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To improve accuracy in numerical results of determining the drag coefficient for an ax-
isymmetric boat tail model at the supersonic speeds, the paper adjusts the k- SST turbu-
lence model. The numerical method is modified by refining the a; and " turbulence model
parameters for the different Mach numbers. The adjusted k- SST turbulence model allows
reducing the error in numerical results by 0.06...0.22 % compared to the experimental data
obtained at the Mach number of 1.2...2.5. The results were confirmed using the 130-mm
projectile model.
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In engineering applications, most fluid flows are
turbulent. In computational fluid dynamics (CFD)
the turbulent characteristics of the flow are mod-
eled through turbulence models. The complexity of
a turbulence model is evaluated based on the num-
ber of differential equations and the number of
additional empirical constants required to describe
the turbulent flow. Currently, basic turbulence
models include: Direct Numerical Simulation
(DNS), Large Eddy Simulation (LES), Detached
Eddy Simulation (DES) and Reynolds-Averaged
Navier-Stokes (RANS). DNS [1] provides the most
accurate results because it solves directly the Na-
vier-Stokes equations without any additional equa-
tions. However, the computational resources are
extremely large, especially at high Reynolds num-
bers. As a result, its application is limited to prob-
lems with low Reynolds numbers and small com-
putational domains. The main goal of LES [2] is to
reduce the computational cost of numerical simu-
lations by ignoring smaller turbulent eddies in a
turbulent flow. However, its computational de-
mands are still high for most practical applications.
Due to its lower computational requirements and
relative accuracy in many aerodynamic applica-
tions, RANS mainly is used for CFD applications
and it is considered the most practical choice for
turbulence modeling [3]. Among RANS turbulence
models, the k- SST model (where k is turbulent
kinetic energy; w is specific dissipation rate; SST is
Shear Stress Transport) has many advantages in
accurately reflecting the characteristics of bounda-
ry layer flows and far-field flows. This turbulence
model is widely used to describe flows around fly-
ing objects.

For the flow around the blunt axisymmetric
body using boattail, particularly the research by
Tran et al. [4] and Marioti et al. [5], the turbulent
flow structure around the boattail is highly com-
plex. There are regions of flow separation behind
the model and reattachment positions on the sur-
face of the boattail. Flow separation is a complex
issue in fluid dynamics. For flying objects, flow
separation leads to a reduction in lift and an in-
crease in drag. In many cases, it can cause stall or
vibrations; therefore, accurately predicting flow
separation is crucial in designing flying objects.
However, using RANS in numerical simulations
faces many challenges. The difficulty arises due to

the presence of large adverse pressure gradients in
the separation region. The study by Forsythe et al.
[6], using DES and RANS models to simulate the
flow around the tail, show that RANS inaccurately
predicted the flow at the tail comparing to experi-
mental results, especially in terms of pressure dis-
tribution. In contrast, DES provided more accurate
prediction of the boundary layer comparing to ex-
perimental results. To overcome the discrepancies
between numerical simulation results using RANS
and experimental results, a proposed solution is
recommended by adjusting the parameters of the
turbulence model. Although adjusting these turbu-
lence model parameters has not been applied to
axisymmetric flying object models, it has been uti-
lized in several simulations of wing models. For
instance, the study by Rocha et al. [7] involved ad-
justing the k- SST turbulence model by experi-
menting with different values of the turbulent dif-
fusion coefficient B* when simulating the flow
around a NACA 0012 wing. The results showed
that changes in 3" significantly affected the viscous
friction on the wing surface. Another adjustment
method was used by Matyushenko and Garbaruk
[8] to predict the flow characteristics around a
wing under stall conditions by adjusting structural
coefficient a,. The results show that reducing a
increased the size of the recirculation region. In the
Menter’s report [9], the authors also affirmed that
adjusting a, is necessary for different research
models. Additionally, Hellsten [10] suggested that
the limitations of the k- SST turbulence model
are only suitable for fully wall-bounded flows.
Younoussi and Ettaouil [11] also adjusted a; and
B* to improve the k- SST turbulence model for
simulating the flow over the wind turbine in stall
condition.

