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Abstract

The present study aims to simulate both controlled and uncontrolled Mach 1.86 jets from a convergent-divergent nozzle using computational
fluid dynamics (CFD). A rectangular cross-wire with a 5% area-blockage was used as a passive control device at the nozzle exit to enhance jet
mixing. The two-dimensional nozzle model was created in ANSYS Workbench, and the governing equations were solved using the FLUENT
solver with the realizable k—¢ turbulence model. Simulations were performed for nozzle pressure ratios (NPR) ranging from 4 to 9. The results
show that the jet core length decreases under controlled conditions, confirming enhanced mixing. Pressure variation significantly affected flow
development: at moderate NPRs (5-6), the jet was overexpanded and showed a 21-27% core reduction, whereas at a higher NPR (9), stronger
under expansion led to about a 37% reduction due to greater shear-layer instability and more intense vortex formation. Mach number contours
are used to examine the presence of shocks in the jet and the wave structure. This study demonstrates the substantial benefits that a simple
cross-wire used as a passive device offers in enhancing mixing in supersonic jets. The outputs of this study will be beneficial in suppressing
aerodynamic noise, improving jet combustion, and enhancing propulsion efficiency.
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1. Introduction

It is well established that the mean flow characteristics of a su-
personic free jet can be predicted by both the transition SST
turbulence model and the realizable k-¢ model. However, most
of the studies conducted so far are limited to the simulation of
uncontrolled free jets. Limited work is being carried out on
the computational simulation of the supersonic jet. Previous
research efforts have provided an in-depth understanding of,
including their fundamental flow aspects, flow mixing, and
control schemes. Taken together, these works show that shock-
cell structures, shear-layer instabilities, and nozzle geometry
are key factors defining the spreading and entrainment of the
jet. Experimental and computational studies have shown that
passive devices, such as tabs, chevrons, and cross-wires, can

greatly modify the jet shear layer and enhance mixing, where-
as active techniques, though effective, often involve greater
complexity and energy input. Moreover, prior CFD research
supports the capability of RANS models to represent global jet
dynamics, while highlighting the challenges in modeling un-
steady structures in detail. However, systematic investigations
of simple, cost-effective passive devices across various nozzle
pressure ratios remain scarce, which justifies the present in-
vestigation.

Jet mixing in supersonic flows has important applications in
aerospace propulsion, combustion systems, and jet noise sup-
pression. The use of passive control elements such as tabs,
chevrons, and cross-wires has been reported to affect the de-
velopment of the shear layer and increase entrainment [1-2].
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These techniques alter flows by generating streamwise vortices that
promote turbulent mixing without expending additional energy. On
the contrary, active techniques such as acoustic excitation and flu-
idic injection-while effective-are not energy efficient as they require
additional power and complex mechanisms [3]. This has made the
development of compact and energy-efficient designs unfeasible.
The research of Zaman [1], for example, focused on the use tabs and
high Mach numbers, while Panda and Seasholtz [4] studied high
nozzle pressure ratios (NPRs) and reported the presence of strong
shock-vortex interactions, which aided in enhanced mixing. Over-
all, the research suggests that the effectiveness of passive devices to
control jet mixing relies heavily on both flow compressibility and
NPR.

The controlled jet was first studied experimentally by Bradbury
and Khadem [5]. The jet cross section was found to be consider-
ably distorted by the tabs and to be instrumental in enhancing the
jet spread. Although the study was confined to the subsonic jets, it
nevertheless shed some light on the development of controlled jets.
The mixing enhancement of the jet regulated by tabs at the nozzle
exit was studied by Zaman et al. [6,7] and Ahuja et al. [8]. Accord-
ing to them, the tabs improve jet mixing across all Reynolds num-
bers. These flow characteristics are typical of a supersonic jet. The
investigation of the jet mixing, with different tab configurations by
placing 2, 4, 6 and 8 tabs at the nozzle exit, was done by Zaman et al.
[9]. It was found that just two tabs positioned opposite one another
are sufficient to cause gross jet distortion and enhance jet mixing.
Previous work also highlighted that, in order to ensure efficient jet
mixing, the tab height needs to be larger than the boundary layer
thickness near the jet exit [10]. Nevertheless, N.K. Singh and Rad-
hakrishnan [11] demonstrated that, the tab height should be kept
maximum up to the jet centreline, for an axisymmetric jet. Two tabs,
positioned across from one another along the diameter, significantly
enhance jet mixing. Tabs that, when placed diametrically opposite
each other and able to meet at the jet centreline, are called limiting
tabs. The limiting tab could be thought of as a cross-wire that can
have any defined cross-section, such as circular or rectangular. The
effect of limiting tab on the supersonic jet mixing for convergent-di-
vergent square-cross section nozzle, was studied experimentally by
Shantanu and Radhakrishnan [12], Shantanu and Kaushik [13]. It
was discovered that adding a cross-wire at the nozzle exit allowed a
significant reduction in core length. The effectiveness of the “air tab”
method, which involves jet mixing via air injection at a determined
angle of attack, is being investigated by Balaji et al. [14]. Manikan-
dan et al. [15] further documented that smaller air tabs promote jet
mixing more effectively by shortening the core length and increas-
ing the rate of velocity decay. Optimally, balanced air mixing control
and maximum mixing efficiency are achieved with the optimal tab
size. The combination of the injection strategy and vortex generators
leads to a large increase in aerodynamic performance: lift increases
by 42% and drag decreases by 44%. This novel approach is promis-
ing in enhancing the efficiency of aircraft wings [16]. For supersonic
engine testing, nozzle choking is vital to provide a constant mass

