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Abstract - In this paper, validation of the hybrid central solver based on PIMPLE algorithm and KT scheme (rhoPimpleCentralFoam-
solver) for high and low speed flows has been presented. Two different test cases were considered for the present study; a supersonic
flow over a backward facing step with Mach number 2 and non-reacting subsonic flow separated by a bluff body with a Mach number
0.18. Backward facing step test case was studied using SST k-w turbulence model, whereas performance of three different RANS based
turbulence models, i.e. SST k-w model, standard k-¢ model and modified k-e models were assessed for the flow over a bluff body. Results
obtained from hybrid central solver for backward facing step using SST k- turbulence model showed good agreement with the
experimental data. The mean flow features such as expansion fan, recirculation zone, boundary layers, shear layer and reattachment shock
were also captured accurately. Whereas, the performance of the modified k- turbulence model was found to better as compared to other
turbulence models in the predictions of flow structure of flow over a bluff-body.
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1. Introduction

In high-speed compressible flows, suitable numerical schemes are required which can capture discontinuities such as
shocks and contact surfaces accurately without any spurious oscillations. Some of the existing numerical methods such as
monotone upstream-centred schemes for conservation laws (MUSCL) [1], piecewise parabolic method (PPM) [2], essentially
non-oscillatory (ENO) schemes [3], weighted ENO (WENO) schemes [3], advection upstream of splitting method (AUSM)
scheme [4-5], AUSM+ scheme [6] and the Runge-Kutta Galerkin (RKDG) method [7] are effective in producing non-
oscillatory solutions. However, these methods involve Riemann solvers, characteristic decomposition, and Jacobian
evaluation makes them complex and difficult to implement in a collocated polyhedral framework.

To overcome these issues, a generalization of the Lax—Friedrichs scheme was proposed by Nessyahu-Tadmor [8]. This
method involves second-order central difference scheme, which provides higher resolution compared to Lax-Friedrichs
scheme, and it also resolves the issue of excessive numerical dissipation up to some extent, but this scheme does not
overcome the disadvantages of using smaller time step [8]. Further, explicit Kurganov-Tadmor (KT) scheme and Kurganov-
Noelle-Petrova scheme (KNP) were developed and have been implemented in OpenFOAM in rhoCentralFoam-solver [9-
10]. However, it was found that explicit KT/KNP schemes were not suitable for the low Mach number flows as even using
very small-time step, it does not satisfy Courant criteria and converged solution cannot be obtained [8-11]. To overcome this
difficulty, Kraposhin et al. [12] developed an approach by combining the KT/KNP scheme and the PISO method. In this
method, the advection quantity was handled using KT/KNP fluxes, whereas the PISO algorithm was used to link pressure,
energy and velocity. The scheme was developed in the OpenFOAM framework and named as pisoCentralFoam-solver and
can be used to study compressible flows for a wide range of Mach numbers. However, it was found for large CFL values (>
0.1) PISO algorithm resulted in the underestimation of the characteristics speed of high-speed flows, i.e. resulted in the slight
shift of the shock front or rarefaction wave. Further, these issues were mitigated by implementing a hybrid approach by
combining PISO and SIMPLE algorithm known as PIMPLE algorithm [13] and the solver was named as
rhoPimpleCentralFoam-solver. The above numerical scheme needs to be validated for low- and high-speed flows such that
the scheme may be used to study both high-speed and low-speed reacting flows arising in practical combustors.

Hence, the objective of this study is to assess the performance of the hybrid scheme for wide ranges of Mach number.
Initially, supersonic flow over a backward facing step will be used for assessing the performance of the hybrid scheme. This
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test case comprises of flow near discontinuities and separation-attachment conditions. In the second case, non-reacting
subsonic flow separated by a bluff-body will be used for the validation study. It comprises of a recirculation zone
downstream of the bluff-body which enhances mixing of two fluids having same density.

2. Numerical Details
In this section, details about the governing equations, turbulence models and numerical schemes are provided. The
governing equations for continuity, momentum, and energy transport are given as [14],
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In Egs. (1-3) overbar refers to averaging through Reynolds decomposition, and tilde indicates density-weighted
averaging. O is the density, T is the time, U is the velocity vector, X; is the special coordinate, P is the pressure, 5-- is

the Kronecker delta and ( is the heat flux. The shear stress (z;;) and total energy (E) were estimated as given in ref. [15].