Thus, it can be seen that the adjustment method
for turbulence models is a potential solution for
accurately simulating the flow separation around
the boattail of the axisymmetric body. This type of
adjustment has not been previously applied to sim-
ilar models, which requires further research. This
paper proposed adjusting the k- SST turbulence
model through the structural parameter a; and the
turbulent diffusion parameter PB*. This solution
can fill the gap between simulation results and ex-
perimental results of the drag coefficient of the
boattail axisymmetric model.
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Numerical methods. RANS k-w SST turbulence
model. To solve the system of Navier—Strokes
equations, a turbulence model must be developed
to describe the Reynolds shear stress. The complex-
ity of a turbulence model is assessed by the number
of transport equations. The well-known two-
equation models are the k-¢ and k- models. In
that, one equation describes the quantity eddy-
viscosity y; through the turbulent dissipation rate €
or m, while another equation describes the turbu-
lent kinetic energy k. Based on the k-¢ and k-m
turbulence models, Menter [12] proposed k-® SST
models, which use two transport equations (1) and
(2) to achieve the advantages from both k-¢ and
k-m models:
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where p is density; t is time; u; is velocity vector;
x; is position vector; w is molecular viscosity; Oy
is turbulent Prandtl number for k; W, is eddy-
viscosity; O, is turbulent Prandtl number for w; o
is blending function coefficient for eddy viscosity;
S is strain rate magnitude; f is turbulent destruc-
tion coefficient; F is the first blending function;
O is turbulent Prandtl number in the far field.

In the above equations, the two default coeffi-
cients a; and 8 are set as 0.31 and 0.09 respective-
ly. Other coefficients were presented in Menter’s
study [12] .

The eddy-viscosity is

palk

He =pVe = max(al(n, SE ) ’

where v, is turbulent eddy viscosity; E is the sec-
ond blending function.

Due to the advantages of the k-w SST turbu-
lence model in accurately describing flow around
objects, especially in characterizing the boundary
layer on the surface of objects, this study selected
this turbulence model for calculating and simulat-
ing the flow around axisymmetric flying bodies.
However, it is noted that turbulence models are
typically developed from certain experimental data.
Most of Menter' research was based on data of the

flow over flat plates under specific flow conditions.
The selection of these coefficients in the transport
equations generally applies for several cases. There-
fore, it is crucial to calibrate the turbulence model
for specific calculation models. Additionally, it can
be observed that flow separation and reattachment
depend on the estimation of eddy viscosity in the
turbulence model, specifically on the coefficient
a;. The flow around the boattail plays a crucial
role in the formation of drag so accurately deter-
mining turbulent viscosity is essential. According
to Menter's research [9], adjusting g, is necessary
to improve the efficiency of the k- SST turbu-
lence model. Besides a;, due to the Production P,
and Dissipation Dy quantities of turbulent kinetic
energy, adjusting the turbulent diffusion coefficient
B* is also needed. P and Dj are defined as:

Dy =p*pkw.

The values of these two coefficients are not
fixed and depend on different specific model.
Menter [12] also proposed that in adverse pressure
gradient flow, B, >> Dy so the relation between 4,
and " can be found that

@S >pro.

Moreover, in order to effectively use the blend-
ing function F and E in the k- SST turbulence
model for describing the boundary layer, g, is also
satisfied as

am)Z S.

Thus, in order to describe large negative pres-
sure gradient flow and boundary layer, when g,
and " must be satisfied:

a12 >B*. (3)

This condition also is appropriate with the de-
fault coefficients a; =0.31 and f*=0.09 in the
k- SST model [9]. The values of 4, and B* were
modified following the equation (3) in different
Mach numbers in order to find the most appropri-
ate values closed to experimental data. The re-
search used the Ansys Fluent software.
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Figure 1. Model geometry
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Figure 2. Mesh around and on the model

Numerical model. The axisymmetric model has
the dimensions (Figure 1): D = 57 mm; L = 5D =
=285 mm and B = 7°. This model is the same one
used in experiments conducted by Platou [13].
This study uses experimental results from Platou’s
research to adjust the k- SST turbulence model.
The numerical domain has a dimension of
36.5Dx22Dx22D in x, y, and z directions, which
was used in the previous studies of the axisymmet-
ric models [14].

