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[Abstract]: The simulation of two-phase turbulent flows is currently an important
scientific and industrial challenge. Among the many issues underlying the modeling of that
complex phenomenology, the accumulation of solid particles in preferential zones and the
interaction of particles with gas turbulence are of particular interest, because they have a
significant impact on the overall performance of the studied system.The objective of this
work is to propose an original numerical model to solve problems of particulate
concentration occurring in laminar or turbulent convergent two-phase flows. The
formulation, expressed in the Eulerian framework, uses a particulate pressure and a pseudo
particulate viscosity. Firstly the new hyperbolic system for pure particulate gas is analyzed
in terms of consistency and numerical robustness. Existence of entropy and appropriate
numerical schemes for the Riemann problem are discussed and tested in a one dimensional
shock tube application. Secondly the whole system with the pseudo viscous terms and the
source terms is explained. The coupling with the gas flow is especially derived in laminar or
turbulent case. In particular the development of a space marching Parabolized Navier
Stokes code for 2D axi-symmetric flow is presented. Implementation of the method in a fully
3D time dependent Navier Stokes code is under work. First encouraging applications of the
axi-symmetric PNS code are presented. Comparisons with a classical two-phase flow
formulation, without particulate pressure are performed. It indicates how efficient the new
model is regarding the undesired axial accumulation of heavy particles. Also different
Riemann solvers are tested.

Nomenclature

C,C,,C, = pseudo sound speed
particle diameter

DNS = Direct Numerical Simulation

E = total energy

H = enthalpy

k,k,,k; = fluctuating kinetic energy

M = Mach number

NS = Navier Stokes

P, Pp = pressure
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Po = production term of K,

PNS = Parabolized Navier Stokes
u,v,w,U oi U, = mean velocity components
u',;,U'; = fluctuating velocity components
T = temperature

T = integral time scale

y = tensor parameter y =5/3

1 = internal particle energy

pvppvpf = denSity

vy = pseudo cinematic viscosity

<7,> = mean particle relaxation time
Subscript:

D = particulate

; = fluid or gas

r = right

’ = left

Jor . = Cartesian coordinates

I.  Problem position

The Eulerian formulation is very practical for engineer modelling of two-phase flows. The approach suits a wide
range of particles in turbulent fluid and is currently recommended before using more time consuming modelling like
lagrangian or DNS (see Ref. 1). The Eulerian framework allows the use of the same mesh for gas and particles, and
is generally less expensive in computer time and memory. In aerospace applications, like two-phase rocket plume
for instance, particles can be considered as a dispersed phase, where volume occupancy or collisions can be
neglected. As a matter of fact, the particulate flow is modelled like a gas without pressure. This simplifies the
equations, and namely for the Riemann problem, a simple “donor cell” scheme is sufficient.

One drawback, which may also appear in Lagrangian formulation, is that particle accumulation in preferential
region can occur in the simulation. Because of the complexity of the phenomenology, engineers have to face a real
problem: is this accumulation a numerical artefact related to the method? or is it a physical description? The answer
is not obvious because concentrations occur for specific configurations in the physical world.

For a convergent axi-symmetric flow of a particulate gas without pressure (with the eulerian formulation), the
axis is a singularity where particulate density in the mixture goes to infinity, as shown by Saurel.

The proposed solution is to introduce a particulate pressure, which was also done by Saurel & Abgrall®,
Simonin®, Simoes & al*®’, in different ways.

In the present work, this particulate pressure is only related to the fluctuating particle velocity and density in the
mixture. In particular, there is no direct relation between that pressure and the particle internal energy ¢ , which
exhibits fundamental differences with a gas pressure. The fluctuating velocity applies in laminar gas flow (it does
then represent the Brownian motion), and in turbulent gas flow (it is then added the coupling with turbulent gas
velocity fluctuations by the covariance). The model follows the engineering methods proposed in the book of
Oesterlé®, and is implemented in an existing two-phase turbulent and reactive PNS code.

