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Abstract. Current design constraints have encouraged the studies of aeroacoustics fields around compressible jet flows.
The present work addresses the numerical study of unsteady turbulent jet flows for aeroacoustic analyses of main engine
rocket plumes. A novel large eddy simulation (LES) tool is developed in order to reproduce high fidelity results of com-
pressible jet flows which could be used for aeroacoustic studies with the Ffowcs Williams and Hawkings approach. The
numerical solver is an upgrade of an existing Reynolds-averaged Navier-Stokes solver previously developed in the group.
The original framework is rewritten in a modern fashion and intensive parallel computation capabilities have been added
to the code. The LES formulation is written using the finite difference approach. The energy equation is carefully dis-
cretized in order to model the energy equation of the filtered Navier-Stokes formulation. The classical Smagorinsky model
is the chosen subgrid scale closure for the present work. Numerical simulations of perfectly expanded jets are performed
and compared with the literature in order to validate the new solver. Flow results are used for an initial evaluation of the
noise radiated from the rocket plume.
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1. INTRODUCTION

One of the main design issues related to launch vehicles lies on noise emission originated from the complex interaction
between the high-temperature/high-velocity exhaustion gases and the atmospheric air. These emissions yield very high
noise levels, which must be minimized due to several design constraints. For instance, the resulting pressure fluctuations
can damage the solid structure of different parts of the launcher by vibrational acoustic stress. Therefore, it is a design
constraint to consider the loads resulting from acoustic sources in the structural dimensioning of large launch vehicles
during the take off and also during the transonic flight. Moreover, one cannot neglect the energy dissipation effect caused
by the acoustic waves generated even if the vehicles is far from the ground. Theoretically, all chemical energy should be
converted into kinectic energy. However, in reallity, the noise generation consumes part of the chemical energy.

The acoustic design constraints have encouraged the studies of aeroacoustic fields around compressible jet flows.
Instituto de Aeronautica e Espago (IAE) in Brazil is interested in this flow configuration for rocket design applications.
Unsteady property fields of the flow are necessary for the aerocoustic studies. Therefore, the present work addresses
the development of a new numerical tool for the study of unsteady turbulent compressible jet flows for aeroacoustic
applications. The novel code uses the large eddy simulation (LES) formulation due to recent successful results of such
approach for similar flow configurations (Bodony and Lele, 2005; Garnier et al., 2009). Such formulation is able to
reproduce high fidelity results for compressible jet flows, which, in turn, could be used for aeroacoustic studies using the
Ffowcs Williams and Hawkings approach (Wolf et al., 2012).

The solver is an upgrade of a finite difference Reynolds-averaged Navier-Stokes (RANS) solver developed to study
turbulent flows for aerospace applications (Bigarella, 2002). Generally, LES calculations demand very dense grids. Hence,
high performance computing (HPC) is a requirement for such simulations. Dynamic memory allocation and parallel
computation capabilities have been added to the legacy code (Bigarella, 2002). The communication between processors
is performed by message passing interface (MPI) protocols. The CFD general notation system (CGNS) is also included
in the numerical tool. The LES formulation is written using the finite difference approach. Inviscid numerical fluxes are



C. Junqueira-Junior, S. Yamouni, J. L. F. Azevedo and W. R. Wolf
Large Eddy Simulation and Aeroacoustics of Supersonic Jet Flows

calculated using a second-order accurate centered scheme with the explicit addition of artificial dissipation. A five-step
second-order accurate Runge-Kutta scheme is the chosen time marching method.

The System I formulation (Vreman, 1995) is used here in order to model the filtered terms of the energy equation.
The Smagorinsky (1963) model is the chosen model to calculate the components of the subgrid scale (SGS) tensor. The
Eidson (1985) hypothesis is the chosen model to calculate the subgrid scale terms of the filtered energy equation. For the
sake of simplicity, only perfectly expanded jet configurations are studied in the current work. The LES tool is validated
through a comparison of results of perfectly expanded jets with numerical (Bodony and Lele, 2005; Mendez et al., 2010)
and experimental (Tanna, 1977; Bridges and Wernet, 2008) data. Moreover, the computational performance of the solver
is evaluated and discussed. Flow results are used for an initial evaluation of the noise radiated from the rocket plume.

