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Particle laden flows are often modeled using one of two numerical approaches: Euler-
Lagrange and Euler-Euler. The Euler-Lagrange approach analyzes the particulate phase
from a control mass perspective, then the solid particulate phase is coupled to a (continuous)
fluid phase based on the underlying fluid-flow equations formulated within an Eulerian model.
The Euler-Euler approach, however, applies the Eulerian formulation for both the fluid and
particulate phase. The aim in this effort is to evaluate the approaches in the context of
a two-dimensional, compressible gas flow laden with particulate and impinging on a normal
surface. Such flows are relevant to classes of solid rockets, sandblast nozzles, and other particle-
laden flows in the context of converging-diverging nozzles. Several comparisons are made
between both approaches. This first pertains to model accuracy of the particulate flow, which
involves comparing particle velocities and distributions throughout the numerical domain. In
addition, the computational time required to solve particle flow in a compressible gas flow was
compared between both numerical approaches. The Euler-Euler approach presented a lower
computational time to solve particle flow for the rocket jet compared to the Euler-Lagrange
approach. The Euler-Euler approach also showed a lower computational cost than that of
the Euler-Lagrange approach to reach a steady solution. Also, a numerical validation of an
under-expanded jet case was performed using the Euler-Euler approach. The results of the
simulation agreed strongly with experimental measurements.

I. Nomenclature

= drag force

lift force

drag coefficient

= sum of inertial forces and momentum transfer associated with mass transfer
gravity acceleration [m - 5]
mass transfer rate [kg - s~H

total number of phases

pressure [Pa]

interfacial heat transfer [W - m~3]
Reynolds number

temperature [K]

velocity [m - s7']

enthalpy [J - kg™3]

particle diameter [m]

= strain rate tensor [s~!]
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= Kkinetic energy [kg - m? - s72]
= position [m]

Pr = pressure ratio

¢p = heat capacity [J - K

eo = energy[kg -m?-s7?]

Greek letters
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o = Kronecker delta

1% = volume fraction

o = density [kg - m™>]

P thermal conductivity [W - m~! - K~1]

o, = the turbulent thermal diffusion Prandtl number

T = shear stress tensor [kg - m™ - s72]

7 = molecular viscosity of fluid [kg - m - s7!]

Y = eddy viscosity (turbulence) model [kg - m - s
Subscript

i = axis index

J = axis index

k = axis index

p = particle

t = turbulent

II. Introduction

oLID propellant rocket combustors used to propel hypersonic vehicles can involve compressible flow laden with
Sparticulate from both the combustion reactants and products. Solid particulates such as aluminum and boron are
frequently used in solid propellant rocket combustors to increase the specific impulse of the solid propellant, as it
enhances the heat of combustion, propellant density, and combustion temperature [1]. These particulates are accelerated
by the gas flow, forming a plume that interacts with the surrounding region. This particulate flow is completely
dependent on the gas flow. In reality, the presence of particles also modifies the gas flow. However, for a low volume
fraction, the two-way coupling between gas-particle flow can be neglected.

Experimental studies about the gas-particle interactions in rocket jet particulate have been made to evaluate: the
effects of compressible flow and normal shocks over the particles inside a nozzle [2]; theoretical description of the
behavior of particles, including collision and agglomeration [3]; and damages of the nozzle surfaces [4]. However, due
to the limitations of obtaining measurements of gas-particle interaction with no interference and a detailed description
of the particle-laden flow, the interactions between gas, particles, and surrounding surfaces, are also addressed via
numerical simulation [5-8].

Computational fluid dynamics (CFD) is an one approach to analyze complex multiphase flow, as found in propellant
rocket combustors. Compared to experimental approaches, CFD methods are able to provide more information about
the characteristics of the gas-particulate flow, with no intrusive interference on it. However, the type of modeling and
correlations used in the numerical simulation may not represent suitably the physical phenomena involved in the rocket
jet particulate flow.

The numerical simulation of this particulate-laden flow of problem can be performed using different strategies:
considering the particulate phase as discrete particles and the gas flow as a continuous phase (Euler-Lagrange); and
considering the particulate as a continuous phase alongside the continuous gas flow (Euler-Euler). Numerical simulations
using an Euler-Euler approach [9] and an Euler-Lagrange approach [10, 11] have been used to solve solid rocket
combustors. In both approaches, the particulate is considered a dispersed phase, whose interaction can be modeled using
one-way coupling or two-way coupling. In one-way coupling, the particles are transported by the gas flow, but the gas
flow is not affected by the presence of them. On the other hand, in two-way coupling the forces related to the presence
of particles in the flow modify the gas flow, according to the Newton’s third law. Appropriate models and correlations
should be considered in both approaches to suitably address the rocket jet particle flow. Due to the limitations and
characteristics of the modelings applied to both Euler-Euler and Euler-Lagrange approaches, slight differences in the
numerical solutions are expected between them.