I1.  Hyperbolic system of conservation laws
We introduce the density o of the gas of particles, the velocity U, internal energy ¢ and turbulent kinetic
energy K Total energy is the sum of kinetic energy, internal energy and turbulent kinetic energy:

1) E:%u2+z+k.
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The variables of specific mass o, momentum pouU, and total massic energy pE are naturally conserved.
Moreover, we suppose here that the volumic turbulent kinetic energy oK is also conserved. We can introduce a
vector W with four coordinates according to

(2) W :(p’pu’pE!pk)t'

The associated vector flux f (W) follows classical results of gas dynamics (see e g Landau and Lifchitz®). We
have:

2 t

(3) f(W) = (ou, ou” + p, puE + pu, puk)".

Then the particle-gas system can be written in one space dimension as a conservative system of a four-
dimensional vector W (X, 1)

oW o
4 E"‘a(f(w)):o-

The system is mathematically entirely defined if the pressure can be evaluated from the conserved variables.
Following Hug'®, we set

(5) p=( -1k
with 7 >1 a constant that parameterizes the model. The pressure does not depend anymore on the internal
energy as in an usual gas (see e g Ref. 9) and the physical hypothesis is constitutive of what we call here “particle-

gas system”.
The previous system is hyperbolic and exhibits four eigenvalues:
(6) A=su-c<A=A4=Uu<f =u+cC

The sound velocity C is simply obtained by a non-standard relation

) c =E =i~k

as proven in Ref. 11
The fields numbered with indexes 1 and 4 are genuinely nonlinear (e g the book of Godlewski and Raviart'?).

The second (identical to the third) field is linearly degenerated. The corresponding Riemann invariants ﬂj (that are
constant in rarefaction waves and inside contact discontinuities) are given according to
B € {k,u +clog p,1—c? Iogp}
®) B2 Py € lu.p}
B, € {k,u —clogp,i—¢° Iogp}
A shock wave of velocity o between a given state W, and an “aval” state W satisfies the following algebraic
relations™:

pU=-0)=p,(Ul-0c)=C,pp,
k =Kk,
u-ul=—"5"(p-p,)
(©) Jep, Z
p:Ck,z(p—p[)
c’ 2 2
=1 = : (p _p({)
i 2pp,

I11.  Riemann problem

Given a pair of states (VV/,"Wr) the Riemann problem is the Cauchy problem associated with the system of

conservation laws Eq. (4) and the initial condition
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(10) W (x,0) = (W, W,),
and the solution is searched as self-similar W (x,t) =V (%)

It is supposed to be composed by four constant states W, ,WI*,WZ*,Wr separated by simple waves.

From the previous section (and details established in Ref. 13) the numerical resolution of the Riemann problem
Eq. (4) and Eg. (10) consists essentially in finding the common pressure P * and the common velocity U™ of the

two intermediate states W,  and W, . On the one hand, the state W, belongs to the 1-wave issued from W, :

Iog(p Ph, <,

(11) u*=
u —c( / / J p*=p,
P,

on the other hand, the W belongs to the 4-wave arriving to W, :

u, +cC, Iog(—) p*<p

(12) u*=
u +c( / Pr ]
V P,

The system of Eq. (11) and Eq. (12) is then solved with a standard Newton algorithm.
After the intermediate U™ velocity and pressure P* are determined, the structure of the solution of the
Riemann problem Eq. (4) and Eq. (10) is elementary to derive®.

Godunov scheme
One introduces the solution V (&,W,,W,) of the Riemann problem with initial condition (10) as a function of

X
the similitude velocity & = ? It is classical (see e.

g. Ref. 12 or Ref. 14) that the flux function @5  * | ot .
initially proposed by Godunov® is given by the e sy
relation

(13) q)IZGr =f(VOW,W)) 15+ 7

The numerical results of a first order scheme
satisfying the following discrete volume framework

n+l nl
(14) Wim W,
At 1 —W -
f (V (O’WJ ’WJ+1)) - f (\/(O’Wj—l’wi )) =0 hﬁ‘#: P maasnsa i aan 11211 i
AX +*:"++ & —_— *
are presented on Fig. 1 sl y ]
) s

