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NUMERICAL SIMULATION OF THE INTERACTION OF A TRANSVERSE JET
WITH A SUPERSONIC FLOW USING DIFFERENT TURBULENCE MODELS

K. N. Volkov, V. N. Emelyanov, and M. S. Yakovchuk UDC 532.542.2

Abstract: This paper presents a numerical simulation of the flow resulting from transverse jet
injection into a supersonic flow through a slot nozzle at different pressures in the injected jet and
the crossflow. Calculations on grids with different resolutions use the Spalart—Allmaras turbulence
model, the k—¢ model, the k—w model, and the SST model. Based on a comparison of the calculated
and experimental data on the wall pressure distribution, the length of the recirculation area, and
the depth of jet penetration into the supersonic flow, conclusions are made on the accuracy of the
calculation results for the different turbulence models and the applicability of these models to similar
problems.
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INTRODUCTION

Transverse jet injection into a supersonic flow is of interest in the design of fuel and oxidizer mixing systems
in supersonic combustion ramjet engines [1]. Jet injection into a supersonic flow is also employed in thrust vector
control systems of solid-propellant rocket engines [2].

Mechanisms of interaction of jets of an incompressible liquid and a compressible gas with a crossflow are
discussed in [3, 4]. The vortex flow pattern resulting from injection of subsonic jets is studied in [5-8]. A review of
the issues and problems associated with the simulation of turbulence in high-velocity flows is given in [9].

Jet injection into a supersonic crossflow leads to the formation of the complex shock-wave vortex flow pattern
shown in Fig. 1 [10]. The shock-wave flow structure includes a bow shock wave, which interacts with the boundary
layer, two separation zones on the left and right of the injection slot, two barrel shock waves, a Mach disk, and
a shock wave caused by repeated compression of the flow. In the recirculation zone upstream of the slot nozzle,
vortices rotating in opposite directions are formed.

The region of jet penetration into the crossflow is limited by the barrel shock waves and the Mach disk. The
angle of jet rotation depends on the crossflow velocity and the ratio of the pressure in the injected jet p; and the
crossflow poo [11, 12]. A pair of vortices rotating in opposite directions is formed downstream of the bow shock
wave [6]. The size of the vortex structures is determined by the type of the injected gas and the shape of the
nozzle exit section [13]. The separation of the boundary layer and the formation of a recirculation zone upstream
of the injection slot lead to the formation of a horseshoe vortex which envelopes the injected jet [12]. The size and
number of the vortex structures formed in the flow separation region depend on the pressure gradient p;/poc [14].
For example, at large pressure gradients, four vortex structures are observed [15].
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Fig. 1. Flow pattern resulting from transverse jet injection into a supersonic
flow [10]: (1) turbulent boundary layer; (2) shock wave caused by separation;
(3) bow shock wave; (4) barrel shocks; (5) Mach disk; (6) shock wave caused by
repeated compression; (7) recirculation zone; (8) injection zone.

The intensity of the resulting shock waves and vortices is determined by the jet-to-crossflow pressure ratio,
the crossflow Mach number, the form of the injection slot, the position of the injected jet, and a number of other
parameters [3, 4, 13]. The mixing efficiency depends on the length of the separation zone L formed upstream of
the injection slot and the depth of jet penetration into the crossflow H, which is determined by the position of the
upper edge of the Mach disk.

Using engineering calculation methods, it is possible you to construct a simplified flow model and determine
the main control parameters [10, 16, 17]. Many factors (unsteadiness, turbulence, thermal loads, separation of
condensed-phase particles) that determine the degree of flow mixing are neglected in engineering calculations. To
take them into account, it is needed to use computational fluid dynamics methods based on the Reynolds-averaged
Navier—Stokes equations (RANS).

An overview of different approaches to the modeling of turbulence, such as large eddy simulation (LES),
detached eddy simulation (DES), and combined approaches (LES/RANS), is given in [1]. The results of physical
experiments conducted over wide ranges of Mach and Reynolds numbers (My, = 2-13 and Re = 7.5 - 105-5.5 - 108)
and ratios of the pressures in the injected gas jet and supersonic crossflow are presented in [18, 19].

