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ABSTRACT

The complex fluid-dynamic instabilities and shock waves occurring along the surface of a two-dimensional wedge
at high values of the Mach number are studied here through numerical solution of the governing equations.
Moreover, a regression model is implemented to determine the pressure distribution for various Mach numbers
and angles of incidence. The Mach number spans the interval from 1.5 to 12. The wedge angles (8) are from 5° to
25°. The pressure ratio (P,/P,) is reported at various locations (x/L) along the 2D wedge. The results of the
numerical simulations are compared with the regression model showing good agreement.
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Nomenclature

Piston Mach number
Freestream Mach number
angle of attack

pitch rate

freestream velocity

pressure on the windward surface
freestream pressure

specific heat ratio of the gas
Mach number

angle of incidence

x/L ratio

instantaneous velocity
velocity modulus

gas density

gas pressure

heat flux

Tjj viscous stress tensor
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1 Introduction

In space investigation, supersonic/hypersonic study is an absolute requisite and vital part. Tsien [1]
revealed the concept similarity rule for irrotational and unsteady hypersonic flow. The outcome derived
by him shows a good concurrence with the experimental results. Over a thin aerofoil, Hayes [2] studied
the unsteady flow with high Mach numbers. The potential theory has been used to study unsteady
supersonic flows. Zartarian et al. [3] have studied the unsteady hypersonic flow using the tangent-wedge
approximation method and shock expansion theory. Carrier [4] gave the exact solution of an oscillating
wedge for two-dimensional flow. Hui [5] derived a solution that is consistently applied for all supersonic
Mach numbers and wedge angles in the case of an attached shock wave for an oscillating flat plate with a
two-dimensional flow. Hui et al. [6] theory continued by Lui et al. [7] in pitch with an attached shock in
the delta wing. Piston theory forecasts surface pressure on wings and panels in high-speed flows.
Lighthill [8] originally developed the piston theory at a large scale of Mach number for the oscillating
airfoils. Lighthill [8] introduces the term “Piston Analogy” by connecting the two-dimensional unsteady
problem with the gas flow in a tube driven by a piston. Ghosh et al. [9] combined the piston theory of
Lighthill [8] and shock expansion theory Mile’s [10] for the concept of order 32, where @ the angle
between the plane approximates the windward surface and the shock with the case of attached shock.
Ghosh [11] evolved the similitude in the case of oscillating delta wings at hypersonic Mach number with
high incidence for attached shock. Crasta et al. [12] have studied the variation in surface pressure
distribution with the angle of incidence and Mach numbers for supersonic and hypersonic flow with a
curved leading edge for the delta wing. The computational and analytical investigation of aecrodynamic
derivatives in the case of the oscillating Wedge is being studied by Musavir et al. [13]. Khan et al. [14]
have revealed the CFD simulation with analytical and theoretical validation of different flow parameters
for the Wedge at supersonic Mach number. Kalimuthu et al. [15] studied and measured aerodynamic
coefficients at Mach 6 for the blunt body in consideration of without and with a spike. The trailing edge
geometry effect on the aerodynamics of low-speed BWB aerial vehicles has been studied by Zuhair et al.
[16]. Meng et al. [17] referred to the study of a double-cone missile by the combined spike and multi-jet.
The analytical and computational analysis of pressure at the nose of a 2D wedge has been studied by
Shaikh et al. [18].

In the present analysis, the main objective is to obtain the pressure distribution along the edge of the two-
dimensional Wedge. Based on the CFD results, the regression model has been developed. The CFD analysis
results of pressure with various Mach numbers and wedge angles are compared with the regression model for
different flow parameters for the 2D planar Wedge. The CFD analysis is used together with a parametric
study using ANSYS. The scale of Mach number is from 1.5 to 12, and the range of the wedge angle (0)
is from angles 5° to degree 25°. The geometry of plane wedge transfer of pivot position is shown in Fig. 1.