Roe scheme ;’# Hsr

We have introduced in Ref. 11 a Roe matrix i I
associated with the system defined by the ##** Fbsssrin
constitutive relations Eq. (1) to Eq. (5). First, after 0 o™ ! . L ey
the pioneering work of P. Roe®, we introduce the v 02 n4 DE ; '
total enthalpy H according to Figure 1. Approximate solution of particle-gas system with the

Godunov scheme
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(15) H=E+ B I I I ' T gensny
p S
and consider the following mean values: lurouient enrgy

oo | |
N :

(]

é/H + er
(16) = o+ p,
Pr 1 [ 1
_P k + 0.k, uy
+ e HHHHHHH R
1Y p( vV Pr I+'trt+ e PO, = +*
¥
Then a so-called “Roe state” W * is entirely  gsL t*##f |
defined and the associated sound velocity is +++++ R
) ] ] R
simply given according to C*=,/(y —1k*. #1## E
A
The _jacobian matrix df (W*) is given by the . #&F# "+
relation . 0 02 04 L& 0.8
(17) df (W*) = Figure 2. Approximate solution of particle-gas system with the
0 1 0 0 Roe scheme
~Wd)? 20" 0 y-1
_UH" H U (y-Du

-uk”™ k© 0 u”
and it satisfies the fundamental relation introduced in Ref. 16:

(18) FW)—fW,)=df(W )e(W, -W,)
and is proven in Ref. 11.
After evaluation of the previous matrix, the associated eigenvectors rj* such that

df W )er =(u -c)r
df W )er, =u'r,
df W )er;, =u'r,

df W )er, =(u +c)r,

are easy to specify. We have in particular

(19)

1 1
. u -c . u +c¢
(20) r]_ = * * * r4 = * * *
H —-(y-Dk —u-c H —(y-Dk +u-c

k® k®
Then we can decompose the discontinuity W, —W, along these waves,
j=4
(21) W, =W, =>"a;r;

j=1
and we obtain:
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*

a =P (c'k, = (u, —u)k’) +p,((u, —u)k' -c k,)

' 2k’c”
(22) * * * C * * *
a =pr((ur_u )k +Ckr)_p(’,((ué‘_u )k +Ck{/)
! 2k'c”

The Roe-flux qbffr is then easy to determine. The idea is to solve the Riemann problem between the two states

W, and W, with the flux f replaced by the following affine function:

(23) ®, W)=fW,)+df W)eW-W,) =fW,)+dfW")eW-W,)
We have after some lines of algebra (see Ref. 12 or Ref. 14):
f(W,) if  u-c">0

fW,)+a,u —-c)r, if u-c <0<u
fW)—a,u +c)r, if u <0<u +c

f (W) if u+c¢ <0
The results of the discrete integration are presented on Fig. 2.

(24) OF =

Sanders and Prendergast splitting scheme
Using splitting scheme is very popular in computational fluid dynamics. In Ref. 10, the popular splitting scheme
initially proposed by Sanders and Prendergast'’ for the perfect gas has been generalized for gas-particle modelling.

The physical flux function f introduced in Eq. (3) is split into two parts:
(25) fW)="f"W)+f (W)

u
With the following classical conditions, parameterized by the Mach number M = — and taking into account
C

the particular value of Eq. (7) of the particulate sound velocity, we obtain for|M | >1:

frW)=0 , f (W)=fMW) if M<-1
f-W)=0 , f*W)=fW) if M=>1

For the “subsonic” cases, following the approach of Ref. 17 where the particulate velocity is modelized by a 3
points discrete distribution {u-c , u, u+c}, we obtain
When —1<M <0,

(26)

I L_ P
fr==—@1+M
=l aem)
. f.(u+c
W) = e
fr+k——")+—(M +1)°
2p° 4
L fak
(27) i D
f,=pu——@1+M)
2C
2, P 2
—(1-2M -M
f—(W)z pu +2( )
_ p pc 3
f k——)+—(M -1
m 2p)+ 4( )
| i f. Kk
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When 0<M <1,