The influence the choice of the turbulence model and the width of the jet injection slot on the calculated
results is discussed in [20-22]. The calculation results obtained in [23] using the SST turbulence model are in
good agreement with experimental data [14, 24]. Similar results obtained in [2] were compared with data [18, 19].
The model of transfer of Reynolds stresses provides more accurate results compared to the standard k—= model of
turbulence and its modifications [25]. The topology of the three-dimensional flow induced by normal injection of
an underexpanded jet into subsonic and supersonic flows is studied in [12].

The approaches used in [1, 26-30] to model the interaction between an transverse jet with a supersonic
flow allow a highly detailed study of the evolution of the shock-wave and vortex structures of the flow [1]. In the
calculations, domains of great length and sufficiently detailed grid are used. In particular, Kawai and Lele [26, 27]
performed LES calculations in a domain which has relative dimensions of 10.0 x 3.3 x 4.0 (the diameter of the
injection slot is used as the characteristic length) on a grid comprising 38 - 10¢ cells. Peterson and Candler [29]
performed DES calculations using a grid containing 13.8 - 108 cells, with relative dimensions of the computational
domain of 35 x 16 x 8.

Interaction between an oblique shock wave resulting from supersonic flow over an inclined ramp in a channel
and an injected jet has been investigated by Huang et al. [31]. The jet was injected through a slot in the bottom wall
of the channel, and the ramp was located on the top wall upstream of the slot. In the numerical calculations, the
position of the ramp in the channel and the size and angle of inclination of the ramp to the incoming were varied.
The geometric model used was similar to that in [18], and the calculations were carried out for p;/ps = 8.75, 63,
and 50 using different turbulence models at small (RNG k—¢ model) and large (SST model) pressure differences in
the jet and the crossflow [22]. Interaction between an oblique shock wave and a jet injected into a supersonic flow,
the resulting three-dimensional flow structure, and the mixing and combustion mechanisms are considered in [32]
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Fig. 2. Geometry of the computational domain (a) and slot nozzle (b).

on the basis of the results of physical and numerical experiments. Fedorova et al. [33] carried out calculations using
the SST turbulence model for large values of the total temperature of the flow.

Parametric studies and the choice of optimal problem parameters are usually based on solving the RANS
equations. Despite the large amount of available data on the interaction of a transverse jet with a supersonic
flow, there is a need to analyze the applicability of different turbulence models. In this paper, using the results of
numerical and physical experiments, we compare the accuracy of different turbulence models (the Spalart—Allmaras
model, the implementable k— model, the k—w model, and the SST model) and analyze the possibility of using these
models. The injection slot nozzle is included in the computational domain to improve the calculation accuracy and
formulate reasonable boundary conditions in the cross section through which the jet is injected.

1. GEOMETRY AND BOUNDARY CONDITIONS

Consider the interaction between a jet injected through a flat slot in a plate with velocity U; and an
undisturbed supersonic flow moving parallel to the plate and having velocity Us,. The flow pattern is characterized
by the ratio of dynamic pressures in the injected jet and the crossflow [10]. For an ideal gas, this ratio is written as

piUF piM;
J = = .
pooUgo ’YoopooMio
The subscripts j and oo correspond to the injected jet and the crossflow in the channel.

The computational domain comprising the main channel and the slot nozzle is shown schematically in Fig. 2.
The length of the plate is 507.2 mm, and the height of the computational domain is 96 mm. The distance from
the front edge of the plate to the line of symmetry of the slot nozzle is equal to 228.6 mm. The jet is injected from
the surface of the flat plate along the normal to the undisturbed flow through a flat slot nozzle 0.267 mm wide
and 152.4 mm long. Side plates are mounted at the edges of the nozzle to provide plane flow. The origin of the
Cartesian coordinate system is at the center of the injection slot. The coordinate x is measured in the direction of
flow propagation.

