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Overview

Extreme flow and thermal conditions are encountered by hypersonic systems such as missiles and planetary

re-entry capsules. Lab scale experiments to optimize the design of hypersonic devices are highly expensive

compared to the low speed flow systems and the actual on-site experiments are even more expensive. Hence,

computational investigation is an essential approach in design and optimization of any hypersonic systems. To-

wards this, in the present study, hypersonic models established within the VizSpark Flow modeling framework

is systematically validated.

Objective

Modeling capabilities for hypersonic flow with chemical reactions are embedded in the multiphysics frame-

work of VizSpark . To understand the accuracy of the established framework for hypersonic flow modeling,

validations are done in two stages.

1. Hypersonic flow over Apollo re-entry capsule model, at various angle of attack.

2. Hypersonic flow over Mars re-entry Spacecraft Model, with dissociation of air at high temperature.

Hypersonic flow over Apollo re-entry capsule model, at various angle of attack

Hypersonic flow of air over a scale-down model of Apollo re-entry capsule as reported in the experimental

investigations of Griffith and Boyland (1968) [1] is considered for the present validation. Here, three different

angle-of-attack (0◦, 10◦, 20◦) cases were studied. 2D axisymmetric domain is considered for investigating 0◦

angle of attack case. Whereas, a 3D 180◦ sector domain is considered for studying 10◦ and 20◦ angle-of-attack

cases. The axial force coefficient and normal force coefficient obtained from the simulation is compared with

the experimental data reported in Griffith and Boyland (1968) [1] and also compared with the numerical data

reported in Scalabrin (2007) [2] .

Modeling conditions

Dimensions of the Apollo capsule model considered in the present study is depicted in Figure 1. Simulation

domain is considered such that the gap between the inlet and capsule stagnation wall is greater than the radius

of the capsule. Details of the domain and the boundary condition considered for the 2D axisymmetric case is

depicted in Figure 2. Here the inlet velocity is 2680 m/s, inlet temperature is 43.21 K, inlet pressure is 9.69

Pa, inlet density is 7.817×10−4 kg/m3, and the wall temperature is 43.21 K. The resulting Mach number in the

present study is ≈ 20. Since the experiment(Griffith and Boyland (1968) [1]) is conducted over a very short time

scale and due to the thermal inertia of the model, the rise in the wall temperature is very low. Hence, in the

present study the wall temperature is fixed at operating condition of the experiment. Inlet and wall boundary

condition values are same in both 2D and 3D cases.

Meshing strategy

The 2D axisymmetric domain is meshed with C grid type structured mesh with 24,712 quadrilateral cells. Here,

the first cell thickness in the stagnation zone (in front of the capsule) is ≈ 70 µm. The 3D 180◦ sector domain
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Figure 1: Dimensions of the Apollo capsule model considered for the present study.

Figure 2: Boundary conditions considered for the 2D axis symmetry case.
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is meshed by revolving a similar 2D structured mesh through 180◦ along the axis with 20 circumferential cells.

To reduce the overall mesh count in the 3D case, 2D structured mesh used for revolution is made slightly

coarse compared to the one used for the axisymmetric domain. The resulting mesh after revolving consists of

hexahedral elements all over the domain and tri-prism element on the first cells next to the axis (near stagnation

streamline). It was observed that, the presence of such tri-prism element in the stagnation zone (in front of

the capsule) creates numerical instability and abnormal increase in the stagnation pressure. To avoid this,

the region close to the axis in the upstream of the capsule is separated out and meshed separately with quad

dominant unstructured mesh with axial extrusion (see Figure 4). The resulting 3D mesh consists of 187,883

cells and the first cell thickness in stagnation zone (in front of the capsule) is ≈ 80 µm. The mesh generated for

the 2D and 3D cases are depicted in Figure 3 and Figure 4.

Results and discussion

The temperature profile and the velocity streamlines obtained for the 0◦ angle of attack case is compared with

the results reported in Scalabrin 2007 [2] (see. Figure 5). The peak temperature in the present case is found to

be 3638 K. Whereas, the peak temperature in the Scalarbin simulations is 3350 K. The deviation in the peak

temperature is found to be less than 9 %. Also, it can be observed that the temperature profile and re-circulation

regions compares very well with the profile reported in Scalarbin (2007). [2] The shock stand-off distance pre-

dicted in this case is ≈ 21 mm, which is very close to the stand-off distance predicted by Scalarbin (2007) [2]

(ref. Figure 5). The normalized shock stand-off distance (i.e. shock standoff distance / radius of the capsule

(Rb)) is ≈ 0.3. It could be observed that, throughout the thickness of the shock region the temperature is high

due owing to the stagnation. But very close to the wall the temperature drops drastically due to the fix wall

temperature condition (recall the short duration of the laboratory experiment).