The term —pu U; appearing in Eq. (2) were closed using RANS based two-equation models. In the present study, k-¢ [16]

and SST k-w [17] turbulence models were used. In this work hybrid pressure-based solver which combines PIMPLE
algorithm with the KT scheme (rhoPimpleCentralFoam-solver) [13] was used. This algorithm relates the change in the
pressure field with a change in the velocity field and density field using discretized pressure equation [12-13]. This solver
uses switching function or blending function, which allows the solver to switch between the compressible and incompressible
formulation of fluxes. This switching function K is dependent on the local Mach number and local acoustic Courant number
which is given by,

e
K, =min 1 (4)

FL

u

Where, M, =—Lis the local Mach number at cell face, A =4 % is the local acoustic courant number and @ is the speed
af

of sound at cell face. When the switching function tends to 1, the solver will use the compressible formulation of fluxes along

with the PIMPLE algorithm, and when switching functions approaches zero, incompressible formulations of fluxes along

the PIMPLE algorithm will be used.

3. Computational Details
In this section, computational details for the supersonic flow over a backward facing step and non-reacting subsonic
bluff body flow are given.

3.1. Backward Facing Step

The experimental data obtained by McDaniel et al. [18] for supersonic flow over a backward facing step was used to
validate the hybrid central scheme. The schematic of the backward facing step is shown in Fig. 2. The free stream velocity,
static temperature and static pressure are 520 m/s, 167 K and 35 kPa, respectively [15, 19-20]. The free stream Mach number
is 2, whereas the Reynolds number is 1.024x10°. A 2-D computational domain was selected to perform RANS calculations
using rhoPimpleCentralFoam-solver. Uniform velocity boundary conditions were used at the inlet. For the top and bottom
boundaries, no-slip and zero pressure gradient boundary conditions were used. SST k- (SST K-O) turbulence model was

107-2



used to model the turbulence. At the outlet faces, zero gradient boundary condition were given. Based on the grid
independence study, 180 x 150 grids were selected. The results obtained are discussed in the subsequent section.

105 mm
Inlet | Top Wall
. 21.29 mm| | — Qutlet
[ 3.2 mm Bottom Wall —
Step 7 - . .
80 mm

Fig. 2: Schematic of Backward facing step

3.2. Bluff Body Burner

The experimental data obtained by Mastri et al. [21] for the non-reacting subsonic flow over bluff-body was used for the
modelling purpose. The burner is centred in a coflowing stream of air and it consists of a circular bluff-body with an orifice
at the centre for the main fuel to enter. The diameter of the bluff-body (D) is 50 mm, and that of the fuel jet is 3.6 mm. The
bulk velocity of the fuel jet is 61 m/s, and the co-flowing air is 20 m/s. In this study, fuel jet comprises of air. The schematic
of the bluff-body burner is shown in Fig. 2. Inlet static pressure is 1 bar, and inlet static temperature is 298 K. The free stream
Mach number is 0.18, whereas Reynolds number is 14166. A 2-D computational domain was selected to study non-reacting
bluff body flow with three different turbulence models, i.e. SST k- model (SST K-O), standard k-¢ model (SKE) and
modified k-¢ model (MKE) using rhoPimpleCentralFoam-solver. In the MKE model, the value of the modelling constant
Cq is modified from 1.44 to 1.6 in order to compensate for excessive diffusion [22, 23]. Uniform velocity boundary
conditions were provided for both air and co-flow inlets. Uniform pressure boundary condition was given for the outlet
boundary. The number of control volume selected were 120 x 100 based on the grid independence study.
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Fig. 3: Schematic of Bluff body burner
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4. Result & Discussion

In this section, results obtained for the supersonic flow over a backward facing step and non-reacting subsonic bluff
body flow are discussed.
4.1. Backward Facing Step

Figures 4, 5 and 6 show the predicted normalized radial pressure, velocity, and temperature profiles respectively at three
different locations x/h = 1.75, 3 and 6.66. Axial location x/h = 1.75 is in the recirculation zone, reattachment region lies at
x/h = 3, whereas x/h = 6.66 is at the downstream of the reattachment shock. It can be noticed from the normalized pressure
profile shown in Fig 4, that initially, pressure decreases; after that, it increases as a reattachment shock wave is formed.
Above the step, pressure increases monotonically in the radial direction across the expansion fan. After the expansion fan
pressure is almost constant. From the normalized velocity profile shown in Fig. 5, it is clearly visible that near reattachment
shock velocity increases radically, after the expansion fan velocity is nearly constant and near the top wall velocity decreases.
From normalized temperature profile as shown in Fig. 6, it can be inferred that up to step height, there is a gradual decrease
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in the temperature due to formation of reattachment shock, above the step temperature increases up to freestream
temperature and after the expansion fan temperature remains constant but there is a slight decrease in temperature near
the top wall. Results obtained from the simulation using rhoPimpleCentralFoam-solver agreed well with the
experimental data except region near the step, i.e., y/h < 1 region because of the poor performance of RANS based
turbulence models in the separation reattachment region.
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Fig. 4: Normalized radial pressure profiles at three different locations (x/h = 1.75, 3 and 6.66)
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Fig. 5: Normalized radial velocity profiles at three different locations (x/h = 1.75, 3 and 6.66)
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Fig. 6: Normalized radial temperature profiles at three different locations (x/h = 1.75, 3 and 6.66)