In the present work, numerical simulations of a rocket jet flow with particulate are analyzed considering both
Euler-Euler and Euler-Lagrange approaches. The Euler-Euler approach consists of a Dispersed Multiphase Model, as
implemented on STAR-CCM+, which can accomodate low volume fraction of particles dispersed in a compressible gas
flow. The main goal of this work is to investigate the benefits and deficiencies of each approach for a specific simulation
of a particle-laden rocket jet impinging on a normal surface.
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II1. Methods

A. Numerical Model Formulation

In the present work, a commercial CFD code, STAR-CCM+, version 13.06, [12], is utilized. In general, the
numerical solution method couples a gas flow solver to another, modeling the particulate dynamics. The model is
developed with assumptions of a steady, axisymmetric, one-way coupling flow. Additional details of the gas solution
method and solid-phase model are described below.

1. Eulerian Gas-Phase Numerical Model Formulation
The gas flow solution can be described as a fully coupled, dual-time (not preconditioned), using the Roe flux-
difference splitting scheme [13]. The underlying equation set is based on a continuum mass, momentum, and energy
conservation equations. To bring this into context, the mass and momentum conservation equations (in a Cartesian basis
in index notation) may be described as:
a_P + dpu;
ot ox;

=0, (D

2
D(ou) | 3 (puny) 0 (00 + 200+ )5, = 30pk) o
+ = .
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In the momentum equations, the standard terms are provided along with the molecular viscosity of the fluid, x, and the
eddy viscosity (or turbulence) model, u,. The k — € equations are used to model the turbulence [14].
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Through these mass, momentum and energy source terms, and the accompany turbulence model, the gas flow dynamics
are solved in an Euler reference frame.

2. Euler-Lagrange Multiphase Model

For the Euler-Lagrange approach, only the gas phase is solved as a continuous phase (Eq. 1-3). However, the
particulate are modeled as a discrete (particulate) phase, where individual particle trajectories are modeled in a
Lagrangian reference frame. Starting from Eq. 4

Fy = mykpi. 4)

Here, m,, is the particle mass, %, ; is the the particle acceleration in the i Cartesian direction and F; is the total force on
the particle. F; can be described as a sum of forces. A primary force here is the drag force (Fp ;) given as

_ 18uCpRe

Di= 2ap, &2 (Xpi — i) 5

d i—Xp,i . . . . N N
where the Reynolds number, Re = 29214 =3n.il i¢ calculated considering the relative velocity between particle and gas

velocity. The drag coeflicient, Cp, is defined using the Schiller and Naumann [15] drag model (which is consistent for
both numerical models). The second force considered the weight and buoyant forces on the particle. Other forces, such
as the Basset force (added mass) and forces from underlying pressure gradients, are omitted and not anticipated to effect
the outcome of the present study.

The numerical solution to the resulting governing equations is modified (Eq. 6) given as:

. . 8i\Pp — P
Kpi = Fp,i (ui — Xp) + M, (6)
Pp

Along with the velocity, Eq. 7, so that particle velocity and position can be obtained through temporal integration of the
ordinary equations,

xp,i = Up,i, @)
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In these equations, up,; and x,, ; are, respectively, the velocity and position vectors of a particle. Additionally, p, is
the particle density, p is the fluid density, and g; is the gravity component in the i direction. This solution approach is
inherent to STAR-CCM+ and utilized in this work to evaluate its accuracy and computational efficiency.

3. Euler-Euler Multiphase Model

Considering the assumptions made and the Dispersed Multiphase model used in this problem, the representative
equations for the Euler-Euler approach consist of the mass conservation, Eq. 8, momentum balance, Eq. 9, and energy
conservation, Eq. 11, for each phase, which is represented by the volume fraction, «,

N
0 . .
5, ¥Pr V- apprur = ;(mjk — 1), ®)
0
Eakpkuk +V. akpku,% = - Vp+arprg + V- ar (1 + T]i) + M, 9
N
MZFD+FL+ (lfi’ljkuj—lfiflkjuk), (10)
7=
0
E(akpkhk) + Vo (arpruxhi) = V - [ar (4 VT + g_;th)] = Ok. (11)
IV. Model Validation

Due to the lack of experimental measurements of a real rocket jet particulate flow, a numerical validation of a
particle-laden flow [16] was performed using the dispersed multiphase model (Euler-Euler approach) in the present
work. The authors of this experimental study evaluated this case using the Euler-Lagrange approach, which showed a
good prediction with the measurements.