— (28) o e ——— T T T Iy T
- ] oy ¢+ |
fﬂT = pu +2_pc(1_ M ) 1L'bus1i-§?|:':g; x
2, Payom—m? s ]
£k 2o Mm 1)
200 4 1 e |
f. Kk *""*@n o
= 4 - e
fn: = £(|\/| -1) ﬁ‘m# #F’ﬂ___.—l 4
2C s | #ﬁ;*‘#ﬂ i
— fl’l’: u-—c=C ++"+ bt N
W) = N -
f +k——)+—(M —1)3 " .
2,0 4 ’ ::. ]IZ DIJ I:IE I .
f. k '

L - Figure 3. Approximate solution of the Sanders-Prendergast
. L sp . e
Then the numerical splitting scheme @, is splitting scheme.

defined according to

(29) @57 = f1(W,)+ f-(W,).

The results of the discrete simulation are presented in Fig. 3:

Comparison of the 1D results :

We note that the two flux difference decomposition of Godunov and Roe are very similar, whereas the Sanders
& Prendergast flux splitting exhibits more numerical viscosity. Nevertheless the three test cases indicate that the
formulation is robust and validated for basic non viscous flow. This allows more complex developments and
applications.

IV. Complete formulation in the PNS code

We describe here the specific features of the particulate pressure model, implemented in an axi-symmetric, two-
phase, reactive and turbulent PNS code®®:

Stress tensor and pseudo particle viscosity:
Let us start with the kinetic stress tensor for particle flow, described in Ref. 8, and proposed by Simonin®. It is
expressed here in classical tensor notation and contraction:

o ou,; au,, v
(30) Uy )= —v,( 8X'.)’ + a):’J)Jr(}/_l)é‘ij (k, +v, 8)(:” )

] 1

where U U’ ;

trace of the tensor must be 2kp, and kp is the fluctuating kinetic energy, identical to K in the previous section, but

are the Cartesian components of mean and fluctuating particle velocity. By definition, the

the subscript P is now needed to distinguish with the gas variables. This leads to the value of the parameter y :

5
31 ==
31) 4 3

The energy K, is defined by
1 12 12 12
(32) kp:E(up +Vy + W),

By setting then Eq. (5):
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2
(33) Pp :gppkp,
we recognize some similarities with the Reynolds stress tensor as described by Wilcox® and the Boussinesq
approximation. Following Simonin®, the particle pseudo-viscosity is:

1 « 2
(34) Vp zgkpr +§kp<7’—p>'
The first right-hand term is the direct relation with the turbulent gas (it is 0 in laminar gas flow). kfp is the trace
of the covariance matrix, where subscript f refers to the gas (fluid):

(35) Ky =(U'e U )
T " is related to the Taylor integral time scale , and can depend on particle inertia: We retain from Ref. 8

k
(36) T =0.2—cor.

&y
kf is the gas turbulent kinetic energy and & the associated dissipation. COr <1 is a correction term to take

account of crossing trajectory effect®.
The 2nd right hand term in Eq. (34) is related to the mean particle relaxation time, which is a fundamental
parameter.

(37) (r,)= A4d (0, magerial +0-501)
301 (CoXi)

Where d is the particle diameter, (C) the mean particle drag coefficient, (U) the mean relative velocity

U; = Np —\7f‘ ,and Oy naeriar 1S the material density of the particle. The variable 7, characterizes the time

response of the particle to fluid solicitation, it depends on inertia and drag force.

