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investigated. The supersonic flow over three-dimensional rigid parachute models are studied by numerically

solving compressible Navier-Stokes equations. In this study, the parachute system has a capsule and a canopy.

The cases with different capsule half-cone angle are carried out. The computational results show unsteady

pulsating flow fields exit in all the cases and are in reasonable agreement with the experimental data. The

results also show that the capsule wake/canopy shock interaction causes a significantly higher pressure

around the parachute system in comparison to the capsule shock/canopy shock interaction, thus providing the

primary source of the unsteadiness in the flow field. As the capsule half-cone angle () is increased, the

difference in the pressure distribution inside the canopy also increases, and the wake/shock interaction plays

a more significant role in the unsteady flow mode. Moreover, when @ is increased, this results in weaker

aerodynamic interactions, including the wake/shock and shock/shock interactions, which is favorable for a

supersonic parachute system.

Introduction

In the Mars mission, the supersonic parachute played a very important role in the entry, descent, and landing of the

Mars rover (Cruz et al., 2006). To date, many researchers have studied the effects of the complex aerodynamic

interactions on the performance of supersonic parachutes. Lingard et al. (2005; 2007) carried out early simulations

on the flexible parachute systems at supersonic conditions, and found that there is aerodynamic interference between

the capsule wake and the canopy shock as a function of Mach number and the trailing distance. Recently, subscale
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models of Mars Science Laboratory (MSL) parachutes were experimentally and numerically investigated. The

studies found that the flow instability is derived from aerodynamic interference due to the interaction of the capsule

wake with the canopy shock, which depends on the Mach number, Reynolds number, capsule shape and proximity

to the capsule (see Sengupta and Kelsch et al. 2009; Sengupta and Steltzner el al. 2009; Sengupta 2011).

Furthermore, Barnhardt et al. (2007) used the detached eddy simulation (DES) method on a rigid parachute model to

investigate the effects of wake/shock interaction and the corresponding flow instabilities. They illustrated that the

time-dependent deficit in the capsule wake interacts with the canopy shock, which causes unsteadiness in the flow

around the parachute. Gidzak et al. (2008; 2009) also used the DES method to further investigate both rigid and

flexible parachutes and compared their data with those obtained from wind tunnel tests. They found that the time

scale for the canopy-scale motions is longer than that of the variations in the canopy drag. To fully understand the

complexity of the unsteady flow field around a supersonic parachute, the current research group have carried out

numerical and experimental parametric studies on the parachute dynamics since 2013. The authors have numerically

simulated a rigid parachute with a rather short trailing distance (X/d = 2.38), and found that there is an unsteady

pulsating flow field around the parachute (Xue et al., 2013). Nishiyama (2013) and Xue et al. (Xue et al.,

“High-Speed Unsteady Flow Pasts Two-Body Configurations,” submitted; “Parametric Study on Aerodynamic

Interaction of a Supersonic Parachute System,” submitted, Nagoya University, Nagoya, Japan) further

experimentally and numerically investigated the effects of the trailing distance (X/d) and the ratio of the capsule

diameter to the canopy diameter (d/D) on parachute performance at supersonic conditions. Four unsteady flow
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modes were found according to the variations in the flow field under the effect of X/d, which are: (1) pulsation

mode, @) oscillation mode, 3 transition from (@) to @), and @) narrow wake/rear shock interaction. As d/D

increases, the variation in the flow mode becomes more sensitive and changes quickly under the impact of X/d, and

the ranges of the pulsation and oscillation modes are reduced. As a result, in seeking to improve the parachute

performance, a large d/D value is advised. In addition, the effects of the suspension lines on the flow field around

supersonic rigid parachute have been investigated by using a simple “immersed boundary technique” (Xue et al.

2015). It could-bg observed that the-shock-to the suspension line generated gnto-it-causes-visible density disturbances,

which interfere with the canopy bow-shock and exacerbate the flow field instability around the parachute system.

Therefore, to further investigate ways to suppress the aerodynamic interactions between the capsule and the

canopy, the role of the capsule half-cone angle is examined in this paper. Numerical simulations of the flows around

the capsules with different half-cone angles, 9, are conducted to investigate thg effect of-4 on the flow instability at a

freestream Mach number of 2. The computational results are then compared with the experimental data measured at

the Institute of Space and Astronautical Science (ISAS)/Japan Aerospace Exploration Agency (JAXA).

