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Introduction @/

« With the growth of space exploration and commercial travel, the development
of efficient and reliable reentry vehicles has become increasingly important to
provide improved aerodynamic features, thermal protection, weight reduction,
and cost minimization through enhanced blunt-nose designs, resulting in
Increased payload capacity and extended mission durations.

« The optimization of these designs is particularly vital for reusable spacecratft,
as their lifespan and sustainability are extended.

 Numerical analysis, like CFD, accurately simulates real-life flight conditions
by solving complex fluid flow, heat transfer, and pressure equations, allowing
engineers to predict aerothermal and aerodynamic behaviors with precision,
which informs the reliable design and optimization of flight vehicles across
various scenarios.

« Therefore, in recent years, numerical studies have become very popular
among researchers to experiment and develop more efficient RLV designs.
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Modified RLV Specifications

vertical stabilizer (ﬁy 3 Body Flaps

/—

Blunt nose * Provide drag and Yaw
controllability at hypersonic
speed and also during landing.

. Provide more aerodynamic triwr::ﬁy
I . Maintaining Lift/Drag Ratio

. Provide more control (steering, descent, and
landing)

. Reducing heat transfer rates
. Mitigating kinetic heating \,

~___’,’ ~

\
________ £” . Winglet /l
. Separati;mﬂow <4

* Provides Controllability with more

gliding capability 4
* Reduces Vortex at the tip

Slender Fuselage

Provides a more rigid body to accommodate devices and lower
heat transfer rate.

Overall aerodynamic control

Lower drag, higher lift, and Reduction of weight

Reduction of fluid density over vehicle surface wall. ~ TFAWS 2024 —August 26-30, 2024

High Cambered airfoil

Provide more lift during
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. More stability

. Higher lift/Drag ratio reduces
speed while re-entering the 11
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Numerical Study Procedures

-]

Names

Solver Steady-state, density
based, energy equation

B e Air density ldeal Gas
Model Validation S— :
Grid Check Air viscosity Sutherland three
3D design of RLV Independence * Aerodynamic heating CEEMBIEIE
Test analysis calculating Turbulence model K—w SST
Fay-Riddle stagnation
point heat transfer ; I
coefficient Scheme AUSMD implicit
Courant 0.35

Convergence criteria 107-05

lterations 5000

TFAWS 2024 — August 26-30, 2024 13



Numerical Equations
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Aerodynamic Heating Calculation Equations

Calculating the Fay-Riddell equations is essential for analyzing aerodynamic heating at the
stagnation point during hypersonic re-entry.

These equations offer a way to estimate the heat transfer rate at the stagnation point of a
reentry vehicle traveling at hypersonic speeds.

The Fay-Riddell equation is commonly used to validate contemporary computational fluid
dynamics (CFD) solutions, serving as a reliable benchmark due to its accuracy in
predicting heat flux.

The modified versions of the equations provided by Fay and Riddell [26] are as follows—

Np — K, = 1 for the ax_isymm_etric body,
(d”'-’ .= I (P — Po) Py 1s static density,
d x R.ry P P, is wall density,

L IS the viscosity at the static condition and
W, 1S the viscosity of the wall.
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Grid Sensitivity Analysis
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Grid Sensitivity Analysis
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Turbulence Model Validation

(d)

Variation of Pressure Coefficient for Turbulence Models (a) K-w SST,
(b) K-e Realizable, (c) K-e Standard, and (d) LES
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Turbulence Model Validation

ANALYSIS WORKSHOP
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Turbulence Model Validation

(a) (b) (c)

(d)
Changes in Turbulence Viscosity for Turbulence Models (a) K-w SST, (b) K-e
Realizable, (c) K-e Standard, and (d) LES
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Mach Pressure Density, kg/m~™3 Viscosity Velocity, m/s | Temperature, K
M P Pe He Voo Teo
Pa
5 1196.22 1.84E-02 1.47E-05 1.70E+03 2.26E+02
6 5529.1 1.23E+00 1.42E-05 2040 216.65
7.5 5529.1 0.0081 1.47E-05 2550 216.65
8 1127.6 0.0081 1.42E-05 2720 252.1
8.82 98635.61 7.07E-04 1.42E-05 2887.3 267
10.5 121000 1.99E-05 1.10E-05 3570 227
12 1.0365 1.99E-05 1.10E-05 4080 180.65
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Aerodynamic Heating Analysis for Different Mach Cases
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List of Variables used to calculate stagnation
point heat transfer coefficient

Mach | Densit | Density Viscosit | Viscosity wall | Velocity, Enthalpy | R-eff Temperature Velocity SP Heat
¥ {wall) y ol m/s h.s (ref nose radins, | gradient Transfer
Pe Py . e Voo m) I DV/Dx Coefficient
He |
5| 1.84E- | 2719{defau 1.47E- 1.78E-03 1.70E+03 | 1.82E+06 2. 70E-03 2.26E+02 1.34E+05 0.54
02 1t) 03
6 | 1.23E+ | 2719(defan 1.42E- | 1.78e- 2040 1822323 0.0027 216.65 3.13E+4 1.38
00 | It 035 | 05(default)
75| 0.0081 | 2719(defan 1.47E- | 1.78e- 2350 1822323 0.0027 216.65 2.36E+H05 0.337
1t) 03 | 05({default)
8| 0.0081 | 2719(defau 1.42E- | 1.78e- 2720 1822323 0.0027 2321 1.13E+06 1.12
It) 05 | 05(default)
882 T.0TE- | 2719(defau 1.42E- | 1.78e- 28873 1822323 0.0027 267 6.13E+06 0.98
04 | I 03 | 05({default)
105 | 1.99E- | 2719(defan 1.10E- | 1.78e- 3570 1822323 0.0027 227 2.30E+D6 0.135
03 [ i) 05 | 05(default)
12| 199E- | 2719(defan 1.10E- | 1.78e- 4080 1822323 0.0027 180.65 1189447 0.029
03 [ 05 | 05(defanlt)
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Stagnation Point Heat Transfer Coefficient, W/m"2-K
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Conclusion

The blunt nose effectively reduced peak temperatures by generating a detached shock wave
and turbulent wake, leading to lower heat transfer intensity.

The K-w SST turbulence model, used with an optimal grid size of 0.31 million elements,
provided the most accurate predictions for both aerodynamic behaviours and thermal
management

At Mach 10.5, the model achieved higher lift-to-drag ratios, enhancing altitude sustenance
and reducing thermal stress on the Thermal Protection System (TPS)

The model demonstrated better thermal management with reduced heat transfer coefficients
and peak temperatures compared to traditional designs.

The overall design improvements validated the model’'s superior performance in high-speed
flight conditions, showcasing its effectiveness in both aerodynamic and thermal evaluations.
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