flow rate at specified operating temperature and pressure. More-
over, for performance evaluation of the engine, the choked nozzle
is necessary to maintain flow stability [17]. Akhil et al. [18] proved
that different strut configurations and fuel injection positioning in
a scramjet combustor resulted in combustion efficiency improve-
ments to 99% with a slight pressure loss. This enhanced design is
a breakthrough for supersonic propulsion, achieving Mach 2 with
superior performance and efficiency. Augmenting the work of Man-
ikanta et al. [19], wall length serves as a vital jet behavior modifica-
tion parameter with wide thrust vectoring and advanced jet perfor-
mance for high-speed aircraft configurations. Consequently, Illyas
et al. [20] compared different configurations of an impinging jet and
concluded that slotted jets generate more radial velocity and cross-
wise heat transfer than circular jets, overcoming the highly turbu-
lent regions of the jets and high Nusselt number gradient zones with
lower jet to plate spacing. Thakare [21] studied the performance of
vortex tubes in relation to the cold mass fraction and exergetic effi-
ciency, revealing maximums of 27.77% and 39.39% cold and hot at
600kPa, respectively.

Launder and Spalding [22] demonstrated that the k-epsilon turbu-
lence model is potentially effective in predicting near-wall and free
shear flow phenomena. However, the researchers admitted that the
applications are limited to low-Reynolds-number flows and that the
near-wall region requires treatment to account for Mach-number
effects on the length scales. Dash et. al. [23], fully explained the
k-¢ CDJ model, which is an expanded form of the k-¢ turbulence
model. This model incorporates the effects of vortex stretching and
compressible dissipation to enable precise simulation of supersonic
jets. However, it was revealed that, for the supersonic jets, the vor-
tex-stretching correction posed problems on the jet axis at the lo-
cation of shock impingement. Thus, it was envisaged that the basic
Reynolds-stress substitution could more accurate in predicting the
flow parameters of the supersonic jet. Tam and Thies [24] demon-
strated that, the jet mean flow predictions can be made precisely by
selecting new set of empirical constants for the k-¢ turbulence mod-
el. It was also emphasized that the initial conditions required for
accurate predictions of cold jets are easier to construct than those
for hot jets. Evgenevna et. al. [25] explored differential turbulence
models with two parameters to compute supersonic gas jets. The
transition SST and realizable k-¢ turbulence models could be ap-
plied to accurately predict the flow parameters.

Building on these observations, the present work focuses on sim-
ulating uncontrolled and controlled jets. The jet considered here is
controlled by a rectangular cross-wire at the nozzle exit. The results
are illustrated by a graph of total pressure as a function of axial dis-
tance, which is also known as centerline pressure decay (CPD). The
extent of jet mixing is determined by the core lengths of both con-
trolled and uncontrolled jets. In addition, the qualitative analysis of
the jet includes the shock-cell structure and the primary waves in
the jet field, which are visualized using Mach number contours.
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2. Methodology for simulation

To lower the computational cost of CFD simulations for uncon-
trolled jets, a simplified axisymmetric model is developed for nu-
merical investigation. However, the full domain was constructed for
computational investigations of the controlled jet to visualize the
effect of the cross-wire positioned at the nozzle exit. These compu-

tational domains extend to about 30 times the nozzle-exit diameter
(30D, with D being the nozzle-exit diameter) along the jet axis from
the nozzle outlet and to approximately 10D normal to the jet axis.
Computational grids are generated using the ANSYS ICEM module,
and the analysis is performed using the FLUENT solver. Figure 1
provides a detailed description of all steps involved in completing
the computational work.