At the boundary through which the main flow enters the computational domain, we specify the Mach
number M, the static pressure po, the static temperature T, and turbulence characteristics (the turbulence
intensity is 1%, and the characteristic scale of turbulence is 0.1 mm). The boundary conditions on the boundary
of the input slot nozzle are the total pressure pg;, the total temperature Tp;, and turbulence characteristics (the
turbulence intensity is 0.1%, and the hydraulic diameter is 0.532 mm). The no-slip and no-flow boundary conditions
for the tangential and normal velocity components are imposed on the plate surface and the nozzle walls, and
slip conditions (inviscid wall) are imposed on the upper boundary and the region of the computational domain
upstream of the plate. The surface of the plate and the walls of the slot nozzle are considered thermally insulated.
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Table 1. Flow and jet parameters Table 2. Characteristics of different

in the inlet section of the computational domain computational grids
Experiment \r ~ pocos  Tooo, Pojs Toy, Grid = N1 Noo N3 N
number Pa K Pa K 1 61 117 61 194 880
2 2.61 133758 317.8 159 269 297.8 2 133229 133 633600
3 269 229 133 125376
3 2.61 132035 317.8 299 922 294.4 4 537 457 9265 501 504
4 2.61 133069 317.8 572955 291.1
5 2.61 133758 318.3 1044556 288.3
13 3.50 240627 3144 379901 291.7
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Fig. 3. Computational grid 1 (a) and its fragment (b).

The turbulence characteristics on the wall are determined using method of wall functions. In the outlet, the flow
characteristics are found by extrapolating their values from the internal nodes of the grid (free outflow conditions).

The numerical experiment consists of a number of calculation corresponding to five injection modes. For
ease of comparison of the results of the numerical simulation and experimental data, we use the designations of
the calculation variants and control points adopted in [18]. The parameters of the physical and computational
experiments are shown in Table 1 (Mach number, total pressure, and total temperature of the main flow and the
injected gas).

The working media are air (main flow) and nitrogen (injected medium). Reference thermal characteristics
of the media are used.

2. COMPUTATIONAL GRIDS

The calculations are carried out on four block-structured grids with different resolutions, whose character-
istics are given in Table 2 (N; is the number of grid nodes in the inlet section of the computational domain, Ny is
the number of nodes on the plate upstream of the slot, N3 is the number of nodes on the plate downstream of the
slot, and N is the number of nodes).

Figure 3 shows grid 1 used in the calculation. The grid consists of four blocks that correspond to the
undisturbed flow upstream of the plate (block 1), the flow upstream of the injection slot (block 2), the slot nozzle
(block 3), and the flow downstream of the injection slot (block 4). In each block, the grid spacing on the = axis
is non-uniform (the initial grid spacing varies from block to block). On the y axis, the grid is refined toward the
surface of the plate (in all blocks, the grid nodes in the y direction are distributed equally). The slot nozzle contains
45 nodes along the width and 77 nodes along the height.
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Fig. 4. Results of numerical simulation of the jet flow in the steady-state mode: (1) front stagnation
zone; (2) bow shock wave; (3) shock wave over the injection slot; (4, 8) barrel shock waves; (5) Mach
disk; (6) stagnation zone of reduced pressure; (7) region of jet penetration into the supersonic flow.

Grids 1-3 have the same near-wall spacing equal to 10~ m. Grid 4 is generated by adding nodes to grid 3
and reducing the size of all of its cells. On grid 4, the first layer of nodes is located at a distance of 51077 m
from the surface of the plate. For grids 1-3, the near-wall coordinate y* varies in the range of 0.008-2.660, and for
the grid 4, in the range of 0.003-1.700; the coordinate y™ takes maximum values near the front edge of the plate.
Increasing the pressure difference in both the injected jet and the crossflow leads to some increase in the maximum
value of the coordinate y*. In particular, in passing from grid 2 to grid 4, the maximum value of the wall coordinate
increases by about 25%.

In the calculations, laminar—turbulent transition is not modeled. Data of physical experiment [18] show that
for all modes of jet injection into the flow, the transition area is located upstream of the slot nozzle. Laminar—
turbulent transition in the boundary layer occurs at a distance from the front edge of the plate equal to 50.8-76.2 mm.