Let the flat plate aerofoil of length (L) with the wedge angle (0) oscillate with a minimal amplitude about
the pivot position in pitch. The x, is the distance from the apex. At any instant, the piston velocity at a
distance x with the angle of attack a is given by Eq. (1),

Up = Uy sina + g(x — xo) €))
The piston Mach number is given by Eq. (2),
q(x — xo)

oo

Mp = My sino + 2
The exact isentropic expression for the pressure on a piston as in the power series with its velocity to link
the piston velocity and pressure on the piston surface was explored by Lighthill [8]. To fulfill the isentropic
condition, the piston velocity is less than or equal to the free stream sound velocity condition. This theory is
consistent with the theory of small disturbance on which the Lighthill [8] Piston theory is based.
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Figure 1: Geometry of plane wedge transfer of pivot position from x, to X’

As in the z-direction, the velocity component is minimum; then, along the z-direction, the strip of the
wedge parallel to the centerline can be considered independent. That was revealed by Ghosh [11]. It
merges the strip theory with the notable incidence similitude of Ghosh [11], resulting in ‘Piston analogy’,
and it directly connects with the corresponding Mach number ‘Mp’. In the present case, the piston Mach
number and angle of incidence are admissible to a large extent. Thus, Lighthill’s [8] piston theory or
strong shock expansion theory of Mile’s [10] is not used, but Ghosh piston theory is applied. The surface
pressure P can directly give rise to inertia level at the piston on the wing’s surface. The pressure
distribution expression is given by Eq. (3),

%:1+A(MP)Z+A(MP) (B + (Mp)?) 3)
where,

0D (4N

=15 = ()

Strips are assumed to be separate from each other at different span locations. The angle of the Wedge is
the same as that of the wing. In different span locations, strips are considered separate from each other. The
wedge angle is the same as that of the wing. In the present situation, both ‘Mp’ and flow deflection are
allowed to be high.

Pathan et al. [19] have studied the boat tail helmets to reduce drag and found that the aerodynamic drag
reduces when the helmet shape is streamlined. At Mach 1.5, the experimental research of wall pressure
distribution and the effect of the microjet was revealed by Azami et al. [20]. Pathan et al. [21] the base
pressure variation in external and internal flows using CFD analysis and found that the flow field in the
base region of internal and external suddenly expanded flows are almost the same. Khan et al. [22]
revealed that the microjets could work as active base pressure controllers. Pathan et al. [23—26] and Khan
et al. [27] have studied various methods to control base pressure.

Based on the literature, it has been found that the pressure variation along the length of the Wedge has
not been studied. In the present research work, the variation of the pressure along the edge at a combination
of parameters has been studied.
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2 CFD Analysis

The Computational Fluid Dynamics (CFD) was adopted for the analysis using Academic licensed
ANSYS Workbench and Fluent. The modeling and meshing are completed in the ANSYS workbench,
and the Fluent is used for analysis. The range of Mach numbers 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 6.0, 8.0, 10.0,
and 12.0 are taken into consideration for the analysis along with the wedge angles 5°, 10°, 15°, 20° and
25°. All possible combinations of parameters are used for CFD analysis for the weak solutions where the
shockwave is attached [28]. For the CFD analysis, air as ideal gas is considered a fluid. Fig. 2 shows the
boundary conditions used for CFD analysis.

ENCLOSURE

— —
—
-

INLET OUTLET

Figure 2: Geometry of 2D Wedge and enclosure for CFD analysis

2.1 Modeling

The ANSYS design modeler is used for modeling all geometries by varying the wedge angle. The
geometry of the 2D Wedge and enclosure are shown in Fig. 2. All the geometries are modeled by
considering the range of wedge angle (8) from 5° to 25°. The length (L) = 10 mm for all the geometry is
considered. For the CFD analysis, the enclosure is created with three times the length (L) front side, five
times the length (L) on the rear side, and five times the length (L) on the top and bottom sides. The inlet
and outlet names are given to the front and rear edges, as shown in Fig. 2

2.2 Meshing

The grid independence test is performed before proceeding with the meshing to find the optimum size of
the mesh elements. The grid independence test was done for wedge angle 10° and Mach number 1.5 by
varying mesh size from 1 to 40 mm. Table 1 shows the number of elements and nodes for mesh sizes
from 40 to 1 mm.

Table 1: Grid independence test: Number of mesh elements with various element sizes

Mesh element  Mesh nodes  Mesh elements  P,/P;

size in mm

40 945 901 1.529
35 1116 1071 1.499
30 1254 1190 1.436
25 1931 1859 1.552
20 2882 2790 1.465
15 5114 4990 1.584

(Continued)
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Table 1 (continued)

Mesh element  Mesh nodes  Mesh elements  P,/P,

size in mm

10 9495 9289 1.482
5 37800 37496 1.481
4 62296 61964 1.478
3 110624 110290 1.492
2 236471 236266 1.483
1 935686 933682 1.475

Table 1 shows the results of the grid independence test. The results show that the change in the results is
negligible at 10 mm of the mesh element size. The 10 mm mesh element size can be considered for further
CFD analysis. Fig. 3a reveals the entire meshed model and the expanded view of the wedge geometry shown
in Fig. 3b. The Hexahedral mesh elements are considered for meshing.

