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Abstract:

The 2D Eulerian-Eulerian model is implemented in a high-speed particle-laden flow for
the first time to elucidate the interaction between a right-running shock and a cloud of
particles. The Eulerian particle phase is modeled as a compressible fluid, which reduces
the computational cost of modeling large amount of particles. Source terms in the
Eulerian governing equations allow for the tranfer of momentum and energy between
the phases.

Second moments provide information about the inertial effects and create a non-linear
system of equations. High-order, finite difference, WENO schemes are able to capture the
shock with the neccesary numerical dissipation to assure the convergence and stability

of the method but obtaining the enough accuracy in the smooth areas of the solution.
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Chapter 1

Introduction

Particle-Laden Flows are composed by two phases. The Euler Phase or also named
Carrier Phase which is usually a gas and the Particle Phase or Disperse Phase, which is
composed by small, immiscible particles in suspension inside the Carrier Phase. These
phases are together and mixed. Particle-Laden flows are present in such environments as
volcanic eruptions, pollution dispersion in the atmosphere or fluidization in combustion
processes. Some industrial applications can be the aerosol deposition in spray medica-
tion, turbulent mixing of liquid fuel particles with air in an automobile’s engine or fuel

spray in a gas turbine. [1], [5].

This problem has been traditionally faced with a classical Euler approach for the Carrier
Phase, using the Navier-Stokes equations which focuses on an specific location or Control
Volume through which the fluid passes by; and a Lagrangian approach for the Disperse
Phase, where the observer follows an individual fluid parcel as it moves through space

and time. This is called the E-L model. E-L model is explained in [3].

Since the Particles are usually considered spherical and light enough to behave as a
fluid, an Eulerian treatment of the disperse Phase is sensible. Secondly, when the por-
blem requires to solve a large amount of particles, Lagrangian frame become a very
computationally expensive method. In this thesis, and Eulerian Eulerian, E-E model
is developed and, as we will see, the Euler this approach for the problem, which basi-
cally means modelling the particles as a second fluid inside the Carrier Phase, is a good

method as well.

An analysis of the results are presented, using a WENO method to solve it. This method
is very suitable for the problem beacuse of the high accuracy in smooth areas providing
the neccessary dissipation for capturing shockwaves. Further information about WENO

schemes will be provided by [3],[4].
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First, we introduce the physical model: The Carrier Phase, the Disperse Phase and
the coupling between them. In Chapter 3, the numerical methods used to solve the
problem will be discussed. In section Chapter 4, the problem is solved, setting a Normal
Shockwave interacting with a rectangular cloud of particles. Plots representing the main
variables of the problem are shown and results are discussed. Finally, in section Chapter

5, conclusions and future directions are presented.



Chapter 2

Governing Equations

2.1 Carrier Phase

The following assumptions are made to derive the Euler equations:

e The fluid is Newtonian.

e The fluid is continuous, so the smallest length scale of motion of the fluid is very large
compared with the molecular motion.

e It is a convection dominated flow, hence the inviscid Euler equations are used.

e The fluid is considered an idel gas. Intermolecular forces are negligible and the equation

of state is given by the ideal gas law.

The first step is to non-dimensionalize the equations that are given. We normalize them
using a reference length Ly, reference density py, reference velocity U; and V; and

reference temperature T'y. The non-dimensional variables are the following:

* y*
r = , y = , 2.1
Lyx Lyy -
u* v*
U = —, vo= —, (2.2)
U}‘ Vf*
* T*
p = 2 T o= = (2.3)
Py 17
* t*U¥
p
PiUs i
. From the non-dimensional variables, we can build the Euler equations,
0 OF oG
7] + L (2.5)

ot Ox oy
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p pu pu

2
pU pu” +p puv
pU pUv pv°+0p
E (E+ p)u (E+p)v

Where Q contains the conservative variables, while F and G are the fluxes in x and y
respectively. If we apply the Chain Rule, we obtain the characteristic form