Figure 1. Glimpse of computation work

2.1. Numerical domain

A two-dimensional CFD model was used in this work. The primary
justification is its ability to substantially reduce computational time
and resource requirements while still capturing the dominant flow
characteristics. Previous studies [26-28] have shown that 2-D mod-
els can provide sufficiently accurate predictions for preliminary in-
vestigations of similar flows.

30D

The standard values for the convergent section and the divergent
section of the nozzle is 15° degrees and 7° degrees, accordingly. In
order to avoid flow separation, the flow expansion at the nozzle exit
is restricted to a maximum divergence angle of 7° degrees. The Ar-
ea-Mach relation that available in the several book of compressible
flow/gas dynamics has been utilised to design the Mach 1.86 jet for
the present investigation [29-30]. Figure. 2 presents the CAD model
of the nozzle and the computational domain.

Nozzle Inlet

Pressure Inlet

‘Wall with no slip condition

Pressure Inlet

Pressure Outlet

Figure 2. CAD model of convergent-divergent nozzle with computational flow domain
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2.2. Meshing

The meshing module of ANSYS Workbench is used to generate
2-dimensional quadrilateral grids for both uncontrolled and con-
trolled jets. For the 2-D quadrilateral structured grids, grid sizes of
5.6E+4, 8.7E+4, 11.4E+4, 12.6E+4, 15.4E+4, 22.3E+4, and 34.9E+4
are generated, as illustrated in Figure 3. The schematic diagram of
the nozzle, including the flow domain that defines its boundaries, is
presented in Figure 4.

Figure 3. Computational grid for uncontrolled jet

The predetermined axial locations used for the grid-independence
test across different grid sizes are shown in Figure 5. The grid at
which the computational result is no longer dependent on grid size
is identified by computing the Mach number at various grid sizes.
The results show that grid sizes greater than 22.3E+4 have no signif-
icant effect; therefore, a grid size of 22.3E+4 was used for the present
study. The maximum skewness (0.43) and aspect ratio (2.38) are ob-
tained for the adopted grid size of 22.3E+4.

< 0.75 »} 30
C6

C5

C6
Boundary C1 = Nozzle inlet, C2 & C3 = Nozzle walls, C4, C5 & C6 = Farfield, C7 -

Figure 4. Diagrammatic representation of the computational
domain

3 T T r .
et 56016 colls
25t 87237 cells -
114274 calls

i 126036 cells
i 154680 colls
—— 223581 calls
e 349117 calls

Mach Number
tn

0 : : : :
0 5 10 13 20 25

X/D

Figure 5. Grid Independence test for uncontrolled jet

The grids are evenly refined along the jet axis and in the near-field
region. There is no shear layer at the edge of the domain; therefore,
coarse grids in this region can be used without loss of accuracy.
Strong gradients of scalar fields are generated by large-scale vortices
formed in the free shear layer that develops between the surround-
ing fluid and the jet at the nozzle exit. These vortices entrain the jet
field. Therefore, a fine mesh is needed only inside the nozzle and
along the jet axis.

Structured quadrilateral grids for the controlled jet are generated
using the same approach applied earlier to the uncontrolled jet, as
shown in Figure 6. With reference to the grid-independent mesh
size of the above uncontrolled jet, the grid size of the controlled jet is
generated in the same proportion for the full-domain study. Hence,
the grid independence test was conducted for the grid sizes 18.4E+3,
32.8E+3, and 63.6E+3, as presented in Figure. 7. The simulation re-
sults beyond 32.8 E+3 do not change between computations using
different grid sizes. Hence, a grid size of 32.8E+3 is adopted for the
controlled-jet simulation in the present study. A maximum aspect
ratio of 5.98 and a skewness of 0.43 are reported for this 32.8E+3
grid size.

Figure 6. Grid for controlled jet computation (enlarged view)
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Figure 7. Mesh Independence assessment for controlled jet

The mesh-quality matrix for both uncontrolled and controlled jets,
at the selected grid size and relative to the GIT result, is shown in
Table 1.

Table 1. Mesh quality matrix of uncontrolled and controlled jets.