(a) Complete geometry (b) Enlarged view of Wedge

Figure 3: 2D meshed geometry for Mach =12 and 6 = 10° and mesh element size 3 mm

2.3 CFD Analysis
The entire CFD analysis is performed by using all the possible combinations of parameters. Pathan et al.
[29] have studied enlarged duct length optimization in the case of suddenly expanded flows. The solution is

started by setting a boundary condition and runs for at least 10000 iterations. In many cases, the solution
converges after 1000 iterations.

For the analysis, the viscous k-epsilon turbulent model is adopted. The boundary conditions are
specified by inlet as velocity inlet and outlet as pressure outlet. According to the Mach number, the
velocity is calculated and set at inlet velocity. The pressure at the outlet is set to zero atmosphere. The
SIMPLE approach is used during the analysis. The central differences in spatial numerical schemes are
adopted for the analysis, and a first-order accuracy is considered. As the flow is supersonic and
compressible, the problem density-based solver is considered for the analysis. The equations considered
for a fluid flow analysis are continuity equation, momentum equation, and energy equation are written in
Eqgs. (4)—(6), respectively.
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2.4 Validation of Present Work with Literature

The results obtained from CFD analysis have been validated with the results available in the literature
and shown in Fig. 4. Crasta et al. [30] have analytically studied and computed pressure on the nose of the 2D
Wedge at Mach number = 10. Fig. 4 shows an excellent agreement between the results of pressure variation
with the analytical study and the present research work.

45

40 - —=— Analytical Study at M=10
—eo— Present Study by CFD at M= 10

35 o

30

25

20

Dimensionless Pressure P2/P1

5 10 15 20 25 30
Wedge Angle 6

Figure 4: Comparison between the analytical study of Variation of dimensionless pressure and the Variation
of dimensionless pressure at M =10

2.5 Results of Pressure Contours

Fig. 5 shows the pressure contours for various Mach numbers at the angle of incidence 10°. Based on the
results, it can be seen that the Mach cone angle reduces when the Mach number increases.

2.6 Results of Mach Number Contours

Fig. 6 shows the contours of Mach numbers at a constant angle of incidence 10° for various inlet Mach
numbers from 6.0 to 12. Based on the results, it can be seen that the Mach cone angle reduces when the Mach
number increases.

2.7 CFD Results of Pressure at Various Locations along the Length of the Wedge for a Constant Mach
Number
The CFD analysis results for the pressure along the edge of wedge length (x/L) at constant Mach
numbers have been extracted from ANSYS Fluent software and plotted in Figs. 7—16. The static pressure
values are converted into dimensionless pressure by dividing it by atmospheric pressure.
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Figure 5: Contours of static pressure for various Mach numbers and angle of incidence 6 = 10°

Fig. 7 shows the variations of dimensionless static pressure vs. the location along the edge of wedge
length (x/L) at constant Mach number M =1.5 for various angles of incidences. From the results, it is
clear that as the angle of incidence increases, the static pressure increases at the nose of the Wedge.
Along the edge of the 2D Wedge, the pressure decreases for the wedge angle from 15° to 25°. The
change in the pressure is negligible along the wedge length for the wedge angle from 5° to 10°.

Fig. 8 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 2.0 for various angles of incidences. From the results, it is clear that as the angle
of incidence increases, the pressure increases at the nose of the Wedge. Then afterward, there is an
insignificant change in pressure along the edge of the wedge length for the angle of 5° to 20°. The
sudden change in pressure is observed as the angle of incidence changes from 20° to 25° at the nose of
the Wedge. The pressure decreases along the wedge length for the angle of 25°.

Fig. 9 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 2.5 for various angles of incidences. From the results, it is clear that as the angle
of incidence increases, the pressure increases at the nose of the Wedge. The marginal variation in pressure is
observed along the edge of the wedge length for the angle of 5° to 25°.

Fig. 10 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 2.5 for various angles of incidences. From the results, it is clear that as the angle



1644 FDMP, 2023, vol.19, no.6

of incidence increases, the pressure increases at the nose of the Wedge. There are marginal variations
observed in pressure along the edge of the wedge length for the angle of 5° to 25°.