9Qs

2.
ot oz (2.7)

where Ay and By are the Jacobian Matrix of the system in x and y dimensions. In the

x-direction, the jacobian matrix is

0 1 0 0
A= 3l = 3)u® + (v — 1)o7 (B =) —(y=Dv  y-1
d —Uv v U 0 ’
YuE + (v — Du(u? +v?)  vE - 5 (v? + 3u?) —(v = Duw YU
(2.8)
and the corresponding eigenvalues and eigenvectors associated,
AM=u—c , X=u , A3=u , M=u-+tc (2.9)
1] 1] 0] 1]
uU—c U 0 u+c
T = , T2= ;T3 = , Ta= (2.10)
v v 1 v
H — uc $(u? +0?) v H + uc
Similarly in the y-direction,
0 0 1
—uv v u
By = 1 2 2
sl(y = Du? + (v = 3)v7] —(v=1u (3= v-1
| —yuE + (v — Do(u? + v?) —(v—Duw VE — 15 (u? + 30?) W
(2.11)
and the corresponding eigenvalues and eigenvectors
A=v—c , X=v , A=0 , M=v+g, (2.12)




Chapter 2. Governing Equations 5

1 0 1
u U 1 u
7"1 == 9 7'2 - ) r3 - 9 T4 = (213)
vV —cC v 0 v+c
H —vc F(u? +v?) u H +ve

In order to close the system of equations, the Stagnation Energy equation is used

p L oo o
E = = 2.14
o + 2(u +v7), (2.14)
along the Ideal gas law.
ol
p=— 2.15
5 (2.15)

2.2 Disperse Phase

The Particle-Phase equations in the Eulerian frame are derived from the Lagrangian
equations of the position vector xp, the velocity vector vp and the temperature 0p of a
single particle. u is the fluid velocity vector and T' corresponds to the fluid temperature.

More detailed explanation is shown in [2].

drp

dvp 1

—dt = —TP (u — ’Up) (2'17)
dfp 1

Wr _ 2 2.1
el Ul (2.18)

In order to implement the Eulerian paticle phase equations, we need to derive a conti-
nuity variable. We use the Number Density Function ¢.

A fine-grained phase-space density function is defined as,
W(z,v,0,t) = 0[z — xp(t)]d[v — vp(t)]6]0 — Op(t)] (2.19)

The fine grained phase-space densuty function verifies the Liouville equation in the phase

space

ow  oyW 0 (v; —w;) 0. .(0-1T)
ot e - ) -
ot ox; Ov; TP 09" Tp
A spatial filtering operation is applied,

W] =0 (2.20)

f(z) = /f(x/)HA(as —2')da', (2.21)
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where f(z) is the filtered value of f(z), Ha the Kernel Function and A the size of the
filter. This size is chosen small, in order to avoid subgrid-scale fluctuations. The filtered

Liouvulle equation is

ow 8v7;W 0 [(’UZ — ul) V_V] B 2[(9 — T)

ot + ox;  Ov TP 0

W] =0, (2.22)

S

P

where W is a coarse-grained fucntion with all the properties of a probability density
function when the Kernel Ha is positive. The Number Density, ¢, the Eulerian velocity

and Eulerian temperature are obtained in terms of W as follows,

qﬁ—/W(m,fu,G,t)dvdG, (2.23)
o1 =
U; = ¢/viW(m,v,9,t)dvd9, (2.24)
§— ; / OW (i, v, 6, £)dudo. (2.25)

Using these equations and the definitions we obtain the governing equations for the

Particle Phase:

‘?j 4 %iﬁ o, (2.26)

o0, 5%] )] (2.27)

8¢g;vj N 8¢;Zjvk _ ; sty + vy — 20775), (2.29)
8%2@1 N aqbg;;;vk _ T; B(us6 — Bo;) + TlT"b(T”i —9)). (2.30)

In order to close the system of equations, we model the third-order moments approxi-

mating:

VU0, — VjURD; — VU0 — V005 + 20;050) ~ 0, (2.31)
ij’uk — %Ui — TUJ"U} — ’Uﬂ)ké + 2@1&97 =~ 0. (2.32)