2. LARGE EDDY SIMULATION FORMULATION

The numerical strategy used in the present study is based on the System I filtered compressible Navier-Stokes equations
(Vreman, 1995) formulated as
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in which ¢ and x; are independent variables representing time and spatial coordinates of a Cartesian coordinate system X,
respectively. The components of the velocity vector u are written as u;, and ¢ = 1,2, 3. Density, pressure and total energy

per mass unit are denoted by p, p and F, respectively. () stands for filtered properties and (-) stands for Favre averaged
properties. The filtered heat flux, ¢;, is given by
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where T is the averaged static temperature and « is the thermal conductivity, which can by expressed by
C
A1) = (7)) H2 5)

The thermal conductivity is a function of the specific heat at constant pressure, C'p, of the Prandtl number, Pr, which is
equal to 0.72 for air, and of the dynamic viscosity, p. The last is calculated using the Sutherland Law,

with §7 = 110.4K . (6)
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In the present work, 7;; is calculated using the Stokes hypothesis for Newtonian fluids,
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in which S'l-j, components of rate-of-strain tensor, is given by
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In order to close the system of equations the density, the static pressure and the static temperature are correlated by the
equation of state given by

p=pRT, ©)
where R is the gas constant, written as
R=C,-C,, (10)

and C), is the specif heat at constant volume. The System I formulation (Vreman, 1995) neglects the double correlation
term of the total energy per mass unity and writes

_ . 0 1 _
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in which - is the specif heat ratio written as v = C'p/Cv. The components of the SGS stress tensor, o, are given by
0ij = p(wity — upug) (12)

and the SGS B; terms are written as
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where Q) is the SGS temperature flux, written as
Q; =7 (wT —aT). 20)

IT4;; is the SGS pressure-dilatation term, £ is the SGS viscous dissipation and D is the SGS viscous diffusion term.
3. SUBGRID SCALE MODELING

The SGS terms presented in Egs. (2) and (3) cannot be directly calculated. Subgrid scale models are necessary in order
to close the LES set of equations. The closure models presented here are based on homogeneous turbulence theory, which
is usually developed in spectral space as an atempt to quantify the interaction between the different scales of turbulence.

3.1 Subgrid Scale Viscosity

The SGS stress tensor is here calculated using the concept that the forward energy cascade is analogous to the molec-
ular mechanisms represented by the molecular viscosity whose mathematical structure follows the Boussinesq (1877)
hypothesis to explicitly introduce the subgrid scale viscosity, fisgs,

1 “ 1.
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The isotropic portion of the SGS stress tensor is generally weak with respect to the thermodynamic pressure (Erlebacher
et al., 1992). Therefore, oy, is neglected in the present paper and o; is written as

. 1.
Tij = —2psgs (Sij - SSkk) . (22)
The Smagorinsky model (Smagorinsky, 1963; Lilly, 1965) is used to calculate the SGS viscosity and it is given by
PR 1
Hsgs = P(CsD)* (25,5555) 7 (23)

and C; is the Smagorinsky constant. Several attempts can be found in the literature regarding the evaluation of the
Smagorinsky constant. The value of this constant is adjusted to improve the results of different flow configurations. In
pratical terms, the Smagorinsky constant assumes value ranging from 0.1 to 0.2 depending on the flow. The present work
uses Cy = 0.18 as suggested by Lilly (1967).

3.2 Subgrid Scale Modeling of the Energy Equation

Some of the SGS terms within the System I formulation (Vreman, 1995) are not directly computable. Therefore,
modeling is applied in order to close the system. Several papers in the literature (Garnier et al., 2009; Erlebacher et al.,
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1992; Moin et al., 1991; Martin et al., 2000; Lenormand et al., 2000; Coleman et al., 1995) evaluate the relevance of
the SGS terms on different applications. The LES community commonly uses the hypothesis of Eidson (1985), which
assumes that the energy transfer from the resolved scales is proportional to the gradient of the resolved temperature
(Garnier et al., 2009). The proportionality coefficient is the subgrid scale conductivity, k45, Which is linked to the
subgrid scale viscosity through the relation

K _ ﬁysgs Cp
sgs —
Prsgs

) (24)

in which Pr, is the SGS Prandtl number. The eddy-damped quasi-normal Markovian (EDQNM) theory (Lesieur, 2008)
considers Prg,, = 0.6. In the present work, the concept of SGS conductivity, K44, is used in order to model B; + B,

ie.,
7
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Following the work of Larchéveque (2003), By, B5, Bg and By are neglected in the present paper.
3.3 Shear-Stress Tensor Modeling

The difference between the shear-stress tensors at the right-hand side of the momentum equations is neglected in the
present work,

Tij — Ty =0 20
4. NUMERICAL FORMULATION

The governing equations previously described are discretized in a structured finite difference context for general curvi-
linear coordinate system (Bigarella, 2002). The numerical flux is calculated through a central difference scheme with the
explicit addition of the anisotropic scalar artificial dissipation of Turkel and Vatsa (1994). The time integration is per-
formed by an explicit, 2nd-order, 5-stage Runge-Kutta scheme (Jameson and Mavriplis, 1986; Jameson et al., 1981).
Conserved properties and artificial dissipation terms are properly treated near boundaries in order to assure the physical
correctness of the numerical formulation.