Mesh Property Uncontrolled Jet Controlled Jet
Element size 223581 328000
Maximum Aspect ratio 1.98 5.98
Maximum Skewness 0.43 0.43
Average Orthogonal quality 0.99 0.99
Average Element quality 0.99 0.72

3. Numerical procedures

The governing PDEs constitute the Navier-Stokes system, which
is solved using finite-volume methods in the FLUENT solver. The
equations are solved using double-precision accuracy. The flow, ki-
netic energy, and other associated convective variables are described
by the second-order upwind technique.

3.1. Governing equations

The governing equation employs the Navier-Stokes system in its
conservative form. The Navier-Stokes system of equations consists
of the conservation laws for mass, momentum, and energy, which
are represented mathematically by partial differential equations. The
equations are given below.

%+ \Y -(pV): 0 (1)
. 0

$+ V-(puV):-a—§+ %Z;‘+aar;+pfx (2)
. 0 o "

a(aiv) + V-(va): —a—§+ aaTX’ + aaTy + of, (3)

3.2. Turbulence model

To evaluate the mixing performance of controlled and uncontrolled
jets and to quantify turbulence characteristics, the most widely used
realizable k-epsilon turbulence model was employed.

The realizable k-epsilon turbulence model was chosen for these
simulations because it strikes an optimal balance between compu-
tational expense and predictive capability for free-shear and jet-like
mixing layers in high-Reynolds-number turbulence. The realizable
formulation, compared with the standard k-epsilon model, improves
the prediction of the mean strain and swirl and relaxes enforcement
of physical bounds on the Reynolds stresses; within a Reynolds-av-
eraged approach, this relaxation helps capture the decay and spread
of a supersonic free jet. For the current 2D parametric study that
varies the nozzle pressure ratios and passive control configurations,
the realizable formulation of the k-epsilon model allows efficient
computation of multiple cases and flow fields whose integral quan-
tities (centerline pressure decay, jet core length, and pressure distri-
butions) provide reasonable agreement with the benchmark data.

The transport equations are used exactly as written to determine the
turbulent kinetic energy and dissipation [31].

%(pk)+%(pkuj)= a% <u+g—;>]+Pk+Pb—pe—Ym+Sk
(5)
0 0 0 )0
a(peﬂa—xj(peuj): % <u+§—e)a—;]+
0C.S. - 0Ci—E = + CLEC. P, + 5.
k+x/§ k (6)

Here, pu and y, denote the coefficients of dynamic and eddy viscos-
ity, respectively, and the turbulent Prandtl numbers for k and € are
denoted by o, and o, respectively. Generations of turbulent kinetic
energy P, is due to the mean velocity gradient and P, to buoyancy.
Y_ represents the variable dilatation contribution to the total dissi-
pation rate in compressible turbulence. The terms “S ” and “S” are
user-defined source terms. It is now possible to evaluate the model
constant, C, as
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C = maX[0-43’%]’ n=5&, 5=425, 7)

Where the strain tensor is represented by S, while the mean strain
rate is denoted by S. The model for turbulent viscosity is

kZ

= pC= (8)
Where,
1

C,= :

a KT
.[jx = \/ SUSU + QijQij
ij = »qu - 2650
Q;j = Qij - Eijk Wk

The variable * (), ” represents the average rate-of-rotation tensor, as
perceived in an angular velocity-rotating reference frame. Given by
the model constants and

A, =4.04
A= \/gcos @

@ :%cos"(\/gW)
_ SuSuSu o _ _1({9w du
Ci=144,C,=19,0,=1.0,0.=1.2

3.2.1. Turbulence Model Selection and Comparison

2.5 T T T T T

——Realizable k-epsilon
—— 88T k-omega

Mach Number

0 5 10 15 20 25 30

Figure 8. Comparison of turbulence model

A comparative study was conducted to validate the efficacy of the
realizable k—¢ and SST k-w turbulence models in simulating su-
personic jet mixing. Considering its moderate computational cost,
the realizable k-¢ model matched centreline pressure decay and
jet-spreading benchmark data more closely than any other model.
The SST k-w model, while providing higher accuracy in the near-
wall regions, exhibited greater numerical diffusion in the jet shear

layer, which affected the accuracy of jet core length prediction. Stan-
dard k-e and RNG k-¢ models were omitted from the comparison
because previous studies demonstrated their inability to simulate
compressible, high-speed free jets with strong shock-vortex inter-
actions. These models neither predict the jet spreading rate satis-
factorily nor capture shear-layer instabilities. Thus, the only models
analysed were the realizable k-& and SST k-w models, since these are
the most commonly used and validated for high-Reynolds-number
compressible jet applications.