For the 2D case, we introduce the sub-grid scale particle stress, o;;, and the sub-grid

scale particle heat flux, gg;. These terms capture information about the inertial effects,
Oij =  UiU; — U005, (2.33)

qq; = Bvi — 0u;. (2.34)
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Once we have modelled the particle phase in the Eulerian frame, we can use the same
governing equation as in the carrier phase, introducing the particle variables described

before:

0Qp OFp 0Gp
ot T ox T oy

0 (2.35)

where Q contains the conservative variables ¢, up, vp, 0, Ouuy, vy Ouvy, Qqu, 99y

while F and G are the fluxes in x and y direction respectively,

o Q1
Sup Q2
$Up Qs
o0 Q4
Qp=| dlow+up’) |=|Qs| (2.36)
(0w + UpTP) Qs
3000 + TP Qs
é(qq, + Oup) Qs
(dlaq, + 0up)| |Qo)
_ o, -
Qs
Qs
Qs
Fp= —2Q5/Q1% + 3Q2Q5/Q1 , (2.37)
2Q5Q6/Q1 + Q3Q5/Q1—2Q5Q3/Q;
Q2Q7/Q1 +2Q3Q6/Q1—2Q2Q3/Q;
QuQ5/Q1 + 2Q2Qs/Q1—2Q3Q4/Q5
| Q4Q6/Q1% + Q2Q9/Q1 + Q3Qs/Q1 — 2Q2Q3Q4/ Q1 |
[ Q3 ]
Qs
Q7
Qo
Gp= 2Q5Q6/Q1 + Q3Q5/Q1—2Q3Q3/Q, : (2.38)
Q2Q7/Q1 +2Q3Q6/Q1—2Q2Q3/Q,
—2Q3%/Q1% + 3Q3Q7/Q1
Q4Q6/Q1° + Q2Q9/Q1 + Q3Qs/Q1 — 2Q2Q3Q4/Q1”
QuQ7/Q1 +2Q3Q0 /1 —2Q3Q4/Q;
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Applying the chain rule, the characteristic form is derived,

oQp  OFp0Qp  0GpIQp

ot 0Qp Ox 0Qp Oy =9, (2.39)
where Ap = gQLZ and Bp = g%ﬁ are the Jacobian matrix of the system in the x and y
direction respectively,
[ 0 1 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 0 0 0
A, = Uy — 30uully 30uu — 3Uy° 0 0 3u, 0
Oplly” = 2030ty = Ouulp 20wy — 2Uply  Ouu — Uy 0 o 2u,
Uy0y° — 200y Ty — Tyl Tow — Tp° 200, — 2Up0y 0 0 25,
0, — 2qq, Uy — Tyl 2qq,, — 204, 0 Ouwu—1y° 00
00pUp — 44, Tp — 0unl — aq,0p g, — 00, 49, — 0ty 0w —Upt, O 6
(2.40)

and the eigenvalues and eigenvectors associated,

)\1:7/1\1;_\/30'11&7 Ay =up + V30 uu,

A3 =up, M =up, A5=up,
)\6:71\1;+\/0'uu7 A?Z’ITEI—F\/UU”,
Ag =up — V Ouus A9 =up — VvV Ouus

1

71\]3 —V30uu
Upy/Tuu—0uv V3
T

0v/Tuu—qq., V3

Ouu

r = (i — V/30w)? : (241)
(1713_\/ 30’uu)(17};\/0'uu_0'uv\/§)

Ouu

Uuuo'/uv“!‘o'uu'l;\};2+20'uv2_277130'1“) V3Tuu
- Ouu
(9\/ Ouu—4qqy \/g) (771?’_ V 3Juu)
Ouu

2qqu0'uv+quauu+77130'uu6_qqu7713 V30 uu—00uvV30uu

L Ouu -

o O O o o o

o O O O o o o o
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1
up + V30uu
qu\/§+1713\/tm
Vouu
qqu\/§+9\/ Ouu
VOouu
—~ 2
ro = (up + V3ouu) ,
(@+\/30uu)(aﬁ\/0uu+0’uu\/§)

VOouu
Uuugvu+guu1’)\§2+20uv2+2'l’)\}50'uu\/ 30uu
(0y/Frr+ag,V'3) @5 +/3700)