Further, to understand the implications of changing the angle of attack, temperature and velocity profile for

various angle of attack cases is compared and depicted in Figure 6 and Figure 7. It can be seen that the peak

temperature increases with increase in the angle of attack. The shock stand-off distance changes marginally

with the change in angle of attack. Further, the re-circulation region in downstream of the capsule becomes

highly three dimensional in the 10◦ and 20◦ angle-of-attack cases. Hence, for better visualization it is not de-

picted in Figure 6 and Figure 7. The pressure profile for 0◦ angle-of-attack case is depicted in Figure 8. The

pressure profile for 10◦ and 20◦ angle-of-attack case is depicted in Figure 8. It is noted that, with increase

in the angle-of-attack the peak pressure drops. This suggests, that the total force acting on the capsule could

be reducing with increase in the angle of attack. This will be investigated further by calculating the axial and

normal force coefficients. But in the 0◦ angle-of-attack case the peak pressure is lower than the 3D case, this

could be due to the difference in the mesh used for 2D and 3D cases.

From the obtained results the axial force coefficient and normal force coefficients are calculated using fol-

lowing equations.
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(a)

(b)

Figure 3: Mesh considered for the 2D axis symmetry domain.
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(a)

(b)

Figure 4: Mesh considered for the 3D, 180º sector model.
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Ca = Fa/(S Q)

Cn = Fn/(S Q)

Where,

Ca: Axial force coefficient,

Cn: Normal force coefficient,

Fa: total axial force component acting on the surface of the capsule,

Fn: total normal force component acting on the surface for the capsule,

S : reference area = πR2
b,

Q: dynamic pressure = 0.5ρV2,

Rb: base radius (Refer Figure 1),

ρ: free steam density, and

V: free stream velocity.
The forces coefficients for different angle of attacks predicted in the present study are compared with the

experimental data (Griffith and Boyland (1968)) [1] and the numerical predictions of Scalabrin (2007) [2] . The

comparison of axial force coefficient is reported in Table 1 and the normal force coefficient is reported in

Table 2. For all the angle of attack cases, the axial force coefficient predicted in the present study compares

very nicely with the experimental data, with a maximum deviation of less than 4 %. But in the case of normal

force coefficient deviation is 21 % in the case of 10-degree angle-of-attack and 27 % in the case of 20-degree

angle of attack. These large deviations are because, the mesh was not aligned properly with the flow angle of

attack. Hence, greater the angle of attack larger the deviation in normal force coefficient with the experimental

data. But, deviation in the resultant of the force coefficient calculated from the present numerical prediction

compared to the experimental results is less than the 4 %. This show that the model predicts the flow very nicely

and by fine tuning the mesh alignment for 3D angle of attack cases the normal force coefficient results will also

improve. Further, as discussed earlier, the net force acting on the capsule is found to reduce with increase in

the angle-of-attack.

Hypersonic flow over Mars re-entry Spacecraft Model, with dissociation of air at
high temperature

In the present study, the hypersonic flow of air over a scaled-down model of Mars re-entry capsule is studied.

The Mars re-entry capsule model used in HYPULSE expansion hypersonic wind tunnel experiments as reported

by Hollis and Perkins (1997) [3] is considered for the present study. Since the angle-of-attack investigated in the

present study is 0◦, only a 2D axisymmetric domain is considered. Here, the dissociation of air at hypersonic

flow condition is considered by modeling 5 species (O2, N2, N, O, NO) and 14 finite rate reaction steps. The
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(a) Vizspark Results (b) Scalabrin (2007)

Figure 5: Temperature profile and stream lines for 0º angle of attack case.

(a) 0◦ (b) 10◦ (c) 20◦

Figure 6: Temperature profile for different angle of attack cases.
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(a) 0◦ (b) 10◦ (c) 20◦

Figure 7: Velocity profile for different angle of attack cases.

Figure 8: Pressure profile for 0◦ degree angle of attack case.
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(a) 10◦

(b) 20◦

Figure 9: Pressure contour on the capsule surface.
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Table 1: Axial force coefficient for different angle of attack.

Angle of Attack VizSpark Results Experimental Data Simulation Data

(Griffith and Boyland, 1968) [1] (Scalabrin, 2007) [2]

0◦ -1.498 -1.442 -1.452

10◦ -1.469 -1.435 -1.420

20◦ -1.368 -1.368 -1.322

Table 2: Normal force coefficient for different angle of attack.