Governing equation:
At this step, we can reconstruct the governing equation as for the NS equation of gas with an additional k

equation. Note that the pressure term in Eq. (33) is extracted from the tensor of Eq. (30) multiplied by o, , to form

the conservative variables for momentum and total energy, whereas for the kp equation, Eq. (33) is maintained in

the production term.
The following system is obtained for particles. It contains 5 conservation equations: one for mass, 2 for

momentum (2D cylindrical), one for total energy, and one for fluctuating kinetic energy kp :

o(r(E —Ev)) N o(r(F —Fv))

+5"=0
o¢ on
= ¢ é:y =_n 7y
E-Stp4 2 F F=p vp
(38) 1 J J

2
E =(,Opup,,0pup +Pp,ppUpr,ppHpUp,ppkpUp)
2
F =(ppr,,0pUpr,,0pr +PD’pPHPVP"0PkPVP)’
The expression of total enthalpy H b consistent with Eq. (1) and Eq. (3) is:

1 P 1 5
(39) H,=C,T, +E(u§ +V3)+k, +ID—"=CFTp +E(u§ +v§)+§kp,

p

8
American Institute of Aeronautics and Astronautics



The system of Eq. (38) is written in a
conservative form  (multiplication by radial

coordinate r, inside the derivatives).A classical
Current cell

transformation is used (X,r) = (&,7) where 2

& =Xis the axial direction and 7 is a non ks
dimensional function of r and rmax(x), with a — 1\ .

stretching function to refine mesh around a specified

radial position. Flow directioy, \ [\ T~ PNS mesh

The Eulerian fluxes Fare computed in 2
cylindrical coordinates for the Roe scheme or the
flux splitting scheme, following the state of the art

described in section IlI. \
Ev and FVv are the pseudo viscous fluxes, also /

originating from the tensor of Eq. (30) for
momentum. Note that we apply the PNS

W

1rst Cell on the axis

approximation by seting Ev=0 and by Interface area on axis=0 < Flux= 0
implementing a space-marching process in the X Fiqure 4. PNS mesh

direction (Fig. 4). The gas and particle meshes are g ' '
the same.

System closure:
The inter-particular collisions are neglected, so the associated dissipation term in the kp equation is 0.
Moreover, the third order correlation tensor is set to O.

We choose not to add a supplementary equation for the covariance K ;. , but to propose a closure based on Tchen

fp

theory?:
2k

40 kK, =——
40) P14 St
Where St is the Stokes number:

. (7
41 St =—b~,
(41) T

Source terms:
The S” term in Eq. (38) involves different source terms that will be detailed. The first one is the production
term in the kp equation: The same formalism as for gas turbulence (see for instance Ref. 20) is used (production

term on left hand side, tensor notation: this is a contraction of 2 tensors, giving a real):

L ou,;
(42) Pkpzpp<u p,iup,j>® 6)(]- 1

Pkp is expressed in 2D cylindrical coordinates in the PNS code. The expression, replaced right hand side in Eq.

(38), becomes:
(43) ~P, =-P,div, —% p,v, (AW, )+ pov, ((rotvp ) + (gradvp)?)

where the first right hand side term plays an important role for convergent particle flows. The velocity
divergence diVVp is then negative, and the production term of kpis increased, so that pressure and pseudo

viscosity are increased, acting as accumulation solvers.
Following Oesterlé® and Simonin®® the source term (on left hand side) in the kp equation is:
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Po
(Tp)

In the total particle energy equation, it is correct to repeat the term in Eq. (44) and to add the more classical term
of the work of the drag force (source term on left hand side):

-2 g,

drag _work p
(7,)

(44) M|kp: (ka _kfp)’

(45) M

Also two classical source terms, the heat exchanges between gas and particles and the particle radiation are not
detailed here.

The important coupling in momentum equations is (for the velocity components i=1,2; and source term on left
hand side):

P
(46) M' . =—2Ug,,
NN
Where U ; is defined as:
(47) UR,i=Up,i_Uf,i_UD,i’

The expression introduces the drift velocity UD'i , explained by Oesterlé® and proposed by Simonin® UD,i is

related to the turbulent diffusion of particles, which can be caused by particulate density gradient, non-
homogeneous turbulence, or physical accumulation due to vortex. We also add the formulation for drift velocity of
Bocksell and Loth?, based on the gradient of the gas turbulent kinetic energy, and the eddy and particle lifetimes
(see section V).

Note also two classical additional source terms in the radial velocity equation, due to conservative formulation

and Reynolds stress o, in the orthogonal direction, not detailed here.