3.3. Boundary conditions

The boundary conditions represented by the letters C1, C2, C3, C4,
C5, C6, and C7 are shown in Figure 4. For NPRs between 4 and 9,
the pressure inlet boundary condition is applied at boundary C1. At
boundary C1, the temperature is kept consistently at 300 K. The wall
boundary condition is applied for the walls of the nozzles identi-
fied as C2 and C3, and it is assumed that both of them are adiabatic
and adhere to the no-slip condition. The nozzle walls, including the
cross-wire, are modelled using normal wall functions. Boundary
C7 is assigned a pressure-outlet boundary condition; pressure-inlet
boundary conditions are applied at C4, C5, and C6. For simulations
of the uncontrolled jet, using an axisymmetric domain is the most
computationally efficient approach. Figure 4 shows that, in this case,
an axis boundary condition is applied along the jet axis, which ex-
plains why the condition is satisfied. The boundary conditions above
are summarised in the table below.

Table 2. Boundary conditions

Boundary Applied boundary condition Remark

Pressure Inlet Boundary Boundary C1, NPR variation

Nozzle Inlet

condition 14109
Nozzle Wall Wall bou'ndary Cf)ndition Boundary C2 and C3
with no slip
Farfiled Pressure inlet Boundary C4, C5 and C6
Outlet Pressure outlet Gauge pressure = 0 Pa
Solver type Density Based Density Based
Operating Pressure 101325 Pa Temperature = 300K

3.4. Simulation setup

As mentioned, the computational study accounts for the conserva-
tion of mass, momentum, and energy, as well as for the transport
equations of turbulent kinetic energy and turbulent dissipation.
Since the flow is supersonic and compressible, the density-based
solver has been activated. The uncontrolled jet is simulated using
the axisymmetric computational region surrounding the jet centre-
line. However, the near-field region of the cross-wire, located at the
nozzle exit, captures the flow physics, including vortex dynamics,
while the mixing ability of the controlled jet is assessed over the
entire computational domain. The realizable k-¢ turbulence model
has been employed to capture the turbulence, suggested by many
researchers in the past [28, 32-34]. The structured mesh was devel-



Kumar, et al.

863

oped with local refinement in the wall and flow-separation regions.
The final mesh consisted of approximately 6.36 lakh cells. A com-
bination of grid sets (coarse, medium, and fine) was evaluated. Im-
portant output parameters, such as velocity profiles, exhibited nearly
2% variation between the medium and fine grids, indicating mesh
independence. The density-based solver was used. Pressure-velocity
coupling was handled using the SIMPLE scheme, with second-order
discretization applied to the pressure, momentum, and turbulence

Residuals
— continuity
— x-velocity
— y-velocity
— energy
k

le+00 —

1e-01 5

— epsilon

1e-02 —;
1e-03 7;
1e-04 —;
1e-05 7;
16-06 —;

1e-07 5

1e-08

equations. The convergence criteria of 10~ has been set in-order
to attain a substantial level of accuracy for the solutions. Figure. 9
presents the residual plots, which demonstrate the convergence and
stability of the numerical simulation. The pressure inlet boundary
condition is specified, and the pressure values are varied according
to the NPR requirements. The outlet was at atmospheric pressure.
Walls were treated as no-slip boundaries, and symmetry conditions
were applied as needed.
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Figure 9. Residuals plot to present the convergence and stability of the numerical simulation:
(a) overexpanded jet and (b) under expanded jet

3.5. Computational validation

The established experimental result of Shantanu and Radhakrishnan
[20] is compared with the current computational study, presented in
Figure 10. The results show the non-dimensional variation of the Pi-
tot pressure as a function of the non-dimensional downstream dis-
tance of the jet. At NPR 5, the number of shock cells for this flow is
almost identical in both cases. The slight phase discrepancy between
numerical and experimental data is due to the perturbation in the
outgoing flow from the pitot probe. The presence of the pitot probe
at the nozzle exit directly causes the bow shock to occur upstream of
it. If an external obstruction exists within the flow regime, the super-
sonic flows respond to it immediately. The computers demonstrate

their ability to create ideal testing conditions. The total pressure
downstream of the nozzle can be calculated without substantially
altering the normal flow pattern. As a result, there is some variation
between the findings obtained experimentally and those computed
using governing equations and applied boundary conditions. Figure
10 shows that this aberration is evident along the jet centreline as a
small phase difference on the order of 0.5D. Both the experimen-
tal observations and the numerical results demonstrate similar flow
features.
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Figure 10. Validation of the current study using Srivastava and
Rathakrishana’s experimental work [20]