A. Prior Experimental data for Particle-Laden Compressible Nozzle

An experimental case from Sommerfeld [16] was numerically analyzed using the Euler-Euler approach to solve
two-phase flow considering two-way coupling. The experimental case is an under-expanded gas jet with particles, as
shown in Fig. 1.

B. Validation Results

A mesh sensitivity study was performed to obtain numerical results independent of the mesh refinement. For the
mesh study, a pressure ratio between the inlet and outlet boundaries of p,, = 33 was used. The Mach disk standoff
distance was obtained and compared for five different mesh resolutions, Tab. 1. Results from these studies are displayed

Table 1 Boundary conditions of the analyzed physical domain.

Mesh  Number of cells Characteristic length [m]

1 7544 4% 1074
2 10211 3x 1074
3 14714 1.6x 107
4 31894 8x 107
5 78191 4% 1073

in Fig. 2. Based on the observed asymptotic result, mesh 4 was used to evaluate different drag coefficient models,
pressure ratios, and mass fraction loading.

Comparisons of the Mach disk position, i.e., the distance between the position of the primary normal shock and
nozzle exit (Fig. 3(a)), and shape between the experimental and numerical results were performed. In Fig. 3, one can
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Fig. 1 Diagram of the physical configuration of the underexpanded jet [16].
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Fig.2 Mach disk position with mesh refinement.

see some comparisons of the distance of the Mach disk position from the exit nozzle at different pressure ratios as well
as a qualitative comparison of the Mach disk shape. The numerical relationship of the Mach disk position with the
pressure ratio shows an excellent agreement with the correlation of Ashkenas and Sherman [17], which is based on
several experimental measurements. The shape of the Mach disk is well-predicted by the Spalart-Almaras turbulence
closure model, as shown in Fig. 3(a). Different turbulence models were tested, such as k — € and RSM; however, the
shape of the Mach disk was not well represented using k — € and the computational time was significantly increased
using RSM.

The effect of mass fraction on the Mach disk position was numerically evaluated according to the experimental
conditions studied by Sommerfeld [16]. The interactions between glass particles of d,, = 45um and the gas flow were
simulated using two-way coupling. First and second order schemes were used to solve the particle flow. As shown in Fig.
4, a first-order scheme over-predicts the Mach disk position, while the second-order scheme shows a good agreement
with the experimental measurements. As one can see in Fig. 4, the presence of particles in the gas flow pulls the normal
shock upstream. The momentum used to accelerate the particles is removed from the gas flow, which reduces the kinetic
energy of the gas flow and likewise the Mach disk position.

Despite the fact the discrete particle effects in this case are not solved through the Dispersed Multiphase model
(Euler-Euler approach), the continuous solution of particle velocity, particle distribution and the two-way coupling
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effects shows a good comparison with experimental data.
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V. Results and Discussion

A. Geometry Evaluated

The geometric configuration simulated in the present study is based on an Aerojet Rocketdyne RS-25 rocket nozzle
[18]. Where the exact throat dimension was unavailable, an arbitrary dimension was substituted based on the geometric
relationships stated in Zhukov [19]. This configuration is represented with a numerical domain detailed in Fig. 5. In
the figure the overall dimensions of numerical domain are provided. Here it is important to comment that the domain
extends several jet lengths from the nozzle exit. Note that the overall effort, focused on understanding accuracy and time
of each method, is not expected to be affected by the boundary location as such biases should equally influence both
methods. To reduce computational time, the effort also considers a two-dimensional, axisymmetric domain. In the
domain, the nozzle inlet is positioned at 40 m from a normal wall.

B. Boundary Conditions
The boundary conditions of this model, depicted in Fig. 5, are detailed in Table 2. This problem was analyzed

Table 2 Boundary conditions of the analyzed physical domain.

Boundary Boundary Condition

1 pressure outlet
2 pressure outlet
3 wall
4 stagnation inlet
5 wall
6 wall

considering both an Euler-Euler approach and an Euler-Lagrange approach. The Euler-Euler approach is based on the
Dispersed Multiphase model, which solves the particulate phase as a continuous phase.