Coupling with the gas:
The gas PNS system with a turbulent (kf V4 ) model, is a 6-equations system (one for mass, 2 for momentum

(2D cylindrical), one for total energy, one for fluctuating kinetic energy kf and one for the dissipation &, . In the

gas momentum and the gas total energy equations, the coupling terms are exactly the opposite. For example we
have for one particle size type:

(48) M' i =-M",

The PNS code can deal with several particle types (characterized by different sizes). They act independently and
coupling is only performed through the gas. The gas source term in Eq. (48) is then the sum of the particle
contributors.

Following Ref. 8, the coupling with the K, equation for gas is not straightforward: firstly it introduces the drift

velocity, secondly it distinguishes the turbulence generated by the wake of each particle, from the turbulence at
large scale. The added expression is: (source term on left hand side in the gas turbulent energy kf equation)

P
(7,)

Again, following Ref. 8 the added source term in the gas turbulent dissipation equation & is:

(49) M =— (kg — 2k, +U,Uy,)

: Et o\,
(50) M, ~18 EM',.

f

V. First applications

Firstly an important verification is performed: for a solid rocket plume calculation, imposed in laminar gas
regime: The two options of the present particulate pressure model (Flux splitting and Roe schemes) are run with the
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particulate pressure imposed at a very low value, so that the detailed formulation is computed at the limit of the
model. The results are compared with the initial PNS without particulate pressure (“donor cell” scheme). They were
similar (in the computer precision range): this validates the correct coding of the new schemes.

Secondly, a high altitude solid rocket plume is computed, again with the two options of the particulate pressure
model, and the initial PNS without particulate pressure. High altitude plume from an expanded nozzle exhibits no

compression or convergent particle flow (div\7p is positive quite everywhere). It was satisfactory that the results

indicate low differences with the case without particulate pressure.

Thirdly we evaluate the present method by comparison with published application cases, and we choose a
particle dispersion case in a jet-like flow, proposed and tested by Papp, York, Sinha and Dash?*.

Finally we propose. a case of a compressed jet , where axial accumulation of particles can numerically occur.

Modelling consideration:
For these applications we consider first the classical model, where particles are solved as an eulerian gas without
pressure. The system (38) is then reduced to:

O(rE) , o(rF)
og  onm
(51) E = (05, U7, PpU,Vp, o H U,) -

2
F= (/Opvp'ppupvp’ppvp ’ppHpr)’

There is no particle pressure, and no pseudo viscous term. The source terms (46), (47) contain no drift velocity,
and there are no source terms (49) and (50). This model is called “w/o Pp (particulate pressure)”. The numerical
scheme is a classical “Donor Cell”.

We compare this early formulation with the present one, called “with Pp” and described in section IV. In
particular the expression of the drift velocity is:

(52) U,, :—lkpr*i%+1At%,
' 3 P, 0% 3 0O
The first term on the right is related to the particulate density gradient Ref. 8. The second term, proposed by
Bocksell and Loth® and also retained by Papp, York, Sinha and Dash?, relates the drift to the gradient of gas
turbulence and a characteristic time At : At is the shortest time of the eddy life time, and the crossing time of the
eddy by the particle. Theses terms are important in the radial direction.
To illustrate the effect of the drift velocity, we compare the applications of the present formulation and a

+5"=0

formulation without drift, called “with Pp, w/o

drift”. Shear Layer D=0,1um
All applications are performed with two-way Comparison °Tf F’";‘)' t:C'et ‘;('_OL;?_ density profile at 25m
coupling and PNS space marching. 0030 KIS Xinetic enerdy 60000
0.025 >~ A 50000

High speed shear layer , d=0.1um:
The conditions of the shear layer case, proposed
by Ref. 24, are given in table 1. It is the turbulent

""" A
N e ™ 1
1

0.020 T 40000
1
|

0.015 s + 30000

interaction of two streams. Stream 1 contains very ‘%

small solid alumina particles at a low dilution rate | <

(initial particle volume ratio=4.5E-06). 0010 L 20000
Variable Stream 1 Stream 2
Mach 241 0.723 0.005 1 10000
T(K) 1000 300 0.000 Ak Boaf MReRd Soveceaa i O
u(m/s) 1531.1 251.6 000 050 100 150 200 250 300 350 400
P(Pa) 101325 101325 ym :
op kg/m3) 0.018 - = = = Rop (kg/m3) 25m-v\lo Pp — Rop (kg/m3) 25mwtth

— kf (M2/s2) 25mwith Pp A kp (M2/s2) 25m with Pp

Al203 0.1 - -

d(pm) Figure 5.