VOuu _
2qqu0uv+qq1,0uu+77130uu9+qqu1713m+90wm
0] 1] 0]
0 ap 0
0 vp 0
0 0 0
rs= (0], ra=|wup’ |, rs=10|,
0 upvp 0
1 0 0
0 fup 0
_0_ i 0 ] _1_
_ 0 ~ . _
0 0
1 1
- (qqu +§\/ Uuu) O
O'u'u'i‘a\};\/ Tuu
re = 0 , 7= 0
up + vV Ouu up + vV Ouu
2Tuut P/ Tuu) 2(ouu 0P v/Tuu)
_ VOuu Ouu
— (09, + /o) (T4 ) 0
Ouv+UPA/Ouu qqu+§ e
0 L oy |
— 0 _ _ 0 _
0 0
1 1
_(qqu_gx/o'uu) O
O'uv“!‘@m
rg = 0 , T9 = 0
Q’L\}S_\/O-UU ,LTF/’*\/O'uu
—2(0wv—UP/Tuu) —2(0uv—Py/Tuu)
_ VOuu Ouu
_(qqu_e\/ 0'1/;_3)(’5\};_\/0'1“4) O
e —(99,—0v/Fuu)
I 0 ] LT o -

(2.42)

(2.43)

(2.44)

(2.45)
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In y direction,

0 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1
By=| Gy —20umily — Ouuly 20wy — 20ty Ouu — Uy 0 o, 2u, 0 0 0],
UpTy” — 20000y — Tyl Oow = Tp° 200 — 200 0 0 20, uw, 0 0
0,2 — 30,0, 0 30y — 30, 0 0 0 33, 0 0
0,y — 4q, 0 — 0wl — 4,0y 90, =00, 99, =00, ow -G, 0 6 0 T W,
06,% — 2qq, 0, — opul 0 24q, — 200, Gw—0," 0 0 6 0 23]
(2.46)
and the eigenvalues and eigenvectors associated,
)\1:7/)‘13_\/30'1)1)7 Ay = vp + V30,
/\3:6;a )‘4:17;a )\5:{]\Ev
)\6:7/)}5"’_\/0’7}1}7 A7:7/)\]3"’_\/01)117
)\8:7’)}—/’*\/0'1)1), >\9:;U—;*\/O'vv7
_ ] .
ﬁ\;’\/m_o'u'u\/g
VOvv
vp — V30w
9\/ Ovv *qu\/g
Ovv
— 92 —
r = OuuTvv+OvUp +§i:v2*2uPauu vV 30y , (247)
(’l’)‘};—m)(ﬁ\}; qu_o'u'u\/g)
Ovv
— 2
(UP -V Bva)
2quauv+qquo'vv+{/4\130'vv§*qua\}3 V 30',011750'1“) V30 vy
Oyv
(Qvgvv—qu\/?:)({);—v 30vv)
L Ovv _
- 1 -
qu\/g“!‘ﬁ‘l;\/ Tvv
Tyv
vp + V30w
qu\/§+§\/ Tyv
Ty
— 92 —~
ro = TuuTvy+0voUp +i¢:}';l,v2+2upo'uv V 30wy , (248)
(77};"‘\/ 30—1;1))(17};\/0'1)1)"1‘0'11,1)\/5)
VOvv
— 2
(vp 4+ V3ow)
2qu0uv+qquavu +7-,5\F/’0"uv§+qu{[}; V 30’vv+50'u'u V300
Oyv
(0\/ va+qu\/§)(1’);+v30'vv)
L VOvv |
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0] 1] 0]
0 up 0
0 vp 0
0 ] 0
rg= (1], ma=1| 0 |, m5=10], (2.49)
0 upvp 0
0 vp° 0
0 0 1
0] | Oup | 0]
_ . - i . i
1 1
0 0
—(99,+0+/7v0) 0
Tuv+UP+/Ovy
ro= | Aowtipyaw) | o | 2w theyon) (2.50)
Up + /Tuw Up + /Ouy
0 0
0 99410000
(g9, +8/700) (T -+ /500) o
L Tuv+UP/Tvo i L -
[ 0 ] i 0 ]
1 1
0 0
—(99,—0vw0) 0
Ouv+Up/Tvo
rg= | oo levw) | gy o | ZHowotRyOw) (2.51)
VP — \/Tuow Up — \/Tuow
0 0
0 —(99,—0vow)
(4, ~ /7o) (T /7o) o
L Tuv —UP /vy i - -
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2.3 Two-Way Coupling