C. Computational Mesh and Mesh Independence

The axisymmetric domain was discretized using 84094 quadrilateral cells, with higher refinement near wall surfaces
and in the gas flow expansion region, as shown in Fig. 6. This mesh, as well as the results in this work, were obtained
through the use of STAR-CCM+ software.

In order to isolate the effects of an Euler-Euler model versus an Euler-Lagrange model on the particle flow, an
independent mesh was required. Simulations were run with a series of mesh base sizes between Ax = 2.0m and
Ax = 0.0625 m, with the refinement near the wall surfaces and in the gas flow expansion region dependent upon the base
size. The gas velocity along the flow radius at x = 5 m (from nozzle exit) was plotted for each mesh, as shown in Fig. 7.

The velocity at the center of the flow (r/r; = 0) increases significantly from Ax = 2m to Ax = 0.125 m, but the
velocity for Ax = 0.0625 m varies little from Ax = 0.125 m, indicating the mesh has achieved an asymptotic convergence
and thus independence. To verify these results, the average gas velocity was calculated over the flow radius at x = Sm
for each mesh, as shown in Fig. 8.

The difference (= 1%) in the average gas velocity between Ax = 0.125 m and Ax = 0.0625 m indicates the mesh has
converged and reached independence. There is little value in further increasing the mesh density, and doing so would
result in a more expensive computation. Thus, a base size of Ax = 0.125 m was chosen for the numerical simulations.

Steady state regime was considered in all simulations. Both approaches utilized a second-order pressure-velocity
coupling model and were solved using an unstructured solver. The main parameters for rocket jet simulation with
particle injection at the inlet condition were obtained from a numerical simulation of the impact of methane oxidation
kinetics on a rocket nozzle flow [19] and experimental data from the analysis of solid-rocket motors [20]. The physical
parameters used in the present work are shown in Table 3.
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Fig. 5 Dimensions of the analyzed physical domain.

VI. Results Comparing the Approaches

Since the two-phase flow was solved considering one-way coupling for both approaches, the gas flow is the same for
both Euler-Euler and Euler-Lagrange approaches. Fig. 9 shows the magnitude of the gas velocity in the domain as well
as the magnitude of the particle velocities derived from the Euler-Euler and Euler-Lagrange models.

In terms of the particle velocity, the streamlines of particle velocity are very similar using both approaches. However,
the Euler-Lagrange approach predicted a higher value of the maximum particle velocity than the Euler-Euler approach.
This difference should be related to the compressible effects inside the nozzle, where the Mach number is higher than 2.
The Euler-Euler approach does not account for the compressible effects on the particle transport; it is accounted for in
the Euler-Lagrange approach via a pressure term in the transport equations.
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Fig. 6 Numerical mesh of the rocket jet domain.
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Fig. 7 Gas velocity along radius of flow for increasing mesh density at x = 5m

A. Particle velocity

Because the properties of the continuous gas phase were identical between simulations due to the one-way coupling
model used, only the properties of the particulate phase were analyzed in this study. The first property addressed in this
study was the velocity of the particulate. Four line probes were placed from the nozzle exit, respectively, at 5 m, 15 m,
25 m, and 35 m, as shown in Fig. 10. Due to the surrounding quiescent external gas flow, the magnitude of the particle
velocity reduces along the longitudinal axis. In addition, the velocity profile becomes flatter with increased distance
from the nozzle exit.

The radius of the jet plume increased along the plume as the particles dispersed. Due to the uneven distribution of
values obtained from the Euler-Lagrange simulation, the corresponding values for the Euler-Euler simulation were found
using linear interpolation. The particle velocity obtained from the Euler-Lagrange simulation was slightly greater than
that obtained from the Euler-Euler simulation from x = 5m to x = 25 m, although the two converged as x increased.
The greatest difference between the Euler-Euler and Euler-Lagrange particle velocities occurred at x = 5Sm. This
difference may be related to the pressure gradient force modeling (only modeled in Euler-Lagrange approach), which is
more relevant at regions with higher compressible effects. At x = 35 m, the particle velocities obtained from the two



Downloaded by Jeffrey Kauffman on May 25, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-1797

(o)} ~ ~ @
u o u o
1 1 1 1

Average gas velocity [m/s]
[*)]
o

551

50- T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
base size [m]

Fig. 8 Average gas velocity for decreasing mesh densities.

Table 3 Main physical parameters for simulation of the rocket jet.