Table 1: high speed shear layer
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According to a pressure split technique, the PNS
approach is allowed in the subsonic stream. Here in
2D cylindrical coordinates, the entry section of
stream 1 has a radius of 2m, so it compares well
with the planar shear layer of Ref. 24.

Figure 5 represents particle cloud density profile
at 25m from the initial section. We notice that for
these small particles, there are little differences
between the approaches, and that the particle
dispersion is low. Comparison of gas and particle
turbulent Kinetic energy indicates that they are in
phase, when both are present.

Comparisons of velocities in Fig. 6, indicate that
the fluid and particles remain in phase.

For non stressing cases, it’s important to notice
here, that the results with the present formulation
remain consistent with the early approach without
particulate pressure.

High speed shear layer, d=10um:

Shear Layer: Particle Cloud Density kg/m3: wlo Pp)

ROt
. 0.018
0.018

0.014

0.012
0.01

0.008
0.006
0.004
0.002

FO1
| oo
0.018
D0la

5 10 X 15 20
Figure 7

Shear Layer: Particle Cloud Density kg/m3: (with Pp)

‘WLIH

om
oo

B
Figure 10

The conditions of the shear layer case of table 1
are the same, except for the 10um particle diameter.
Figure 7 shows the particle cloud density contours
computed by the previous model without particle
pressure. It is very similar to the results of Ref. 24
without dispersion.

The cloud density profiles in the region affected
by gas turbulent kinetic energy exhibit an increase
to the edge of the cloud, before abruptly vanishing
(see Fig. 8). Furthermore, this abrupt edge is slightly
extended outward when progressing in x stations:

Results are very different with the present
formulation with particulate pressure: there is a
more important dispersion of the particles, with no
peak at the edge (Fig. 9 and Fig 10):

The shape of this new profile is similar to the
shape of the lagrangian profile with drift velocity in
Ref. 24.
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Comparison of particle and gas velocities at 25m
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The contours of the gas turbulent kinetic energy are similar for the early formulation (Fig. 11)and the present
one (Fig. 12) and are very close in level and shape to the result in Ref. 24,

Shear Layer: Gas Turbulent Kinetic Energy: (w/o Pp)
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Figure 11
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Figure 12

However, due to the damping effect of particles on turbulence, the levels in Fig. 12 are slightly lower. The gas
velocity and the turbulent viscosity contours are represented in Fig. 13 and Fig. 14. Again they are comparable to

d Shear Layer: Gas Velocity: (with Pp)

Figure 13
results in Ref. 24,

These new results are presented for the adapted
Sanders & Prendergast numerical scheme. Results
with the Roe scheme indicate a very small difference
at the cloud boundary (Fig. 15). The ROE scheme has
less numerical smearing. According to the very
different approaches of the schemes, the comparison is
satisfactory.

Figure 16 compares the particulate turbulent
energy kp with the turbulent kinetic energy kf of the
gas. Now there is a difference with Fig. 5 (D=0.1um):
the level of kp is lower than kf, as a consequence of
particle size.

In Fig. 17, the velocities of gas and particles are
presented together at different sections: the particles

Shear Layer D=10um with Pp: profiles at x=15m
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Figure 16.

present almost no phase difference with the gas.
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Shear Layer D=10um with Pp: Cloud density profile at x=15m
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High speed shear layer, d=10um, w/o drift velocity:

Here we show results with no drift velocity in Eq. (47). Figure 18 exhibits important peaks in the particle cloud
density profiles, located at the inner boundary of turbulence. The inflexion of Fig. 9 is removed, but at the expense

of particle accumulation.