Angle of Attack VizSpark Results Experimental Data Simulation Data

(Griffith and Boyland, 1968) [1] (Scalabrin 2007) [2]

0◦ 0 0 0

10◦ 0.052 0.043 0.038

20◦ 0.109 0.086 0.089

reaction mechanism reported in the LAURA code [4] is used in the present study. The mass fraction of various

species along the stagnations streamline in the upstream of the capsule is compared with the numerical data

reported in Scalabrin (2007) [2] .

Modeling conditions

Dimensions of the Mars re-entry capsule model considered in the present study is depicted in Figure 10. Details

of the domain and the boundary condition considered for the present study is depicted in Figure 11. Here the

inlet velocity is 5162 m/s, inlet temperature is 1113 K, inlet pressure is 1823.3 Pa, inlet density is 5.71×10−3

kg/m3 and wall temperature is 300 K. The resulting Mach number in the present study is ≈ 7.9. Air with an

oxygen mass fraction of ≈ 0.233 and nitrogen mass fraction ≈ 0.767 is considered to flow through the inlet.

Here, C grid type structured meshing is used, such that the shock will be well aligned with the grid orienta-

tion. The mesh near the stagnation wall is highly refined to capture the dissociation reactions happening close

to the capsule (within ≈ 2 mm). This results in the first cell thickness in stagnation zone to be ≈ 2.5 µm. The

resulting 2D structured mesh consisting of 24,795 quadrilateral elements is depicted in Figure 12.

Results and discussion

The x-velocity profile and the streamline obtained from the present study is compared with the results re-

ported in Scalabrin 2007 [2] (see Figure 13). The x-velocity contours are well predicted in the shock region,

but recirculation region predicted in the present study is small compared to that reported in Scalabrin 2007. [2]

Temperature, velocity, and the pressure profile obtained in the present study is depicted in Figures 14 to 16. The

shock stand-off distance predicted in the present study is ≈ 2 mm. The normalized shock stand-off distance (i.e
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Figure 10: Dimensions of the Mars re-entry capsule model considered for the present study.

Figure 11: Boundary conditions considered for the Mars re-entry case.
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(a)

(b)

Figure 12: Mesh considered for the Mars Re-entry case.
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shock standoff distance / radius of the capsule (Rb)) is ≈ 0.079. This is only about 27 % of what is observed

in the Apollo case. This low shock stand-off distance could be attributed to the dissociation of air occurring at

high temperature ( > 5000 K). In the Mars re-entry case the peak temperature raises up to ≈ 8500 K, whereas in

the Apollo case the maximum temperature is less than 4000 K. Further, it is observed that the peak temperature

in the present case occurs close to the upstream edge of the shock (≈ 1.7 mm from the wall). The temperature

within the shock is comparatively low (≈ 6000 K). This is because the heat energy is lost in the process of

dissociating the air molecules. The maximum pressure observed in the present study is ≈ 1.5 bar.

Further, to understand the effective modeling of the air dissociation, the mass fraction of various species

along the stagnation streamline predicted in the present study is compared with that reported in the Scalabrin

2007 [2] . The results are compared along the stagnation streamline in the region ≈ 2 mm upstream of the

capsule and it is depicted in Figure 17. Also, comparison was done for each individual species separately and

depicted in Figure 18. It is observed that, throughout the length except in the region very close to the wall ≈

0.2 mm, the results compare very nicely both in the trend and in the magnitude. But, some discrepancy in the

trend is observed in the region very close to the wall (within ≈ 0.2 mm). Also, in general, the difference in the

magnitude is slightly higher in the low concentration species such as N and NO.
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(a)

(b)

Figure 13: X-velocity profile and stream lines obtained in the present study is compared with the Scalabrin
(2007) [2] results.
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Figure 14: Temperature profile obtained in the present study.

Figure 15: Velocity profile obtained in the present study.
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Figure 16: Pressure profile obtained in the present study.

(a) (b)

Figure 17: Mass fraction of various species across the stagnation streamline, (a) obtained in the present study
and (b) that reported in Scalabrin (2007) [2] results.
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(a) (b)

(c) (d)

(e)

Figure 18: Mass fraction of (a) Nitrogen molecule (b) Oxygen molecule (c) Oxygen atom (d) Nitrogen atom and
(e) Nitrogen monoxide, obtained from present study compared with the results reported in Scalabrin (2007) [2]

results.
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