The original solver was created for two flow configurations, the 3D zero-pressure gradient flat plate and the 3D
axisymmetric flows. For the configuration of interest here, the types of boundary conditions include a combination of the
boundary conditions coming from the two original cases: entrance and exit conditions, centerline and far fields conditions.
Considering the new case as perfectly 3D, instead of the symmetric condition, a new periodic condition is implemented
in the azimuthal direction. The reader can find a more detailed description of the numerical formulation and boundary
condition in Junqueira-Junior et al. (2015).

5. NUMERICAL RESULTS

The present section is devoted to a preliminary study of a supersonic perfectly expanded jet flow. Results are compared
with analytical, numerical and experimental data from the literature (Bodony and Lele, 2005; Mendez et al., 2010; Tanna,
1977; Bridges and Wernet, 2008; Lo et al., 2012; Laufer et al., 1976). First LES results using the Smagorinsky (1963)
SGS turbulence closure are discussed. The flow is characterized by an unheated perfectly expanded inlet jet with a
Mach number of 1.4 at the domain entrance. Therefore, the pressure ratio, PR = P; /Ps, and the temperature ratio,
TR = T;/Tw, between the jet exit and the ambient freestream are equal to one, PR = 1 and TR = 1. The time step
used in the simulation is constant and equal to 2.5 x 10~ in dimensionless form. The Reynolds number of the jet is
Re = 1.57 x 10°. The radial and longitudinal dimensions of the smallest cell of the computational domain are given
by (Ar)min = 0.002 and (Az),.im = 0.0126, respectively, again in dimensionless form. This cell is located in the
shear layer of the jet, at the entrance of the computational domain. The number of points in the azimuthal direction is
Ny = 180. The mesh domain is composed by 14.4 million points. The present mesh reproduces well the main geometric
characteristics of the reference grid (Mendez et al., 2010).

Generally, compressible jet flow studies performed in the literature present mean field properties. However, as the
present simulation is not statistically converged yet, mean quantities could not be calculated. As an example, using the
same flow configuration, Mendez et al. (2010) needed 300 characteristic times, 7T, to obtain averages. Here, T, is
defined as the ratio between the diameter D and the ambient sound speed a,. The simulation time of the cited reference
corresponds approximatively to four flow through times. One flow through time is the time for a particle to cross the
entire domain from the jet entrance to the domain exit. The reader should remember that, as TR = 1 and a; = a, the
characteristic time in the present work is equal to that reported in the work of Mendez et al. (2010). In the present work,
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the code assessment of the supersonic jet flow is made by observing the last obtained snapshot. This snapshot corresponds
to 18.5 7; which is far less than the computational time in the reference. However, the authors chose to start the analysis of
the jet flow using this field. Figure 1(a) displays instantaneous fields of pressure and vorticity of the jet at that instant. The
jet is entering into the domain at the left and evolves towards the right of the domain. As the flow has been initialized from
stagnation conditions and not, for instance, from a converged RANS solution, a front pressure shock wave is preceding
the first vortical structures. Figure 1(b) focuses on the jet flow entrance. At the beginning of the mixing layer, thin
axisymmetrical vortices are growing and pairing, leading then to turbulent transition at approximatively x = 1.5D. This
figure also displays Mach waves emitted by the mixing layer, displaying a downstream directivity, retrieving traditional
trends (Bodony and Lele, 2005; Mendez et al., 2010; Tanna, 1977; Bridges and Wernet, 2008; Lo et al., 2012; Laufer
et al., 1976). One can notice that the strongest acoustic sources match the coherent structure locations, identifiable by the
condensed vorticity rings.

(a (b)

Figure 1. Instantaneous pressure and vorticity fields for the perfectly expanded supersonic jet. The gray scale contours
show p from 0.4 to 0.9, while a dimensionless iso-contour of vorticity of magnitude |w|D/U; = 10 is colored by the
streamwise velocity u from -0.2 (blue) to 1.4 (red).