4. Results and discussion

The distance measured axially from the nozzle exit where the cen-
treline velocity of the jet remains supersonic is referred to as the jet’s
core length in scholarly works [29, 35, 36]. The jet core in the case of
a supersonic jet, also known as the supersonic core, has a sinusoidal
profile and a continuous series of expansion and compression waves,
as shown in Figure. 10, Figure. 11, and Figure. 14. Hence, the super-
sonic core is the wave-dominated region downstream of the nozzle
exit. The diminishing of wave-dominated curves and the steep decay
of centreline pressure or velocity indicate the effective transport of
ambient fluid mass toward the jet centerline, leading to a continuous
decrease in jet centreline velocity due to momentum transport. The
jet’s mixing ability and supersonic core length are inversely correlat-
ed. This evidence shows that a shorter core is associated with better
mixing than a longer core. In the jet literature, the terms “extent of
jet mixing” and “rate of jet mixing” denote distinct concepts. The
jet core length measurement indicates the extent to which the jet
has mixed with the surrounding air. The distinctive decay zone that
tracks the length of the jet core provides a more comprehensive un-
derstanding of the rate of jet mixing. The self-similar zone, which
strictly falls within the fluid-mechanics regime and is not affected by
gas-dynamic relations, lies beyond the typical decay zone. The cen-
treline velocity decay (or centreline pressure decay) (Figures. 11 and
14) and the rate of jet spread (Figs. 12, 13, 15, and 16) were adopted
to evaluate performance.

4.1. Effect of NPR on the jet mixing

Figure 11(a) displays the overall pressure variation with respect to
the jet axis. Due to the extremely unfavourable pressure gradient at
the nozzle exit, an overexpansion of 36.5% was reported at NPR 4.
Due to a high adverse pressure gradient at the nozzle exit, a strong
oblique shock occurs at the nozzle edge to stabilize the flow. The jet

core length is approximately 4.5D downstream of the nozzle exit for
both the jet with a tab and the jet without a tab. The jet without a tab
has four shock cells, while the jet with one has three.

1 T T T T
—&— Uncontrolled Jet at NPR4

0.8 2 —&— Controlled Jet at NPR4

0 5 10 15 20 25

1 T T T T
—o&— Uncontrolled Jet at NPR5

081§ —&— Controlled Jet at NPR5

1 T T T T
—oe— Uncontrolled Jet at NPR6

0.8 —&— Controlled Jet at NPR6

Figure 11(c). CPD at NPR 6
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Figure 12. Mach number visualization of an uncontrolled,
overexpanded jet at NPR 4, 5, and 6

Figure 13. Mach number visualization of controlled, overexpanded
jetat NPR 4, 5and 6

This image effectively illustrates the increased rate of jet mixing, as
shown by the distinctive decay zone in each case. Figure 11(b) de-
picts the state of the jets studied at NPR 5 and shows that a cross-wire
can shed vortices that improve jet mixing and reduce core length by
27%. At NPR 5, the total number of shock cells decreased from 8
to 4, as indicated by the centreline pressure-decay measurements.
Vortex mechanics play a major role in determining the extent of jet
mixing.

Compared with the uncontrolled jet, the number of shock cells at
NPR 6 does not change substantially, but the length of each shock-
cell structure increases (Figure 11(c)). At the nozzle exit, an unfa-
vourable pressure gradient of approximately 5% is present under
NPR 6 at Mach 1.86, resulting in a 21% reduction in core length.

At NPR 7, a marginally favourable pressure gradient is observed,
which causes the core length to decrease by around 18%, as depict-
ed in Figure 14(a). The favourable pressure gradient at the nozzle
exit forces the outgoing flow to accelerate and veer away from the
mean flow direction. Waves alter the characteristics and directions
of a typical supersonic flow. The expansion fans created at the nozzle
lip by the favourable pressure gradient accelerate the flow. When the
NPR is raised from 7 to 8, the favourable pressure rises and the con-
trolled jets’ mixing capacity is enhanced (Figure 14(b)).

