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A subgrid-scale model for compressible flows suitable for the sharp-interface immersed
boundary method is developed to perform large-eddy simulation (LES) of compressible flows
involving turbulent flows, shock waves, and immersed bodies. The inviscid fluxes of compress-
ible flow equations in curvilinear coordinates are discretized with a hybrid discretization com-
prising a fourth-order central scheme and a third-order weighted essentially non-oscillatory
(WENO) scheme. The method is validated for two studies. In the first study, the LES model
and numerical scheme are validated for decaying isotropic turbulent flow with Mach number
M; = 0.4. Afterwards, they are validated for a moving shock interacting with a cylinder. The
results of simulations reveal that LES can properly resolve the inertial subrange and the hybrid

scheme can capture shocks.

I. Introduction

Large eddy simulation (LES) is widely used for modeling turbulent compressible flows [1,2]]. In LES modeling,
large-scale flow is computed by solving filtered Navier-Stokes equations and the effect of small-scale flow on the
large-scale flow is modeled. One of the main challenges in LES of compressible flows is modeling shock turbulence
interaction because it requires special schemes to accurately capture shock waves as well as resolve turbulent fluctuations.
The weighted essentially non-oscillatory (WENO) schemes [3| 4] have been used intensively to capture shocks as
they are accurate and robust at the same time [S)]. However, WENO schemes are dissipative and are not suitable
for LES modeling because their dissipative nature may dominate the dissipation from the subgrid-scale modeling.
Non-dissipative schemes such as a central or compact scheme are typically used in LES to have the subgrid-scale
modeling as the only source of dissipation. To treat this problem, hybrid schemes [0, 7] are developed which have

a non-oscillatory scheme such as WENO near the shock and a non-dissipative scheme such as a central or compact
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scheme far from the shock. The transition between schemes is typically performed by switch functions which have been
studied extensively in previous studies [7, 8].

Shock turbulence interaction is a complex flow that is observed in transonic/supersonic flows, e.g., flow in high
speed rotors and supersonic aircrafts, where both have moving surfaces with complex geometries. In fact, the presence
of a moving or complex geometry in shock turbulent flows adds more complexity to the flow. To handle shock turbulent
flows involving complex geometries, immersed boundary method along with a low order hybrid scheme such as fourth
order central and third order WENO can be a suitable option because: i) immersed boundary methods (IBM) can handle
arbitrarily large deformation and complex geometries properly [9], ii) third order WENO along with IBM can handle
shock capturing [10, 11], and iii) capability of a hybrid third order WENO and central schemes for LES modeling have
been confirmed [8]. In fact, a third order WENO and a central scheme has a small stencil (3 to 5, for second order
and fourth order central schemes, respectively), which reduces the computational cost and alleviates the numerical
implementation near the immersed boundary.

In this study, a compressible LES immersed boundary method with a hybrid scheme (third order WENO and central)
is developed to model turbulence-shock interaction involving moving solid particles and complex geometries. First,
LES will be validated against DNS result by simulations of decaying isotropic turbulent flow, which is a key turbulent
feature for calibrating phenomenological turbulence models. Afterwards, we investigate the capability of our hybrid
scheme immersed boundary framework for shock capturing by performing 2D simulations of the diffraction of a moving
shock by a circular cylinder. The rest of this manuscript is organized as follows. In §II the governing equations, LES
modeling, and numerical method for solving the flow is illustrated. The results of turbulence decay and shock diffraction

by cylinder are shown in §III. Finally, the conclusion and future work will be presented in §IV.

I1. method
To date, subgrid-scale models have been used extensively to model turbulent flows in different turbulent regimes
such as isotropic turbulent flows [12—14], wall flows [15, 16], and shock wave turbulence interaction [17, 18]. The LES
model of this study is employed based on subgrid-scale models of Moin et al. [2], which is similar to its incompressible
version [15]. This LES model in conjunction with our immersed boundary method [9, 19-21] has been validated
extensively in our incompressible framework [22, 23] and, been utilized in different applications such as flow control

[24], vortex flows [25], and fish locomotion [26]. The detail of implementation of the compressible subgrid-scale model



in our framework is explained as follows.
The governing equations for the filtered compressible flow in curvilinear coordinates £ (m, p,q,r = 1,2,3 and
repeated indices imply summation) are as follows:
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where Q is the variable vector, F and F{ are the filtered inviscid and viscous flux vectors, respectively:
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where the overbar denotes a filter operation, which commutes with the partial derivatives. The tilde filter represents the
Favre filter operation, which is defined as ii = pu/p, where p is density, ii,, (p = 1,2, 3) isthe p*  component of the filtered
Cartesian velocity, E is the total energy per unit mass, J = |3(&', €2, £3)/0(x1, x2, x3)| is the determinant of the Jacobian

of the transformation, &7 , U9 = i, &% is the contravariant velocity, p = (y — 1)(pE —0.5p4, i, ) is filtered pressure, y is