Parachute Models

In this study, the supersonic parachute system consists of a capsule and a canopy that is connected by a rod. As

shown in Fig. 1, the canopy is a-hemispherical in shape with an outer diameter of D and a thickness of h. The

diameter of the frontal surface of the capsule is d. The capsule is a-conical in shape form with a half-cone angle of 6.

X'is the axial distance from the frontal surface of the capsule to the inlet of the canopy, X/d the trailing distance of the
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parachute, and d/D the ratio of the diameter of the capsule to the diameter of the canopy. This configuration is the

same as the model used in the experiments. The capsule and the canopy are connected with a connecting rod and the

entire parachute model is supported with a thicker rod from the top of the canopy to the wind tunnel system. Note

that the effects of the connecting rod between the capsule and canopy have been investigated in the earlier study by

Xue et al. (2013). It was found that except for the minor differences in the shock shape caused by the connecting rod,

the effects of the connecting rod on the flow field and pressure distribution on the body surfaces are rather minimal,

and the pulsation mechanism in-thecase-without a connecting—rod is identical to—that for the case inwhich a

As shown in Table 1, the effects of different half-cone angle, 8, on the flow instability are investigated. Here,

the length of the capsule (X1) and the diameter of the rear surface of the capsule (the diameter of the connecting rod,

d,) are fixed. When 6 changes, X/d and d/D both change correspondingly, which significantly affect the stability of

the flow field (Nishiyama 2013; Xue et al., “High-Speed Unsteady Flow Pasts Two-Body Configurations,”

submitted; Xue et al., “Parametric Study on Aerodynamic Interaction of a Supersonic Parachute System,” submitted,

Nagoya University, Nagoya, Japan).

Computational Conditions and Methods

Computational Conditions
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The freestream conditions used in the simulations in this study are set in accordance with those in the experiments

by Nishiyama (2013), and shown in Table 2.

Numerical Methods

The calculations were performed by using an in-house, single-block structured code that-isparallelized, where

3D compressible Navier-Stokes equations are solved to simulate the supersonic flow field around a parachute

system. The inviscid fluxes were evaluated using the Simple High-resolution Upwind scheme (SHUS) (Shima 1996),

and its accuracy was improved by means of the 3rd-order MUSCL scheme (Van Leer 1977) combined with the Van

Albada flux limiter (Anderson 1986). The viscous terms were computed by using thg 2nd-order central differencing

scheme. The coefficient of viscosity was computed with Sutherland’s law. In addition, to ensure the time accuracy

of the numerical results, time advancement was performed using the 3rd-order total variation diminishing

Runge-Kutta scheme (Shu 1988). The dimensionless time step was set as 1.0x10®in all of the cases, to limit the

Courant-Friedrichs-Lewy number to about 0.5. Finally, at the inflow boundary, all conservative variables were

determined by the freestream values, as shown in Table 2. At the outer boundary, the conservative variables were

solved from the solution inside the computational domain (zero gradient condition). For the solid body, the no-slip

and adiabatic conditions were applied to treat the boundary surfaces.

Note that a turbulence model was not employed in this study, because previous studies that used a rigid

parachute model demonstrated a satisfactory agreement between the results obtained by laminar numerical
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simulations and those experimentally obtained (Xue et al. 2013). Consequently, an extended form of the numerical

code employed in Xue et al. (2013) is used for the simulations in this study. Numerical simulations combined with

the DES method will also be conducted to investigate the complicated mechanism of an unsteady flow field around

a parachute in the near future.

Grids

The flow field around a 3D rigid parachute model was simulated by using a structured, single-block grid. Note

that the grid created involves a meridional plane, due to the axisymmetric configuration of the parachute system.

The 3D view of the grid of the parachute mode for Case B is shown in Fig. 1(b) and the validity test of the grid

convergence was demonstrated in the previous study (Xue et al. 2013). Thus, in this study, all of the simulations are

performed using a similar grid with the same grid number of 3,387,664 and the same cell number of 3,293,136 for

all three cases. The minimum grid size (cell height) is 0.08 mm for the cells adjacent to the wall surface.