3. COMPUTATIONAL PROCEDURE

In the calculations, we use the Ansys Fluent package based on Reynolds averaged Navier—Stokes equations.
The equations are closed using different differential turbulence models (the Spalart—Allmaras model, the imple-
mentable k— model, the k—w model, and the SST model). The convection and diffusion equations are solved for
each of the gases to take into account the mixing of flows of dissimilar gases.

Discretization of the basic equations is carried out using the finite volume method and the SIMPLE pressure
correction method. Discretization of convective and diffusive fluxes is accomplished using second-order counterflow
and centered finite difference schemes with the Roe flux vector splitting, and time discretization is performed using
an implicit scheme of second-order accuracy. The system of difference equations is solved by the lower-upper
symmetric Gauss—Seidel (LUSGS) method [34]. The Courant number is Ku = 2-7.

The convergence of the iterative process is controlled by checking the level of discrepancy of the desired
functions and the satisfaction of the integral continuity equation. The calculations are stopped at the moment
when the level of discrepancy of the desired functions is reduced by three orders of magnitude, and the difference
of the mass fluxes at the inlet and outlet boundaries of the computational domain becomes less than 1073 kg/s.

4. FLOW STRUCTURE

The results of the numerical simulation corresponding to the steady-state flow are shown in Fig. 4 (experi-
ment 4). Qualitatively, the flow pattern is similar to the pattern obtained in calculations based on other turbulence
models [22], which is shown in Fig. 1.

The flow slows down upstream of the injected jet, which serves as an obstacle to the crossflow, resulting in a
positive pressure gradient (a high-pressure region is formed upstream of the injection slot, and a low-pressure region
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Fig. 5. Wall pressure distribution obtained using different turbulence models on different grids:
(a) Spalart—Allmaras model; (b) implementable k— model; (¢) k—w model; (d) SST model; (1) cal-
culation on grid 1; (2) calculation on grid 2; (3) calculation on grid 3; (4) calculation on grid 4; the
points are experimental data [18].

is formed downstream of it) which causes separation of the boundary layer at the point S. This produces a front
stagnation zone 1 and a bow shock wave 2. The crossflow streamlines rotate when passing through the bow shock
wave and the shock 3 over the injection slot. The injected jet is bent under the influence of the crossflow (near the
surface of the plate, the jet streamlines rotate through a larger angle) and come in contact with the streamlined
surface at the point R at some distance downstream of the slot, resulting in the formation of a stagnation zone 6
of reduced pressure. Repeated compression of the flow give rise to a shock wave 8 downstream of the point R.
Region 7 (the region of jet penetration into the supersonic flow) is bounded by two barrel shock waves 4 and a
Mach disk 5.

The thickness of the boundary layer is substantially greater than the width of the slot, so that expansion of
the jet occurs in the region of flow separation. In this case, the interaction of the flow with the wall is determined by
the viscosity. Jet injection leads to separation of the turbulent boundary layer and a redistribution of the pressure
on the plate. The separation zones can be calculated using a semi-empirical model [16, 17].

5. COMPARISON OF TURBULENCE MODELS

Figure 5 shows static pressure distributions along the plate surface calculated on different grids with different
resolution using different turbulence models and the results of a physical experiment [18]. The calculations were
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performed for the inlet flow parameters corresponding to experiment 4 (see Table 1). Calculations on grid 4 using
the Spalart—Allmaras models and the implementable k—¢ models were not carried out.

The calculation results obtained using different turbulence models have a feature in common: for grids 2—4,
the pressure distribution on the plate surface is almost independent of the resolution of the grid. In all calculations
on a coarse grid (grid 1), the same position of the separation point was obtained, and maximum pressure values
correspond to the values calculated on more detailed grids (grids 2—4). The fullness of the wall pressure profiles
corresponding to grid 1 and grids 2—4 is different. On grid 1, the pressure profile is less filled than that on grids 2—4.
Similar results were obtained in [22].

