approach which worked for all Prandtl numbers. This approach was applied
to the flow of oxygen.

Finally, the dimensionless system was derived. On the dimensionless equations, the original
complete flux approach was applied. Furthermore, a new alternative approach that includes time
integration was given. This approach integrated the spatial part of the Navier-Stokes equations
over a control volume. Subsequently, central differences were used to approximate the spatial
derivatives. After this, a boundary value problem similar to that in the original approach was
constructed and solved using central differences. Using these equations, formulas for the fluxes
could be found. Finally, the time integration was done using the forward Euler method. Using
the results on the alternative method, we concluded that the method is unstable when using the
forward Euler method.

67



10 Discussion
In this section, we will discuss the several approaches and give topics for further research.

Firstly, in the complete flux approach, there is one important assumption. Namely, that p (and
later also 7) can be approximated by a linear function on each volume. We note that 7 could
also be computed by solving the momentum equation, assuming that p is linear. However, this
would lead to a more complicated expression for 7 which subsequently has to be substituted into
further computations. Although assuming that p and 7 are linear does give good results, it can
be argued whether this assumption is justified.

Secondly, the entropy has a small decrease in some of the results. As the entropy is a quantity
that can not decrease according to the second law of thermodynamics, this result is undesirable.
When using higher Mach numbers and a lower dynamic viscosity (or a higher Reynolds number),
this problem disappears. However, it is important to understand what causes the small decrease.
A test we performed to remedy this problem was using a smaller grid size Ax. However, the
entropy remained unchanged. Unfortunately, we were not able to detect the cause and suggest
this topic for further research.

A topic that has not yet been discussed in detail is that for some specific values of the Mach
number and the dynamic viscosity (and the Reynolds number), the complete flux approach does
not work. For example, when using the dimensionless system, the method does not work for the
following values:

e Mach = 1.1, Re € [400, 1700,
e Mach = 2,Re € [70, 300],
e Mach = 3,Re € [60, 210].

We can see that the range of Reynolds numbers for which the method does not work decreases
for higher Mach numbers. It is remarkable that the method does work for Reynolds numbers
lower as well as higher than this range. For values in these ranges, the method continues to
iterate infinitely long or the Jacobian becomes singular. However, we were unable to detect the
cause of these problems.

Another possible topic for further research is that of initial solutions for the Neumann-Dirichlet
conditions. In Section 6.1 we have shown that for most initial solutions that were tested, the
trivial solution was found. However, for some initial solutions, we were able to compute a
nontrivial solution. These initial solutions often had a constant value for h. Further research on
possible initial solutions with a constant A that result in a nontrivial solution can be done.

Finally, the alternative approach was presumably unstable. Although we had already chosen
a very restrictive time step, oscillations occurred. This is a result of the chosen time step
method, namely the forward Euler method. A different time integration method could solve the
problem of instability, e.g., backward Euler. However, an implicit method does complicate the
computations.

Furthermore, the choice of Dirichlet boundary conditions together with the choice of initial
solution resulted in p not changing over time.

Although the alternative approach seemed a suitable idea, we were unable to compute useful
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results using the method. Further research on the stability and boundary conditions can possibly
alter this approach into a useful method.
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A Results complete flux with Neumann-Dirichlet boundary

conditions in 7, h

Initial solution in r, h, Neumann-Dirichlet boundary conditions
p= 1e-05, M1= 1.1, N=100, = 1.4, tol= 1e-08
||F||2=2.1771e-15, ||S||2=6.03489-14, ||F0||2=0.026942

35
tau
—)—p T
3r rho 1
u
h
25 1
2 L, o
151 1
R e
e

0.5
0 0.02 0.04 0.08 0.08 0.1

(a) Initial solution

Newton solution in r, h, Neumann-Dirichlet boundary conditions
p=0.001, M1= 1.1, N=100, 7= 1.4, tol= 1e-08

IIF|l,=6.0579-12, ||S||,=1.3153e-10, ||F ||,=0.02918

35

tau
. P
3 rho
u
h

05 - - ' -
0 0.02 0.04 0.06 0.08 0.1

(b) Final solution

Figure 38: Initial solution with distortion, system in 7, h
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Figure 39: Initial solution with Dirichlet shock, system in 7, h
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B Results complete flux with Dirichlet boundary conditions

in 7, h
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Figure 41: Initial solution with shock, system in 7, h
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Figure 42: Initial solution with shock, system in 7, h
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Figure 43: Initial solution with shock, system in 7, h
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Figure 44: Initial solution with shock, system in 7, h

(0]



Mach

35

25

Initial solution in r, h, Dirichlet boundary conditions
p=1e-05, M1= 3, N=100, = 1.4, tol= 1e-08

IIFIl,=1.6801e-14, ||S|,=1.1662¢-15, [IF||,=0.36316

tau
p
rho T
u
h
]
. T ;
0.02 0.04 0.06 0.08 0.1
(a) Initial solution
Mach number
p= 1e-05, M1= 3, N=100, 4= 1.4, tol= 1e-08
IIFIl,=1.6801e-14, ||S|,=1.1662e-15, |IF||,=0.36316
0.02 0.04 0.06 0.08 0.1
X
(c) Mach

Entropy

0.95

0.9

0.85

08

0.75

0.7

0.65

0.6

Newton solution in r, h, Dirichlet boundary conditions
pu=1e-05, M1= 3, N=100, 4= 1.4, tol= 1e-08

[IF|l,=1.6801e-14, ||S||,=1.1662e-15, ||F||,=0.36316

tau
p
rho
u
h

0.02 0.04 0.06 0.08 0.1

(b) Final solution

Entropy
#= 1e-05, M, = 3, N=100, 4= 1.4, tol= 1e-08

IIF|l,=1.6801e-14, ||S||,=1.1662e-15, ||F||,=0.36316

0.02 0.04 0.06 0.08 0.1

X

(d) Entropy

Figure 45: Initial solution with shock, system in 7, h
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