The accumulation is located at the sharp increase of turbulent kinetic energy (Fig. 19). And to correct this
artefact, the drift velocity proposed by Bocksell and Loth? is needed. The formulation is efficient because it is

based on the gradient of kf.

Shear Layer, d=10um
Particle cloud density without drift velocity
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Figure 18.

Figure 19.

Note that the same kind of peak, is reported in Ref. 24 for lagrangian calculation without drift velocity.

Compressed jet, d=10um:

We propose this test case to describe axial accumulation and its resolution. The simulation does not represent
any real or experimental case. We just increase the strength of stream 2. Stream 1 is a uniform round jet (1 meter

radius) where 10um particle are diluted (as in the previous case). The starting conditions are given in table 2:

Variable Stream 1 Stream 2
Mach 15 2.5
T(K) 426 1000
U(m/s) 617 1576
P(Pa) 101325 101325
pp (kg/m3) 0.039 -
Al203 10 -

d(pm)

Table 2: compressed je

Figure 20 shows the particle cloud density contours,

for the early formulation without particulate pressure.

Before 30m an axial accumulation occurs, and then
increases to reach a dramatic factor 5 of the initial
particle cloud density (and even more, downstream). The
starting point is correlated with turbulence reaching the
symmetry axis, as can be seen on Fig. 21.

With the present modelling with particulate pressure
and drift velocity, the problem almost disappears (Fig.
22)

Also the gas turbulent kinetic energy is decreased in
level (-10% compared to Fig. 21), in the region where
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o _Fiaure 21 )
there are sufficient particles to act for turbulence damping

(see Fig. 23 and Fig. 24).

LYo,

ssed Jet: GasTurbulent Kinetic Energy m2/s2: (with Pp)

Figure 23

Note in Fig. 25 the behaviour of the turbulent particulate kinetic energy, which drives the associated pressure Pp.
Especially near the axis, it is closer to the gas turbulent kinetic energy. This, in conjunction with drift velocity, helps

cancelling the numerical accumulation on the axis.

At the outer boundary of the cloud there is still some trouble with kp. The interface with the no-particle domain
has always been difficult, and work remains to be done on that problem.
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Figure 24. Figure 25.

The profiles of the particle cloud density are shown in Fig. 26 and Fig. 27: The present new formulation is

efficient, especially at x=30m and x=35m in Fig. 27.

Compressed Jet, d=10um
Particle cloud density profiles
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Fiaure 26.
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Particle cloud density profiles
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Figure 27.

Implementation of the present particulate pressure model in a fully 3D NS code® is under work.
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VI. Conclusion

Engineers have to carefully analyze their CFD results for problems dealing with particles and their interaction
with turbulence:

e The phenomenology is complex and contains multiple time scales.

e The classical Eulerian formulation without particulate pressure admits singular solutions for convergent flows
(accumulations) that are not realistic for a dispersed phase. This characteristic has to be cured by an additive
modelization.

e In some real cases, physical accumulation of particle occurs (near walls...).

This work shows some progress in the modeling and comparisons to others. The framework of the eulerian
approach with particulate pressure and drift velocity, associated with a PNS space marching, allows rapid
calculation with fine mesh, and solves unphysical accumulation problems in the free field. . It is believed that the
unwanted accumulation is not related to the eulerian or the lagrangian solvers for particles. Also it is not related to
the use of a specific numerical scheme for the Riemann problem, if it is well formulated.

Since source terms are related to gradients and then to the space discretization, it can occur that they explode
near discontinuities (like the usual k-& model). So, special care to maintain a realizable stress tensor may help. It is
included in the present work but not detailed in this paper.

Additional study is necessary to explore remaining deficiencies and calibrate the model. Use of CFD for
complex but real problems of gas/particle turbulent interaction is a challenge, which may be achievable.

So far, these kinds of density peaks of particle cloud are not reported in experimental data, but accumulation
exist in the physics. This is also challenging for the validation. There is a real need of experimental reference tests,
including two-phase flows with particles interacting with turbulence, at a relatively high speed.
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