The reduction in core length at NPR 8 is approximately 28%. A 37%
decrease in core length is reported at NPR 9, along with a further in-
crease in the favourable pressure gradient, Figure 14(c). As the NPR
rises, the mixing ability of the cross-wire-controlled jet increases
beyond the correct expansion condition and decreases near the cor-
rect expansion condition. This response may be influenced by the
rate at which vortices generated in shear layers near the jet bound-
ary approach the jet centreline. The jet becomes increasingly under
expanded at high nozzle pressure ratios, resulting in a pronounced
increase in shock-cell strength and in the pressure gradient at the
nozzle exit. At NPR 9, the stronger interaction between the shock
cells and the surrounding shear layers stimulates Kelvin-Helmholtz
instabilities, which in turn enhance the formation of large-scale vor-
tices. The jet core becomes more vortical because increased axial
momentum transfer enhances transverse fluid mixing and jet-core
entrainment. The same mechanism of shock—vortex interaction and
increased shear-layer growth in under expanded jets has been docu-
mented (Zaman 1999 [1]; Tam & Tanna 1982 [3]; Panda & Seasholtz
1999 [4]). In contrast, under NPR 8 conditions, the jet expansion is
weaker, resulting in less intense shocks and less vigorous shear-lay-
er instabilities. Consequently, vortex activity is weaker, and mixing
enhancement is reduced.

A positive pressure gradient created by a rise in NPR accelerates flow,
and momentum is transferred at the jet boundary. As transverse
momentum increases, vortices formed at the jet boundary approach
the jet centreline more rapidly. Additionally, as the flow accelerates,
the flow velocity and Mach number increase concomitantly with a
favourable pressure gradient. The vortices created by the cross-wire
become stronger and larger, and are shed more frequently due to the
increased flow velocity. Consequently, as NPR rises, the tab’s mixing
capacity increases.

4.2. Qualitative visualization of shocks present in the jet

Figures 12, 13, 15, and 16 display qualitative visualizations of con-
trolled and uncontrolled jets. Figures 12 and 15 demonstrate how
the number and strength of shock cells increase as NPR rises. Nearly
the same number of shock cells is visible at higher NPR values (NPR
7 to NPR9), but the shock cells are stronger than those found at ear-
lier jet NPRs. Because of a favourable pressure gradient, the Mach
disk nucleates at greater under expansion (NPR8 and NPR9). The
insertion of a limiting tab at the nozzle outlet results in nearly the
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same number of shock cells as observed in the controlled jets Mach
contours (Figures 13 and 16). However, the shock strength increases
noticeably as the NPR increases.

1 T T T T
—&— Uncontrolled Jet at NPR7

0.8 —&— Controlled Jet at NPR7

Figure 14(a). CPD at NPR 7 Figure 15. Mach number visualization of an uncontrolled,
1 i . i . underexpanded jet at NPR 7, 8, and 9
—&— Uncontrolled Jet at NPR8
0.8 —&—Controlled Jet at NPR8

Figure 14(b). CPD at NPR 8

1 T T T T
—&— Uncontrolled Jet at NPR9

0.8 —&— Controlled Jet at NPR9

Figure 16. Mach number visualization of an uncontrolled,
underexpanded jet at NPR 7, 8, and 9

Only The first shock cells of each NPR (NPR 4 to NPR 9) are stron-
ger, as demonstrated by the Mach contours of the controlled jet
(Figures 13 and 16). Additionally, each shock cell in the controlled
jets expands markedly with increasing NPR. Mach contours and the
centerline pressure-decay plot indicate that the mixing ability of the

cross-wire-controlled jet increases with increasing favourable pres-
Figure 14(c). CPD at NPR 9 sure gradient.

At nearly correct expansion conditions, the jet core length is ob-
served to be minimal. Although the length of each shock cell in-
creases as the NPR rises, the total number of shock cells remains
constant. At the maximum NPR in the current study, Mach disk
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nucleation occurs in the Mach 1.86 jet. The core lengths of both un-
controlled and controlled jets, together with the number of shock
cells at NPR, are summarized in Table 3.

Table 3. Quantitative reduction in jet core length and shock cells using passive control technique

Types of Jet Uncontrolled Jet

Controlled Jet
NPR Core length No. of shock cells Core length No. of shock cells
NPR 4 4.75D 4 4.50D 3
NPR 5 11.00D 8 8.00D 4
NPR 6 11.50D 7 9.50D 4
NPR 7 13.00D 7 11.00D 3
NPR 8 12.50D 6 9.75D 3
NPR 9 14.00D 6 10.25D 3

4.3. Comparative analysis with literature

The present simulations are consistent with supersonic jets studied
experimentally and numerically. Earlier measurements and analy-
ses indicate that with stronger under expansion (higher NPR) the
shocks and shear-layer interactions become more intense, leading to
increased shear-layer instability that enhances jet core contraction
and shortening (Zaman 1999 [1]; Tam & Tanna 1982 [3]; Panda &
Seasholtz 1999 [4]). The benchmark data of free jets by Hussein et al.
1994 [37] and Panchapakesan & Lumley 1993 [38] demonstrate the
canonical decay of centerline and jet spreading that is also present
in the current results.