To verify grid independence, the number of
grid cells was increased from 1.44 million to
4.40 million. The convergence criterion was set
with a residual of 107°. The results showed that the
drag coefficient Cpy remained nearly unchanged
when the number of grid cells reached 3.16 million
(Figure 3). Therefore, the grid with 3.16 million
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Figure 3. Effect of mesh on the model drag coefficient

Figure 4. Values of y* in the model surface

cells was selected for the numerical simulation to
ensure both accuracy and optimal computation
time. In addition, Figure 4 illustrates the y* values
on the surface of the model. The results show that
y* < 1 across the entire surface of the model, which
are appropriate to the k- SST model. The accura-
cy of the numerical results are presented in the
Figure 5. Based on the small difference between
numerical and experimental results of the drag co-
efficient, the numerical model is good enough for
simulating the flow over the research model.

Results and discussions. Comparison between
k-¢, k-0, k-0 SST turbulence models. In this
study, RANS equations with k-® SST turbulence
model were used for the simulation. The k- SST
turbulence model combine both advantages of the
k-¢€ and k-. The k-¢ turbulence model is consid-
ered one of the most popular turbulence models.
The k-& can obtain accurate results for flow far
form wall, but it has limitations in describing cases
with large pressure gradients. In contrast, for
boundary layer flows, the k-m model proposed is
more advantageous in handling the near-wall vis-
cous region and in its calculations for the effects of
flow pressure gradients. Thus, the research on
three turbulence models at M = 2.0 was conducted
to clarify the advantage of the k- SST turbulence
model. The results are presented in Table 1.

The results show that the k- SST turbulence
model provided results that are closest to the ex-
perimental data. This clearly confirms the ad-

Table 1
Comparison of numerical results
from different turbulence models at M = 2.0

Turbulent model Drag coefficient = Error (%)
k-¢ 0.37778 -13.92
k-o 0.29689 10.47
k- SST 0.31874 3.88
Experimental Results [13] 0.33162 -
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vantages of using this turbulence model, as it can
accurately describe both the boundary layer and
the flow away from the model surface. The k-
SST model reduces the error from over 10 % to
3.88 % in comparison to the experimental results.
Therefore, the study used the k- SST model for
adjustment is reasonable.

Adjusted SST turbulence models. In order to
adjust the k- SST turbulence model, the research
was conducted with wide ranges of a, and B*. The
results of the effects of a, and P on the drag coeffi-
cient of the axisymmetric model are presented in
Figure 4 and 6.

Figure 6 illustrates the impact of the a; on the
drag coefficient of the axisymmetric model at
B* =0.09. The results indicate that as a; increases,
the drag coefficient value also rises. However, when
a; 20.4, the increase in drag becomes insignifi-
cant. The results show that the drag coefficient
reaches its critical value at @, =0.4 at §* =0.09.

Figure 7 presents the drag coefficient results at
M = 2.0 at different value of *. It can be seen that
as the value of " increases, drag coefficient ac-
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Figure 5. Comparison of Drag coefficient
between different methods
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Figure 6. Effects of a; on the model drag coefficient
at f*=0.09
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Figure 7. Effects of a, and B" on the model drag
coefficient at M = 2.0

cording to all a, increases rapidly. At high value of
a;, the drag coefficient reaches peaks, then de-
creases following the increasing value of f*. The
maximum peak is nearly 0.355 at 4, =0.9 at
" =0.5. Notably, at lower B* values, increasing a
does not significantly affect the drag coefficient.
This outcome aligns with the previous observation
that when a; reaches a critical value, further in-
creasing a; is not advisable. This trend of the drag
coefficient can be observed similarly at different
Mach numbers. Thus, according to the experi-
mental results, the best drag coefficient result,
which is closest to the experimental ones can be
chosen for the k- SST turbulence model at the
corresponding Mach number.