(a)M=6.0,0=10 (c)M=10.0,0= 10

(b)yM=8.0,6=10 (dM=12.0,0=10

Figure 6: Contours of Mach number at the angle of incidence 10° and various inlet Mach numbers
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Figure 7: Variation of dimensionless pressure vs. x/L ratio at M= 1.5
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Fig. 11 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 3.5 for various angles of incidences. It is seen that the pressure increases at the
nose of the Wedge as the angle of incidence increases. The pressure increases at the location x/L = 0.2 for the

wedge angle of 15° to 25°.The marginal changes in pressure along the edge of the wedge length for the angle
of 5° to 25°.
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Figure 11: Variation of dimensionless pressure vs. x/L ratio at M=3.5

Fig. 12 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M =4.0 for various angles of incidences. The pressure increases at the nose of the
Wedge as the angle of incidence increases. A further increase in pressure is observed at the location x/L
=0.2 for the wedge angle of 5° to 25°. The pressure is decreased from location 0.2 to 0.3 for the wedge
angle 5° to 25°. The marginal changes in pressure are observed from the location 0.3 to 1.0 along the
edge of the wedge length for the angle of 5° to 25°.

12

At Mach = 4.0 —e—06=5
—v+—06=10
—4—06=15

4-0=20
—<—06=25

10

Dimensionless Pressure P2/P1

x / L Ratio

Figure 12: Variation of dimensionless pressure vs. x/L ratio at M =4

Fig. 13 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 6.0 for various angles of incidences. The pressure increases at the nose of the
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Wedge as the angle of incidence increases. The sudden increase in pressure is observed at the location x/L =
0.2 for the wedge angle of 5° to 25°. The pressure is decreased from location 0.2 to 0.3 for the wedge angle 5°

to 25°. The marginal changes in pressure from the location 0.3 to 1.0 along the edge of the wedge length for
the angle of 5° to 25°.
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Figure 13: Variation of dimensionless pressure vs. x/L ratio at M =6

Fig. 14 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 8.0 for various angles of incidences. The pressure increases at the nose of the
Wedge as the angle of incidence increases. A sudden increase in pressure is observed at the location x/L
=0.1 to 0.3 for the wedge angle 5° to 20°. The pressure decreases at the location from x/L.=0.3 to
0.4 for the wedge angle 5° to 20°. The marginal changes in pressure from the location 0.4 to 1.0 along
the edge of the wedge length for the angle of 5° to 25°.
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Figure 14: Variation of dimensionless pressure vs. x/L ratio at M= 8.0

Fig. 15 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 10.0 for various angles of incidences. The pressure increases at the nose of the
Wedge as the angle of incidence increases. The sudden increase in pressure is observed at the location x/L =
0.1 to 0.3 for the wedge angle 5° to 20°. The pressure decreases at the location from x/L =0.3 to 0.5 for the
wedge angle 5° to 20°. The marginal fluctuation in pressure from the location is 0.4 to 1.0 along the edge of
the wedge length for the angle of 5° to 25°.
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Figure 15: Variation of dimensionless pressure vs. x/L ratio at M =10

Fig. 16 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
constant Mach number M = 12.0 for various angles of incidences. The pressure increases at the nose of the
Wedge as the angle of incidence increases. The sudden increase in pressure is observed at the location x/L =
0.1 to 0.3 for the wedge angle 5° to 25°. The pressure decreases at the location from x/L. = 0.3 to 0.5 for the
wedge angle 5° to 25°. The marginal fluctuation in pressure from the location is 0.5 to 1.0 along the edge of
the wedge length for the angles from 5° to 25°.
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Figure 16: Variation of dimensionless pressure vs. X/L ratio at M =12.0

2.8 CFD Results of Pressure at Various Locations along the Length of the Wedge for a Constant Angle of
Incidence
The CFD analysis results for the pressure along the edge of wedge length (x/L) at constant Mach
numbers have been extracted from ANSYS Fluent software and plotted in Figs. 17-21. The static
pressure values are converted into dimensionless pressure by dividing it by atmospheric pressure.

Fig. 17 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
a constant angle of incidence 6 = 5° for various Mach numbers. The results show that the pressure increases
from the nose of the Wedge to the location x/L = 0.3 for the higher Mach numbers from M =4 to 12, and then
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the pressure reduces and fluctuates after the location x/L = 0.3. For the lower Mach number from M= 1.5 to
3.5, there is a marginal change in the pressure along the edge of the wedge length.
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Figure 17: Variation of dimensionless pressure vs. x/L ratio at § = 5°