the ratio of the specicic heats, &, = ﬁ(f,’c’m % +§fr z‘;';’, )— % yffk %&m is the filtered shear stress tensor in curvilinear
coordinates, y is the dynamic viscosity, &, is the Kronecker delta tensor, K, = yuPr='¢? 0(E - %amam)/agp +ip0yp,
Pr is the Prandtl number. Here, 7,,, is the subgrid stress tensor (SGS) of the momentum equation. Based on the

model proposed by Vreman et al. [27], the subgrid-terms in the energy equations have the following form in Cartesian

coordinates:
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where « is the turbulent stress term on the scalar level. 3 is the pressure-velocity subgrid-term, r is the pressure-dilatation
and e is subgrid-scale turbulent dissipation. The SGS term (7;;) is modeled using model proposed by Moin et al.[2] as

follows:
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where the first term is the isotropic term of the SGS and the second term is the eddy viscosity term. Here, C; is the
Smagorinsky constant that can be modeled dynamically [2] or be a constant value (Cs = 0.01) similar to the values
used for incompressible flows. However, the term C; can be modeled dynamically [2] or assumed to be zero (C; = 0)
[27] due to instability problems. For modeling subgrid terms of the energy equations («, 3, 7, €), a similarity model
proposed by Vreman et al.[27] is applied.

Here, the viscous terms are discretized with a second order central scheme, and the convective terms are discretized
by a hybrid WENO-central scheme. The hybridization is applied using a switch function that smoothly transform from a
fourth order central scheme to a third order WENO scheme [4] in the vicinity of the shock by a switch function proposed
by Wu and Zhao [8]. The detail of the discretization of the convective flux is described for the 1D version (¢ = 1) of

eqn. 1 for simplicity as follows:
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where i denotes cell center location, and i + 1/2 denotes cell interface location, where the fluxes are computed. The flux

Fii1/2 in a hybrid scheme is
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where 07,12 is the switch function, Fffl"/zr 4 and Fl. L are the central and WENO fluxes, respectively. Here, Fffl"/zr a
is calculated from the exact equation 1 by using (Qj.1/2) that is obtained from a fourth-order central interpolation, e.g.,

Qir1/2=—1/6Q;_1+4/6Q;_1+4/6Q;.1 —1/60Q;.>. The details of computing third-order WENO fluxes can be found in

the previous study [4]. Herein, the 07,/ is obtained using the switch function proposed by Wu and Zhao [8] as follows:
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where ri1/2 = min(r;, riy1), and r; is obtained as follows:

_ RAfiapAficiplte
(Afiv12)* + (Afimipp)? + €

®)

ri

where Afi 12 = fis1 — fi, €< 10719 is a small number to avoid divide by zero.

Finally, the governing equations are advanced in time using a third order Runge-Kutta method at each grid point
similar to the immersed boundary method for compressible flows (without turbulence) [19]. The 3D, arbitrarily
complex moving boundaries inside the domain are handled with a sharp-interface immersed boundary method [19] used
previously for incompressible flows [28]. The grid nodes inside the immersed boundary (solid nodes) are blanked out,
while the velocity on the nodes that are exterior to, but adjacent to, the immersed boundary (IB nodes) are reconstructed
using an interpolation along the normal to the boundary [19, 28]. The background grid nodes are classified into solid,
fluid and IB nodes by an efficient ray-tracing algorithm [9].

Note that the 37¢ order accuracy of the WENO and 4'" of the central scheme is only obtained on uniform grids. For
non-uniform grids the order of accuracy of this discretization will be 2"¢ order due to the 2"¢ order accurate calculation

of the metric of the transformation &% .

III. Results

In this section, the validation studies performed for a turbulent compressible flow and shock interactions with an

immersed boundary are presented.

A. decaying isotropic turbulent flow
To validate our computational scheme and our LES, large eddy simulations of isotropic decaying turbulence are
performed with a dynamic Cy and the results are compared against the results of direct numerical simulations (DNS) of
Samtaney et al. [12] and LES of Li et al. [10]. The computational details of this simulation are described as follows.
The computational domain is a cube of [0, 2] X [0, 2] X [0, 2] which is discretized evenly with 64 grid points in
each direction. The boundary conditions are periodic for every parameter at all boundaries. Here, the Mach number is
M; =u’/c = 0.4, where u’ is the turbulent fluctuation velocity and c is the speed of sound. The Reynolds number is

Rey = Au'p/u = 153, defined based on u” and taylor length scale (1). The turbulence fluctuation velocity is <ul.2 /3>,



where <> is the volume average in the computational domain, u; (i = 1,2, 3) is the i-th component of the velocity vector,

and Taylor length scale is defined as

5 u/2
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The simulation is initialized with a specified spectrum [12] for velocity which is divergence free initially and given
by