We couple the phases by including a Source Term which accounts for the interaction

between the Carrier Phase and the Disperse Phase in the Fluid governing equations as

well as in the Particle governing equations. A momentum and energy tansfer occurs

between the phases. Because we are working with immiscible fluids, no mass transfer is

observed. The fluid source terms are,

0
mp¢ (=
o1
~ ~ P ~
|y (0= T) o+ "2 o+ Wp” - tpu) o+ e
and particle source terms are,
[ 0
2 (u—up)
(v —up)
2D
Sp = %(17132 — UpU + Oy
2 (20, — ubp — vip + 20p07)
~ 2 (6p% — 0pv + o)
— 2 (qa, — Tup + Oup + Ovp) — 2
| —2(qq, — Tvp + Oup + 0vp) — 2 (qq, — 6v + Oup + fuvp)

The fully-coupled E-E model can be written as ,

0Q; OF; 0G;
ot * Ox oy St

0Qp  OFp 0Gp
ot Ox oy T

(qq, — Ou + Oup + Ovp)

(Gow + VP2 + Upv)

(2.52)

(2.53)

(2.54)

(2.55)
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Numerical Methods

3.1 Averaging

The first step in discretizing the governing equations is to linearize the non-linear Ja-
cobian matrix of the hyperbolic problem. Roe Averaging is used in the Eulerian phase

over the primitive variables to obtain a linear Jacobian:

o /Piciti—1 /i (3.1)

U, 1

2 Vhici+ P
P vV Pi—1Vi—1 V/Pivi (3.2)

1—

1 )
2 VPi—1+\/pi

i VPiciHi 1+ /piH;  (Eio1+pi1)//pic1 + (Bi +pi)/\/pi
P — =

i3 VPt /P Vo1t \/Pi ’

&= \/(’y ) (- %112). (3.4)

Where wu;_1 is the velocity in x evaluated in the cell before, u; is the velocity in x evaluated

in the cell after and 4,;_1 is the averaged velocity in x, evaluated in the cell boundaries
2

between the two cells previously cited. The same occurs for the other variables.

Simple Averaging is used in the Particle Phase,

. 1
41 = 5(%’4 + Gi), (3.5)

~ e e . - —~ ~ —~2 — ~ — —~
where §._ 1 represents rimitive vari U v U UpV v U v
here g, esents the tive variables , Up, Up, 0, upt,  upvp, p2, Ouy,, Ovp
2

explained in Chapter 2 and evaluated in the cell boundary.

13



Chapter 3. Numerical Methods 14

3.2 WENO method

A Weight Esentially Non Oscillatory Conservative Finite Difference Scheme (WENO
Scheme) is suitable for this problem because it provides high accuracy in smooth areas,
good resolution around discontinuities and the necessary dissipation for shock capturing.

More information about WENO scheme is provided by [3] and [4].

An uniform grid is defined by the points x; = iAx, i=0,...,N, called cell centers and the

cell boundaries are given by z; 1 = x; + % where Az is the uniform grid spacing.
2

The discretization yields a system of ordinary differential equations,

dui(t)  Of .
dt = 871' o— 1= O,..., ,

(3.6)

where u;(t) is the numercial approximation to the point value u(z;,t). We define the
numerical flux function as h(z). The conservative property of the spatial discretization

is obtained by this function,

r+Azx
fo =5, [ e, (37

—Ax

and the spatial derivative in 3.6 is expressed by a conservative finite-difference formula

in the cell boundaries,
dui (t) 1

G = Ag iy~ i)

(3.8)