Figure 7 shows the pressure and velocity contours obtained from the RANS calculations. Mean flow features such
as expansion fan, boundary layer, recirculation zone, shear layer and reattachment shock have been captured well as
shown in Fig. 7. Expansion fan is created at the step corner due to sudden turning of a flow around a convex edge, further
gradual reduction in pressure across the expansion fan can be observed. Behind the step, small subsonic recirculation
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zone is formed. Pressure in the recirculation zone is less as compared to that in the downstream locations. The shear layer is
generated from the separation of boundary layers. This shear layer gets compressed in the further downstream direction, and
reattachment shock is formed at the lower wall. Velocity and pressure contours in Fig. 7 depict the formation of recirculation
zone, shear layer and reattachment shock.
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Fig. 7: (a) Pressure field and (b) Velocity field

4.2. Bluff Body Burner

Figures 8 and 9 shows the predicted radial velocity by three different turbulence models, i.e., SST K-O, SKE and MKE
models. Six different axial locations were selected to compare the predicted velocity field with experimental data. Axial
locations x/Dy = 0.2 to 0.8 are in the recirculation region, and the predicted velocity fields are shown in Fig. 8. It can be
observed from Fig. 8 that the predicted velocity by the SST K-O model at the upstream locations, i.e., at x/Dp = 0.2 and 0.4
agreed very well with the experimental data. However, at downstream locations, i.e., at /Dy = 0.6 and 0.8, SST K-O model
overpredicts the velocity profile from 0.2 < r/r, < 0.9 and underpredicts the velocity distribution significantly near the centre,
i.e., r/r, < 0.2 as SST K-O model is less sensitive to the free stream region. A similar trend for predictions was also obtained
from the SKE model. However, the predicted velocity field by the MKE model agreed very well with the experimental data,
as shown in Fig. 8.

Axial locations, i.e. x/Dy = 1 and 1.3, are immediately downstream of the recirculation zone, and the predicted radial
velocity distribution for these locations are shown in Fig. 9. It can be observed from the Fig. 9 that SST K-O and SKE model
underpredict the velocity distribution near the centre, i.e., r/r, < 0.2 for axial locations x/Dy = 1 and 1.3 and overpredict the
result in the region from 0.2 < r/r, < 0.6 for axial location x/Dy = 1. Whereas velocity profile predicted using MKE model
agrees with the experimental data with reasonable accuracy.
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Fig. 8: Comparison of predicted radial velocity with the experimental data at four different axial locations
(x/Dp=0.2,0.4, 0.6 and 0.8)
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Fig. 9: Comparison of predicted radial velocity with the experimental data at two different axial locations
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Figure 10 shows the velocity contour predicted by the MKE model. A low-pressure area is formed near the bluff body;
fuel and oxidizer streams flow backwards towards that area, creating a recirculation zone. The streamlines structures in Fig.
10 two counter-rotating vortices that may enhance the mixing of fuel and oxidizer.
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Figure 10. Predicted velocity field by MKE model

5. Conclusion

In this paper, a hybrid solver available in OpenFOAM was validated against turbulent supersonic flow over a backward
facing step and non-reacting subsonic bluff body flow. For the backward facing step, numerical results obtained using the
SST k-w turbulence model with rhoPimpleCentralFoam-solver agreed with the experimental data with reasonable accuracy
except in the region y/h < 1 as RANS based turbulence models fails to predict flow separation accurately. Mean flow features
such as expansion fan, boundary layers, shear layer, recirculation zone and reattachment shock were captured accurately.

For the non-reacting subsonic bluff body flow, the velocity field was obtained using rhoPimpleCentralFoam-solver.
Three different RANS based turbulence models, i.e. SST k-w, standard k- and modified k-& were used to predict the velocity
field. It was observed that the modified k-¢ turbulence model provides more accurate results as compared to the SST k-w
model and standard k-¢ model. The validated flow solver may further be used to predict the flame structure arising in high
and low speeds reacting flows.
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