Validation of the Numerical Methods

In the authors’ previous study (Xue et al., “High-Speed Unsteady Flow Pasts Two-Body Configurations,”

submitted, Nagoya University, Nagoya, Japan), the validity of the numerical method was evaluated by comparing

the simulation results obtained in Case B (6 = 20 deg) for the time-resolved pressure at point Q on the inner surface

of the canopy (see Fig. 1(a)) with the results measured by using a high-frequency pressure transducer (Kulite™

XT-190-200A) at the ISAS/JAXA (Nishiyama 2013). Moreover, the representative experimental and numerical
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instantaneous flow fields also show reasonable agreement. Thus the validation of the numerical method is basically

confirmed,

A

Results and Discussion

In the authors’ previous study (Xue et al., “Parametric Study on Aerodynamic Interaction of a Supersonic Parachute
System,” submitted, Nagoya University, Nagoya, Japan), it was found that there are four modes according to the
variations in the flow field under the effect of the trailing distance (X/d) and the ratio of the diameter of the capsule
to the canopy (d/D), including @: pulsation mode, @: oscillation mode, @transition from @ to @, and @:
narrow wake/rear shock interaction. The quantified effects were summarized in the referenced paper. When d/D is
equal to 0.2, X/d is less-than approximately 5.8, and the unsteady flow around the parachute exhibits the pulsation
mode (Xue et al. 2013). As d/D increases, the variation in the flow mode becomes-sensitive and changes quickly
under the impact of X/d. The critical values and range of X/d for the transition of the unsteady flow mode become
smaller. When d/D is increased to 0.33, the flow mode becomes the pulsation mode as long as X/d is less than
approximately 2.8. As shown in Table 1, as @ is increased from10 to 30 deg, the d/D for cases A-C increases from
0.15 to 0.26, and X/d for cases A-C decreases from 5.06 to 2.89. Thus, the flow field around the parachute shows the
pulsation mode for all three cases, where a hemispherical shaped shock wave is formed in front of the capsule,

which inflates and moves outward in the radial direction. Notably, this phenomenon is consistent with the pulsation
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flows reported in the literatures (Feszty et al. 2004; Panaras et al. 2009, Xue et al. 2013), and it is caused by
upstream propagation and lateral expansion of the interaction of the capsule wake/canopy shock and capsule

shock/canopy shock, which has been investigated in detail in the authors’ earlier study (Xue et al. 2013).

As shown in Fig. 2, the ratios of the stand-off distance of capsule shock, A, to the distance between the
capsule and the canopy, X=90mm, for Cases A, B and C are plotted to verify the pulsation flow mode. In Fig. 2, t; is
the non-dimensional time, and is defined as 7, :t*V¥ | D (Feszty et al. 2004; Xue et al. 2013). It can be seen
that there is a significant vibration in the stand-off distance for all the cases, which clearly shows that the pulsation
mode characterizes the flow, and the capsule shock (foreshock) periodically moves upstream and downstream with
time. The fluctuation amplitude gradually decreases as @ is increased. Moreover, as 6 is decreased, the foreshock
formed ahead of the capsule stays closer to the capsule surface, and its greater fluctuation in the stand-off distance

leads to instability of the flow field around the capsule.

In addition, it can be seen from Fig. 2 that as & is decreased, the time period of the pulsation mode becomes
longer. Figure 3 shows the comparison of the experimental and CFD Strouhal numbers, St, under different capsule
half-cone angle, 0. The Strouhal number of the pulsation mode, which describes the frequency of the flow

oscillations (White 1999), is defined as follows:

f xD
V

0

St=

)

where f is the oscillation frequency, D the canopy diameter, and Voo the freestream velocity. Here the experimental

and CFD oscillation frequencies were extracted from the pressure data of point Q (see Figs. 1(a)) and the shock

9
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stand-off distance data in Fig. 2 via power spectrum analysis. Good agreement is observed. The differences between

the computational St from the stand-off distance of the foreshock and the experimental St are 4 %, 0.4%, 1% for

Cases A, B and C, respectively. St becomes larger as 6 is increased (see the fit line in Fig. 3), which indicates that the

frequency (time period) of the pulsation flow is increased (decreased). Moreover, the frequencies of the pressure

change inside the canopy are consistent with those of the flow field pulsating.