A high order polinomial interpolation over h(x), using the known values of f in x;, is
used to determine this formula. The fifth order WENO scheme uses a 5 points stencil,
S5, composed of three 3-points stencil, Sy, 51,52, shown in Fig. 3.1. The fifth order

approximation fz 41 is built through a convex combination of the interpolated values
2

fii%a
N 2 “ 1
fixr =D wiff @i £ ), (3.9)
k=0
where
R 2
flé = cficksy, 0=0,..,N, (3.10)
k=0

and cy; are the Lagrangian interpolation coefficients, which depend on the parameter
k. This convex combination is made by weighing the different solutions obtained with

the sub-stencils. The WENO weights are defined as

y4
A

—k =0,1,2 (3.11)
2 ) s Ly Sy
> =0 0%

wyp =
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o=@ - @ -0 ——@
i-2 Xi-1 Xi Xi+112 Xi+1 Xi+2
SH - - @ ® T
S, ® ® e f,
S, & o o j
S, ® ] o

FIGURE 3.1: Discontinuity between cell boundaries ;41 and x;12. ®;41/2 represents
a cell center. WENO scheme 5-points Stencil is S5. Three 3-points substencil are
(S0, 51, 52).

where dyp= %, dy = %, dy = %0 are the ideal weights and they generate a central
upwind fifth order scheme for the 5-points stencil. The weights are also a function of the
smoothness indicator given by S, which measures the regularity of the k** polynomial

approximation.

If the smoothness indicators are close to one, the substencil weights are close to the
ideal weights. However, if Sy contains a discontinuity, S is O(1) and the correspond-
ing weight, wy, is relatively small compared with the other weights. Because of the
lower weighting, the influence of the polynomial approximation of h, 1 taken across the
discontinuity is dismished in the global solution up to the point, making the scheme

effectively lower order near the discontinuity and esentially preventing oscillations.
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3.3 Temporal Stability

The Courant-Friedrichs-Lewy condition, CFL condition is necessary in order to assure

the stability and convergence of the method,

min(Az, Ay)

At= CFLx 7
max(AzAy)

) (3.12)
where At is the time step, A are the eigenvalues of the carrier phase in the x and y
dimensions and Az, Ay are the uniform grid spacing in the x and y dimensions respec-
tively. A RK3 scheme is used to update the time step so we obtain more stability than

a first-order scheme and there is no need to split dimensionally.
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Moving Normal Shockwave

FIGURE 4.1: Carrier Phase Setup

FIGURE 4.2: Particle Phase Setup
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4.1 Setup

We consider two-dimensional case of a moving shock at M = 3.0 initialized at zs = 0.05
in a rectangular domain of [0,1.0] * [-0.4,0.4], interacting with a rectangular particle
cloud at zero velocity, with 90,000 particles uniformly distributed of [0.1,0.3]z[—0.1, 0.1].
The density of each particle is p, = 1000, the diameter is d = 5.86 x 1072 . Particles are

initially in energy equilibrium. Fluid velocity downstram is initially set to zero.

o |1 | Yo | y1 | 2Po | 2Py | yPy | yP;
00[101]-041]04] 0.1 0.3 | -0.1 0.1

TABLE 4.1: Domain setup.

Mach | ~v | B | St | p p u v T
3.0 14,0404 |1.0|1.0]0.0]0.0]0.05

TABLE 4.2: Carrier Phase initial conditions.

Np Mp ¢ Up | Up 0 | Ouu | Ouwv | Ovw 449, | 94,
90,000 | 1.055e-4 | 2.25e6 | 0.0 | 0.0 | T | eps | eps | eps | 0.0 | 0.0

TABLE 4.3: Disperse Phase initial conditions.

Boundary Conditions Expanding shockwave
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4.2 Results
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FIGURE 4.4: Fluid pressure, at the time 0.14s
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FIGURE 4.5: Fluid temperature, at the time 0.14s
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FIGURE 4.6: Fluid density, at the time 0.14s
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4.2.1 Carrier Phase

The flow behind the Shockwave is supersonic and has the same Mach number as the
shockwave while the upstream flow is at rest. Across the normal shock, the velocity de-
creases instantaneously to subsonic values, while the pressure, density and temperature
increase. As it is seen; by the moment the problem is analyzed, the shock is at z = 0.5
As the shock moves downstream and interacts with the cloud of particles, a bow shock
forms upstream of the cloud. This bow shock is called the induced shock to differen-
ciate it from the initial shock. The flow deccelerates across the induced shock, causing
a decrease in the kinetic energy of the carrier phase, (figure 4.3). Because no energy is
generated in the system, an increase in the internal and static energy of the flow com-
pensates for the decrease in kinetic energy as shown in figures 4.4 and 4.5. Following
the ideal gas law, the increased static energy results in an increase of the fluid density,
figure 4.6.