The most significant differences between the results obtained in coarse and detailed grids are observed when
using the standard k—w model (see Fig. 5c). In this case, the pressure profile obtained on grid 1 is less filled than
the pressure profile obtained on grids 2—4 and the pressure values are too low compared to the corresponding values
calculated for other turbulence models. The plateau region obtained in the experiment and reproduced when using
detailed grids is absent in the calculations on grid 1.

The Spalart—Allmaras model (see Fig. 5a) incorrectly determines the position of the separation point of the
boundary layer. Furthermore, the separation of the boundary layer occurs later than in the calculations for the
other turbulence models (the separation point moves downstream), the pressure profile is less filled, and a plateau
region is absent.

Calculations based on the implementable k—e model (see Fig. 5b) give results similar to the results obtained
using the Spalart—Allmaras model (except the plateau region).

The best agreement between the calculated results and the data of the physical experiment is obtained when
using the SST turbulence model (see Fig. 5d). The pressure distribution calculated on the coarse grid (grid 1) is
consistent with sufficient accuracy with experimental data [18]. Further calculations were performed using the SST
turbulence model.

Important characteristics of the fuel and oxidizer mixing and combustion of the mixture in a supersonic flow
is the length of the recirculation zone and the depth of jet penetration [30]. The length of the recirculation zone
formed upstream of the injection slot and the jet penetration depth in a supersonic flow calculated using different
models turbulence are shown in Fig. 6. Increasing the pressure gradient increases the length the recirculation zone
and the jet penetration depth in the flow. The influence of the turbulence models on the jet penetration depth is
less significant than their influence on the size of the recirculation zone.

The SST model provides not only pressure distributions consistent with the data of the physical experiment,
but also fairly accurate values of the length of the recirculation zone located upstream of the injection slot. The
Spalart—Allmaras model and the implementable k—¢ model give overestimate the length of the recirculation zone,
and the standard k—w model underestimates the length of the recirculation zone (the resolution of the computational
grid has little effect). Similar results were obtained in [22].

The wall pressure distributions and the length of the recirculation zone obtained using the SST model are
weakly dependent on the resolution of the grid. The wall pressure distribution corresponding to the recirculation
zone downstream of the injection slot depends more significantly on the grid resolution. The solution obtained using
the SST model and grid 4 is in good agreement with experimental data [18].

6. COMPARISON OF CALCULATION VARIANTS

The SST turbulence model was used in calculations with different types of boundary conditions (see Table 1).
Figure 7 shows the static pressure distributions on the plate surface under different conditions of jet injection into
a supersonic flow (curves). As the intensity of injection is increased, the separation point of the boundary layer is
shifted upstream (to the left from the slot injection). In this case, the pressure profile becomes more filled, and the
plateau region more pronounced. Maximum values of the wall pressure change slightly.

The results of the numerical simulation agree well with the experimental data for all injection modes,
confirming the usefulness of the SST turbulence model for solving similar problems in a wide range of parameters
of the cross flow and the injected jet. Some difference in the results corresponding to mode 5 are due to the fact
that in the experiment with this injection mode, boundary layer separation occurs upstream of the edges of the side
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Fig. 7. Results of numerical simulations (curves) and physical experiment [18] (points) for jet
injection into a supersonic flow: (1) mode 2; (2) mode 3; (3) mode 4; (4) mode 5; (5) mode 13.

plates mounted on the sides of the slot nozzle. The separated boundary layer interacts with the plates to give rise
to shock waves, and the flow becomes substantially three-dimensional. To account for these features, it is necessary

to solve the three-dimensional problem.

CONCLUSIONS

Numerical simulation of the flow resulting from jet injection through a slot nozzle into a supersonic flow was
performed. In the calculations, the static pressure difference in the injected jet and the crossflow was varied. The
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calculations were performed on a grid with different resolutions using the Spalart—Allmaras turbulence model, the
implementable k- model, the k—w model, and the SST model.

The applicability of different turbulence models and the accuracy of calculations based on them were analyzed

by comparing the calculated and experimental data on the wall pressure distribution, the length of the recirculation
zone, and the depth of jet penetration in supersonic flow. The SST model yields results in good agreement with
the data of the physical experiment in a wide range of parameters characterizing the jet injection.
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