The results with the smallest error when com-
pared to experimental data across various transon-
ic and supersonic conditions are summarized in
Table 2.

Figure 5 shows the drag coefficient results ob-
tained from different methods for the research
model at transonic and supersonic velocity rang-
es. The results indicate that the adjusted k- SST
turbulence model provides the best results across
all different Mach numbers. Specifically, at the
velocity range M = 1.2-2.5, the error compared to
experimental results is nearly zero. At the velocity
range M = 0.95, although the error is relatively
high (33 %), it is still the best result when com-
pared to other research models. At this velocity
range, significant turbulence may be the direct
cause of the errors in the simulation calculations.
Therefore, further research needs to be conducted
in this velocity range to address the remaining
limitations.

Validation by 130 mm projectile model. The
research applied adjusted k- SST turbulence
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roble The values of a, and f8° of the adjusted k- SST turbulence model at different Mach number
M a B Cro Differences (%)
Adjusted k- SST Experiment [13]
0.95 0.9 0.50 0.2259 0.3412 33.79
1.05 0.6 0.15 0.4440 0.4457 0.38
1.20 0.5 0.12 0.4169 0.4177 0.18
1.50 0.4 0.12 0.3804 0.3801 0.06
2.00 0.4 0.15 0.3324 0.3330 0.17
2.50 0.7 0.40 0.3008 0.3005 0.09
3.00 0.9 0.50 0.2633 0.2700 2.49

Figure 8. The 130 mm projectile model and mesh around model

model for a 130 mm projectile model (Figure 8).
The numerical results of drag coefficient are com-
pared with those using the standard k- SST tur-
bulence model (Figure 9). The results show that
when using the adjusted k- SST turbulence mod-
el, the drag coefficient increases in all Mach num-
bers.

From the aerodynamic coefficient results, the
flight trajectory and maximum range of the model

Cpo

"—=— ko SST
—a— adjusted k—o SST

0.48 A

0.40 + -

0.32 1

0.24 - 1

0.16

1.0 1.5 2.0 2.5 M
Figure 9. Comparison of Drag coefficients

between adjusted k- SST and standard k- SST
turbulence models

were calculated. The detailed results are presented
Table 3. It can be seen that the results of the maxi-
mum range calculations for the 130 mm projectile
model using adjusted k- SST turbulence model is
more accurate than the standard k-® SST model.
The calculation error in maximum range (com-
pared to the experimental results in the 130 mm
projectile firing table) decrease from 9 to 4 %. Fur-
thermore, the drag coefficient of the 130 mm mod-
el at 996.1 and 1003.1 m/s using the adjusted k-®
SST model is closer to the experimental data [15]
(Table 4).

Thus, based on the 57 mm and 130 mm model,
the adjusted k- SST turbulence model is evaluat-
ed to provide closer aerodynamic calculations to

Table 3
The values of a, and B* of the adjusted k- SST
turbulence model at different Mach number

Turbulence model Max range (m) = Error (%)
Standard k- SST 29.902 8.77
Adjusted k- SST 26.406 -3.94
Experiment data (from 27.490 -

fire-table)
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Table 4
Comparison of the drag coefficient
of the 130 mm projectile model
with experimental results [15]
at supersonic speed

Speed

(m/s) Turbulence model Cpo Error (%)
Standard k- SST 0.2482 19.94
996.1 | Adjusted k- SST 0.2871 7.39
Experiment data [15] 0.3100 -
Standard k- SST 0.2470 11.79
1003.1 | Adjusted k- SST 0.2885 3.04
Experiment data [15] 0.2800 -

experimental data than the standard k- SST
model. This is achieved by adjusting the parame-
ters a; and B at different Mach numbers. It is
showed that the the adjusted k- SST turbulence
model has advantages in calculating aerodynamic
coefficients for axisymmetric boattail model.
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