After the induced schock, the flow interacts with the particles causing a gradual decrease
in the velocity, pressure and temperature. The decreased velocity, pressure and temper-
ature occur because of the energy and momentum transfer from the fluid to the particle
phase, while the increased density is due to the slowing of the fluid. The particles are
initiallized with zero velocity and in energy equilibrium with the Carrier Phase.

Figure 4.7 shows the velocity in y and in Figure 4.8 is shown the streamlines through

the particle cloud.
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FIGURE 4.9: Particle density number, at the time 0.14s
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FIGURE 4.11: Particle velocity in y direction, at the time 0.14s
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FIGURE 4.12: Particle temperature, at the time 0.14s

4.2.2 Disperse Phase

When the flow passes through the particle cloud, this experiments a decrease in the
kinetic, static and internal energy. The particles initially at the leading edge start ac-
celerating and overtaking the particles initially at the rear of the cloud. At later times,
more particles are accelerated due to the flow or pushed by other particles, hence the
cloud moves forward.

In figure 4.12, particle temperature is shown. The particles in the leading edge experi-
ment a larger increase of temperature because the temperature of the fluid in this area
is higher. The particle velocity in y presents a similar behaviour owing to the coupling
and momentum transfer between phases. Particles in the leading edge of the cloud are
pushed out of the cloud so these particles wil be spread away, while particles in the
trailing edge of the cloud are pushed into the cloud. This will mean that the cloud of
particles will be narrower and longer in the trailing edge but shorter and wider in the

leading edge of the cloud at later times.
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Conclusions and Future Work

A 2D Eulerian Eulerian model is presented to compute a two-way coupled particle laden
flow in a compressible fluid. The EE model couples the inviscid Euler equations with a
new set of Eulerian equations developed for the particle phase, derived with a filtered
Liouville equation that governs the particle density function. Second moments of the
particle phase result in a non-linear system of equatios while third moments are simplified

by asumming third order correlations are neglegible.

To linearize the problem, a Roe averaging scheme is used in the carrier phase and simple
averaging is used in the disperse phase. The model is discretized using a uniform grid and
fluxes are computed with a high order Weight Esentially Non-Oscillatory conservative
finite difference scheme, also known as high order WENO scheme. WENO methods have
high accuracy in smooth areas while providing good resolution around discontinuities as
well as the neccessary dissipation for shock capturing. In order to assure the stability
and convergence of the method, a CFL condition is used to modulate the time step.

Finally, time is updated with a RK3 scheme.

The interaction of a right-running normal shock and an initially stationary and in energy
equilibrium rectangular cloud of particles, is analyzed. Fluid is supersonic upstream and
subsonic downstream. The only mechanism that a supersonic flow has to adapt to an
obstacle like the cloud of particles is, is by a bow shock, also called induced shock. This
shock makes the velocity decrease to subsonic values and the pressure and termperature

increase. Following the ideal gas law, result in an increase of the density.

As the shock runs through the cloud of particles, fluid phase transfer energy and mo-
mentum to the particle phase, increasing the temperature of the particles at the leading
edge of the cloud while this particles start to accelerate downstream. The cloud is an

obstacle for the flow so the streamlines surround the cloud and this generates in the flow

25
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a velocity in y. This velocity is also transferred to the particles making the cloud not

only move down stream but also change its initially rectangular shape.

Future lines would focus on comparing different ways to solve the problem since the EE
approach using a different scheme such us Godunov based schemes or high order upwind
schemes. Other future efforts could focus on compared the results between the EE and

EL approaches using a WENO scheme.
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