Parameter Value
total inlet pressure 1520 kPa
pressure ratio 15

exit Mach number 1.39
particle diameter 250 um
particle volume flow rate  0.1067 m?> /s
particle density aluminum
gas phase air

Velocity: Magnitude (m/s)
LK 0.0000 14524 290.48 435.72 580.96 726.21
| __ D I

(a) Magnitude of gas velocity

. Velocity of Phase 1: Magnitude (m/s) Track: Velocity: Magnitude (m/s)
bx 11.405 146.76 282.11 41747 552.82 688.18 : . 11.960 154.26 296.56 438.86 581.16 723.46
| LD N . o | D .

(b) Magnitude of particle velocity: Euler-Euler Approach (c) Magnitude of particle velocity: Euler-Lagrange Approach

Fig. 9 Gas velocity and particle streamlines in the nozzle region.

simulations were nearly identical, since at this distance compressible effects are less important (Ma = 0.20). Overall,
the particle velocity results obtained from the two approaches were pretty close to each other.

10
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Fig. 10 Particle velocity along the radius of the jet plume.

B. Particle distribution
As indicated above, the radius of the particulate distribution in the flow increased with an increase in x along the jet
plume. The radii of the particulate distributions are shown in Fig. 11.

== Euler
=@~ Lagrange

5 10 15 20 25 30 35
Position [m]

Fig. 11 Radius of particulate distribution vs x-position along jet plume.

The radius of the particulate distribution for the Euler-Euler simulation was measured with the minimum volume
fraction set at @ = S5e — 4. For the Euler-Lagrange simulation, the streamlines provided by the track file acted as the
boundary. The results obtained for the Euler-Euler simulation were dependent on the selected minimum volume fraction.
The streamlines of the Euler-Lagrange simulation stood independently.

The radius of the particle distribution obtained from the Euler-Euler simulation increased linearly from x = 5m to
x = 25 m. The particle distribution in the Euler-Lagrange simulation was not linear between x = Sm and x = 25m.
The sharp increase between x = 25 m and x = 35 m in both simulations was due to the flow hitting the impinging wall at
x =40m.

11
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C. Computational time

It has been previously indicated that Euler-Lagrange numerical modeling approaches are more computationally
expensive than Euler-Euler simulations [21, 22]. The results of this study followed these predictions, as shown in Fig.
12.

16

= = =
o ] 'S
Il 1 1

Computation time (h)
o]
1

Euler Lagrange

Fig. 12 Computation time of particulate phase.

Due to computational load, each simulation was run using one-way coupling between the gaseous phase and the
particulate phase; therefore, these results indicate the computation time for the particulate phase alone. The Euler-Euler
simulation completed in 2.49 & - 6.4 times faster than the Euler-Lagrange simulation, which completed in 15.97 h.

VII. Conclusion

In the present work, numerical analysis of rocket jet particulate flow using two approaches were performed
numerically. A validation case of an under-expanded gas jet laden with particles was simulated using an Euler-Euler
approach. The numerical predictions of normal shock position as shape agreed well with experimental data. Two-way
coupling with a second-order discretization scheme was able to predict the gas flow velocity and the position of normal
shock satisfactorily.

Regarding the rocket jet particulate simulations, both approaches (Euler-Lagrange and Dispersed Multiphase
(Euler-Euler) approaches) are able to properly solve particle velocity and distribution in a compressible flow with high
gas velocities. The models used for this problem utilized one-way coupling between the gaseous and particulate phases;
therefore, only differences in particulate behavior were observed. The Euler-Euler simulation was 6.4 times faster than
the Euler-Lagrange to simulate the same case, and the resultant particle velocities from each simulation agreed very
well with each other. The radial distribution of particles shows slightly differences between the two approaches. Those
differences are more pronounced close to the nozzle exit, which may be due to the strong compressible effects. The
Euler-Lagrange approach models the compressible effects through the pressure gradient term, while the Euler-Euler
approach does not have implemented on STAR-CCM+ the pressure gradient term.

Taking into account run-time and accuracy, the present study indicates the Euler-Euler approach using the Dispersed
Multiphase model is a suitable numerical model to analyze the flow of rocket-jet particulate. However, further analysis
should be made on the modeling of this kind of two-phase flow, such as evaluation of two-way coupling on the gas
and particle flow, pressure gradient term, effects of volume fraction, and different particle diameters. In addition, for a
better understanding of the capabilities of the numerical modelings, the numerical results should be compared to future
experimental measurements related to the rocket-jet particulate flow regime.
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