Fig. 18 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
a constant angle of incidence 6 = 10° for various Mach numbers. From the results, it is observed that there is a
continuous increase in pressure from the nose of the Wedge to the location x/L = 0.3 for the higher Mach
numbers from M =4 to 12. Then the pressure gets reduced and fluctuates after the location x/L =0.3. For
the Mach number from M=1.5 to 3.5 change in the pressure along the edge of the Wedge, length is
observed as marginal change.
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Figure 18: Variation of dimensionless pressure vs. x/L ratio at 6 = 10°

Fig. 19 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
a constant angle of incidence 6 = 15° for various Mach numbers. From the results, it is observed that there is a
continuous increase in pressure from the nose of the Wedge to the location x/L = 0.3 for the higher Mach
numbers from M =4 to12. Then the pressure reduces and fluctuates after the location at x/L.=0.3.
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Figure 19: Variation of dimensionless pressure vs. x/L ratio at 6 = 15°

Fig. 20 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
a constant angle of incidence 6 = 20° for various Mach numbers. From the results, it is observed that there is a
continuous increase in pressure from the nose of the Wedge to the location x/L = 0.3 mm for the higher Mach
numbers from M =4 to 12. Then the pressure decreases and fluctuates after the location x/L=0.3. The
change in the surface pressure along the edge of the wedge length is observed as a marginal change for

lower Mach numbers.
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Figure 20: Variation of dimensionless pressure vs. x/L ratio at 6 = 20°

Fig. 21 shows the variations of dimensionless static pressure vs. along the edge of wedge length (x/L) at
a constant angle of incidence 6 = 25° for various Mach numbers. From the results, it is clear that there is a
continuous increase in pressure from the nose of the Wedge to the location at x/L = 0.3 for the higher Mach
numbers from M =4 to 12, and then the pressure gets reduced and fluctuates after the place at x/L.=0.3. The
only marginal change was observed in the pressure for the Mach number from M =1.5 to 3.5.
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Figure 21: Variation of dimensionless pressure vs. x/L ratio at 6 = 25°

3 Regression Analysis

The regression formula is developed using the Minitab software, and the results for dimensionless static
pressure are evaluated for the parameters Mach number (M), angle of incidence (T), and x/L ratio (L). The
regression model for dimensionless static pressure is given by Eq. (7).

—3.52 4+ 0.14M + 0.427T + 32.6L — 0.045M?* — 0.0154T% — 88L>
Py | —0.1715MT + 3.19ML + 0.259TL — 0.001061° + 0.0000027> ™
P, | +58.9L° +0.01492M>T — 0.0127M>L + 0.00634MT>

—0.0348MTL — 2.398ML?* — 0.00377T%L — 0.034TL?

Fig. 22 shows the variations of dimensionless static pressure vs. along the edge of the wedge length (x/L)
for various Mach numbers and angles of incidence. The results clearly show excellent agreement, and the
CFD results and results were obtained using regression model pressure. The absolute static pressure is
divided by atmospheric pressure to non-dimensionalized pressure; as the Mach number increases, the
dimensionless pressure increases at the nose of the Wedge for all Mach numbers and all angles of
incidence. The CFD results reveal that for the higher Mach numbers and the higher angle of incidence,
i.e., for M=4 to M =12. From 8 = 15° to 6 = 25°, the pressure increases till up to the location x/L =0.3,
then it decreases and fluctuates with marginal variation in the pressure over the location from x/L = 0.3.
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Figure 22: Variation of dimensionless pressure vs. x/L ratio for different flow parameters combinations
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4 Conclusion

The above research work exhibits its extensive range of applications in the angle of incidence, Mach
number, and edge of the Wedge. Based on the above results, it can be concluded that the dimensionless
static pressure increases with the increase in Mach numbers and incidence angle at the Wedge’s nose. For
the lower Mach numbers from M =1.5 to 3.5, there is marginal variation in pressure in all locations of
the edge of the wedge length. As the Mach number increases from M=4.0 to 12, there is a continuous
increase in pressure up to location x/L=0.3. Then the pressure will decrease from the location x/L=
0.3 with fluctuation in the pressure value. It is also observed that for all the angles of incidence, the
change in pressure value is very insignificant for the Mach number M= 1.5 to 3.5 in all the locations of
the edge of the wedge length. As the Mach number increases from M =4.0 to 12, there is a sudden
increase in pressure value up to the location x/L=0.3. After this location, there is a downfall in the
pressure value with marginal fluctuation for all angles of incidence. The present study gives good results
with incredible computational ease. These results are beneficial to optimizing the design stage of an
aerospace vehicle. So, to optimize the design of aerospace vehicles, these results can be used as the cost
involved in wind tunnel tests is very high.
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