E(k) = Ak*exp(-2k*/k§) (10)

where k is the wave number, ko = 6 is the wave number at which the spectrum peaks, similar to study of Li et al. [10],
and A is a constant chosen to get initial kinetic energy of 1.0. The turbulence decay is presented for different times (¢/7),

where 7 is the initial large-eddy turnover time, defined as
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The turbulence decay is presented in Fig. 1, which visualizes the magnitude of vorticity in computational domain at
three different times #/7 = 1, t/7 = 2, and ¢t/7 = 5. The reduction of the magnitude of vorticity in time indicate the
reduction of turbulence intensity of the flow. The plot of turbulent kinetic energy spectrum (E (k)) versus k is presented
at 4 different times in Fig.1d. The computed plot for energy cascade at t/7 = 5 reveals that the LES model can capture
the inertial subrange as the energy spectrum follows the theoretical 5/3 power law. The validation of the study is
performed by comparing the time history of turbulent kinetic energy (TKE) of the domain obtained from LES and DNS
of Samtaney et al. [12] and LES of Li et al.[10] in Fig. le. The TKE is defined as TKE=0.5 < ulz >. The plot for the
time history of the TKE is in good agreement with the DNS at times 7/7 > 2, but there is a small discrepancy at /7 < 2,
which can be due to lower grid resolution compared to DNS because a similar discrepancy is also observed in LES of Li
et al. [10] which had a similar grid resolution. Nevertheless, the good agreement between the history of the turbulence
decay of our simulations and previous studies [10, 12] show that our LES deployed and hybrid scheme can properly

model the subgrid stress tensor.
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Fig. 1 (a) The decay of vorticity at (a) r/r = 1, (b) t/7 = 2, and (¢) t/7 = 5. (d) The decay of energy spectrum
E (k) in time, (e) the decay of turbulence kinetic energy (TKE)

B. Shock diffraction

In this section, 2D simulation of the diffraction of a moving planar shock at Mach number M=2.81 with a stationary
cylinder are presented. The simulations are performed with a hybrid scheme and Cj is 0.01. The domain size of the
simulations is 25D x 10D, where D is the diameter of the cylinder, and meshed evenly with 4400x1200 nodes. The
time-step is chosen 0.001D /U that corresponds to Courant—Friedrichs—Lewy (CFL) number of 0.2. The simulation
is carried out with no-slip conditions on the surface of the cylinder. The Reynolds number UDp/u = 8700 (where
U = +/(p/p) is the velocity scale, and y is the dynamic viscosity behind the undisturbed shock) which matches the
Reynolds number of experiments of Bryson and Gross [29]. Figure 2 shows the interaction of a moving shock with a
cylinder. The moving shock is reflected by the cylinder (Fig. 2b) and generates a reflected shock (R.S.), incident shock
(I.S.), and a Mach shock (M.S.). The intersection of the R.S., M.S.1, and LS. is called the first triple point (T.P.1). The

interaction of M.S.1 from the top and the bottom of the symmetry plane creates M.S.2 and their intersection creates



T.P.2 (Fig.2d). The contact discontinuity (C.D.2) is formed behind M.S.1 and M.S.2.

Figure 3a presents the comparison of the loci of the triple points, i.e., x = 0 and y = 0 corresponds to the center of
the cylinder. As it can be observed in Fig. 2c, two triple points appear on either side of the plane of symmetry of the flow.
The first one (T.P.1) starts at the front of the cylinder (x/D = 0.0), and the second one (T.P.2) at the plane of symmetry
behind the cylinder (x/D = 1.6). The location of both triple point obtained from the simulation is in good agreement
with the experimental results [29], which reveal that hybrid scheme and switch function can properly capture the shock
waves for flows involving with immersed boundaries. Moreover, the flow is visualized with the contours of out-of-plane
vorticity (w;) in Fig. 3b. The flow visualization shows vortex shedding in the wake of the cylinder at about 8.6D

upstream of the moving shock. The shedding occurs when the shear layer in the wake of the cylinder becomes unstable.

Fig. 2 The interaction of a moving shock and a circular cylinder. R.S. reflected shock, M.S.1 Mach shock, L.S.
incident shock, T.P.1 the first triple point, and T.P.2 is the second triple point.
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Fig. 3 (a) The location of the T.P.1 (upper curve) and T.P.2 from the simulation (Num.) and experimental
results of Bryson and Gross [29]. (b) Contours of the vorticity in the wake of the cylinder at r = 2.7.

IV. Conclusions and Future work
A subgrid-scale LES for immersed boundary method is developed for modeling turbulent compressible flows
involving immersed bodies. A hybrid fourth-order central and third-order WENO scheme along with a switch function
are developed to handle shock turbulence interaction. The LES and numerical scheme are tested for a decaying isotropic
turbulent flow and shock diffraction by a cylinder. It has been shown that the LES can properly resolve the inertial

subrange and predict the turbulence decay for an isotropic turbulent flow with Re, = 153 and Mach number of M, = 0.4.



The simulations of shock diffraction by a cylinder are performed for a flow with M = 2.81 and Rep = 8700. It has been
presented that the switch function can properly handle the shock capturing by accurately predicting the position of the
triple points. As a future work, the interaction of an incident shock in a channel with a turbulent boundary layer will be

studied to validate the framework for turbulent-shock wave interaction.
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