On that basis, the current controlled-jet cases indicate relative re-
ductions of ~21-27% at NPR 5-6 and ~37% at NPR 9 relative to the
baseline uncontrolled-jet core lengths. Even though, due to varia-
tion in Reynolds number, and control mechanism, the absolute re-
duction percentages may differ among investigations, the direction
and relative magnitude of the changes are in line to the experimen-
tal documentation of passive control systems (tabs, wires, chevrons)
that augment shear-layer growth and entrainment (Zaman, 1999
[1]); Rajaratnam, 1976 [2]). The NPR 9 reduction still supports ex-
perimental results stating that under expanded jets exhibit stronger
shock-vortex interactions which enhance vortex roll-up and mixing
(Panda & Seasholtz, 1999 [4]).

The larger reductions noted above may be due to (i) the cross-wire
architecture and the geometry of the configuration, which direct-
ly perturb the shear layer at the nozzle exit; (ii) the 2-D model ap-
proximation, which tends to amplify planar vortex structures; and
(iii) the turbulence closure used (realizable k-¢), which differs from
the LES/experimental statistics used. Taken together, the compari-
son shows that these findings are consistent with current literature
trends and that a simple cross-wire can yield substantial passive
mixing enhancement across a wide range of NPRs.

5. Conclusion

The study investigates enhancement of mixing in a Mach 1.86 super-
sonic jet through a passive control technique. A rectangular cross-
wire with a 5% area blockage ratio is installed at the nozzle exit to
achieve passive control. The uncontrolled jet is compared with the
controlled jet. The results show that the decrease in core length is
influenced by the pressure gradient at the nozzle exit. An under ex-
panded state with a favourable pressure gradient exists for NPR > 6,
whereas an overexpanded state with an unfavourable pressure gra-
dient exists for NPR < 6. The core length reduction increases with
NPR after NPR 6 and decreases with NPR up to NPR 6. The study
also found that jet mixing occurs more rapidly at higher levels of
overexpansion. Comparable patterns were observed at the elevated
level of under expansion, with a jet-core reduction of approximately
37% at NPR9. Although the study is based on two-dimensional CFD
simulations, it demonstrates the novel use of a plain rectangular
cross-wire for supersonic jet control, which is passive and cost-ef-
fective. These passive changes have practical applications in systems
where improved jet mixing is necessary, such as noise reduction and
improvements in combustion and propulsion system efficiency.

6. Future work

Although the effectiveness of a rectangular cross-wire in promot-
ing supersonic jet mixing the current study demonstrates, some
questions remain that require further analysis. Further studies are
required using three-dimensional simulations and advanced tur-
bulence modelling techniques such as LES or hybrid RANS-LES
methods, which are able to account for the transient vortex dynam-
ics and shock-turbulence interaction. Applications include jet noise
suppression in aerospace propulsion and enhanced fuel-air mixing
in supersonic combustors, thereby highlighting the practical rele-
vance of such simplicity.
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Nomenclature

qmmwm < E<"ﬁ><”ﬁU*UW*U - »na s ;o &

Absolute temperature (K)

Coefficient of thermal conductivity (W/m.K)

Internal energy per unit mass (J/kg)

Mean strain rate (s ")

Pressure (N/m”)

Rate of heat generation per unit volume (W/m’)

Strain tensor

Time (s)

Generations of turbulent kinetic energy due to buoyancy (m’/s’)
Generations of turbulent kinetic energy due to mean velocity gradient (m’/s")
X-component body force per unit mass (m/s’)
Y-component body force per unit mass (m/s’)
X-component of the velocity(m/s)

Y-component of the velocity(m/s)

User-defined source terms for turbulent kinetic energy (m’/s)
User-defined source terms for turbulent dissipation (m’/s")
Velocity vector (m/s)

Greek symbols

Q; Average rate-of-rotation tensor

1w Coefficient of dynamic viscosity

1L Coefficient of eddy viscosity

0. Prandtl number associate with turbulent dissipation

O Prandtl number associate with turbulent kinetic energy
o Mass density of the fluid (kg/m"®)

T Normal stress (N/m’)

Ty Shear stress (N/m”’)
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