Figure 2(a) presents the radial profile of the streamwise velocity component at x = 2.5D and compares it with the
averaged numerical and experimental profiles from Mendez et al. (2010) and Bridges and Wernet (2008), respectively.
The centerline values of the velocity profile are overestimated in the current simulation when compared to the references.
This difference is expected since a flat inlet boundary profile is used for this simulation while a laminar profile, necessarily
thicker, is used in the numerical reference work. However, keeping in mind that the current profile is instantaneous, a
fair agreement is obtained. Similar observations can be made on the results comparing the centerline streamwise velocity
components, shown in Figure 2(b). The values in the potential core, corresponding to the jet area until U = 0.95 - U},
compare well with the references. Moreover, one can expect that, as the jet will grow downstream, the decreasing slope
after the potential core will raise to meet the reference curves, confirming thus the good trend of the present simulation.
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Figure 2. Comparison between numerical and experimental streamwise velocity component profiles along the centerline
(a), and radial profiles at z = 2.5D. Instantaneous results from the present study are compared with LES results (Mendez
et al., 2010) and experimental ones (Bridges and Wernet, 2008).

Another visualization of this jet flow is shown in Fig. 3. It is possible to observe the evolution of the vorticity looking
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at different cross-flow planes from z = 0.1 to 7.5. At the moment of this snapshot, slices located after the last streamwise
position shown are irrelevant as the jet is not fully developed yet. From x = 0.1 to 0.25, the mixing layer is getting
thicker and it is axisymmetric as already observed in Fig. 1. Further downstream, the flow becomes completely three
dimensional and is no longer axisymmetric, transitioning towards a turbulent state. Still, the turbulent vortical structures
are larger than already observed in the literature (Mendez et al., 2010; Bres et al., 2012). This is due to the low order of
the computational code and the barely acceptable refinement of the grid for LES simulations. The mixing layer continues
widening as one moves downstream. One can clearly expect that the mixing layer will spread until the jet centerline near
the end of the potential core.
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Figure 4. Instantaneous properties of the perfectly expanded supersonic jet flow.

Finally, flow properties are displayed in Fig. 4. In this two dimensional snapshot, radial and azimuthal velocity
components correspond to vertical and spanwise velocity components, respectively. The v and w velocity components are
of the same order of magnitude in the jet mixing layer turbulent region, illustrating thus the three dimensional turbulent
behaviour of the jet mixing layer. Looking at the second column of Figure 4, one can observe weak shock cells in the
instantaneous density, total energy and pressure fields. Downstream directivity patterns are very similar to those seen
in the reference work (Mendez et al., 2010; Bres et al., 2012), confirming one more time that the current simulation is



23rd ABCM International Congress of Mechanical Engineering (COBEM 2015)
December 6-11, 2015, Rio de Janeiro, RJ, Brazil

evolving towards the correct trends.
6. CONCLUDING REMARKS

The current work is based on the development of novel large eddy simulation tool for the study of supersonic jet
flows. The numerical code background is a RANS solver designed for rocket flow configurations. The original solver is
improved in order to simulate supersonic jet flows using an LES formulation within a multiprocessor environment.

Large eddy simulations of a perfectly expanded supersonic jet flow configuration are performed. The classical
Smagorinsky model is used to calculate the subgrid terms. Results obtained in this work do not allow the calculation
of statistically time-averaged properties since the simulation only ran during a very limited time period. However, since
the aim of the paper is mostly to validate the LES computational tool, the authors believe that the results here included
should provide enough information to allow evaluation of the trends of jet physics. Early quantitative comparisons with
numerical (Mendez et al., 2010) and experimental (Bridges and Wernet, 2008) reference work are obtained. The jet mix-
ing layer is showing strong instabilities evolving towards a turbulent state. The classical downstream directivity pattern
already observed in the literature (Bodony and Lele, 2005; Mendez et al., 2010; Tanna, 1977; Bridges and Wernet, 2008;
Laufer et al., 1976) is retrieved. The velocity profiles also show a good agreement with the references.

Finally, regarding the low order, more dissipative numerical scheme, the early results show a fairly good agreement
with the references, indicating that grid refinement could probably resolve such issues. Hence, for future simulations, a
much more refined new grid should be used to counterbalance the dissipation induced by the numerical scheme. In addi-
tion, the computational code needs to be further improved through the availability of more sophisticated time-marching
schemes. For instance, the time step used in the present simulations is one hundred times smaller than the one used in
literature (Mendez et al., 2010), leading to a prohibitive simulation cost. Hence, a new time integration method should be
implemented, such as a preconditioned dual-time step procedure (Pandya ef al., 2003). Furthermore, acoustic predictions
of the far field noise using the Ffowcs Williams and Hawkings analogy will be performed using the reference work of Wolf
and Lele (2011). Results will be compared one more time with the numerical studies of Mendez et al. (2010), Bres et al.
(2012) and Khalighi ez al. (2010). The influence of the inlet boundary profile on the acoustics will also be investigated.
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