Figure 4 presents typical Mach number contours in two instantaneous flow fields for Cases A, B and C, with

increases in @ from 10 to 30 deg, respectively. It can be observed that the aerodynamic interactions, that is, the

capsule wake/canopy shock interaction (left) and the capsule shock/canopy shock interaction (right) occur in all the

cases with the pulsation mode (Xue et al. 2013). When compared among the different 6 cases, it can be found that as

6 is decreased, the capsule wake is weakened, and when the canopy shock moves upstream, the coupling between

the capsule wake and the canopy shock is also weakened, however, the distance between the capsule shock and

canopy shock is reduced (see black ellipse on left side of Fig. 4). As a consequence of this effect, when 4 is

decreased, the capsule shock (S1) interacts with the canopy shock (S2) more intensively in the late stage of the

pulsation mode (see right side of Fig. 4), and their coupling becomes longer and stronger. Furthermore, as 6 is

decreased, shear layer L1 separates from the capsule neck, and a stronger shock (S3) forms, especially at & =10 deg,

when stronger aerodynamic interactions moves laterally, and another shock S4 is generated. Meanwhile, it can be

seen from the right side of Fig. 4 that, Cases A and B exhibit stronger coupling between the capsule shock (S1) and

canopy shock (S2), and the interaction location (triple point) is closer to the symmetric axis of the parachute system
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(see double-headed arrows in Fig. 4), which leads to a greater pressure inside the canopy (see Fig. 5). Thus, as 6 is

decreased, the shock/shock interaction becomes stronger. In addition, as 6 is increased, the stand-off distance of the

shock ahead of the capsule (foreshock) becomes larger, which is consistent with the result in Fig. 2.

Moreover, it can be seen from Fig. 5 that, the capsule wake/canopy shock interaction leads to a significantly

larger pressure around the parachute system than that of the capsule shock/canopy shock interaction, which provides

the, major source of the unsteadiness in the flow field for the pulsation mode here. In addition, as 4 is increased, the

difference in pressure distribution inside the canopy also increases, which means that the wake/shock interaction has

a stronger effect on the unsteady flow mode.

In summary, when the distance between the capsule and canopy (X) and the diameter of the canopy (D) are

fixed, as @ is increased, the aerodynamic wake/shock and shock/shock interactions are weakened and the locations of

the interactions also move outside from the parachute system. Consequently, the averaged pressure inside the canopy

is reduced, as illustrated further in Fig. 6, where the maximum differences between the computational and

experimental pressure are less than 8 %, 11%, 8% for Cases A, B and C, respectively. Therefore, a larger capsule

half-cone angle (greater than 30 deg) suppresses the aerodynamic interactions between the capsule and canopy and

is favorable for the supersonic parachute system.

Conclusions
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In this study the supersonic flow over 3D rigid parachute models were numerically simulated at a freestream Mach

number of 2. The effects of the capsule half-cone angle on the unsteady flow field around the parachute system and

the parachute dynamics were examined. The results are summarized as follows:

The computational results in all the cases show good agreement with the experimental data obtained from

the experiments carried out at the JAXA. The unsteady flow ‘pulsation mode’ is observed for all the cases.

In comparing the cases with different half-cone angles, 6, it can be observed that there is a significant

variation in the stand-off distance of capsule shock. This illustrates clearly that the pulsation mode

characterizes the flow, and the capsule shock periodically moves upstream and downstream with time. As 6

is decreased, the capsule shock stays closer to the capsule frontal surface, and the greater fluctuation in the

stand-off distance leads to instability of the flow field around the capsule.

When the distance between the capsule and canopy (X) and the diameter of canopy (D) are fixed, as @ is

increased, this results in weaker aerodynamic interactions, including the capsule wake/canopy shock and

capsule shock/canopy shock interactions. Therefore, a larger capsule half-cone angle (greater than 30 deg)

suppresses the aerodynamic interactions between the capsule and canopy and improves the unsteady flow field

around the parachute system, which is favorable for the supersonic parachute system.

As observed in Fig. 5, the capsule wake/canopy shock interaction leads to a significantly larger pressure

around the parachute than that of the capsule shock/canopy shock interaction, thus providing the major

12
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source of the unsteadiness in the flow field for the pulsation mode here. In addition, as 4 is increased, the

difference in the pressure distribution inside the canopy becomes greater, and the wake/shock interaction

plays a larger role on the unsteady flow mode.
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Fig. 1 (a): Parachute model used in the present computation and capsule geometry (dimensions are in the unit

of mm); (b) 3D view of grid of parachute model for Case B in this study with the conditions on all the

physical boundaries specified.

Fig. 1(a) No caption

Fig. 1(b) No caption

Fig. 2 Comparison of the ratios of the foreshock stand-off distance ahead of the capsule, A, to the distance
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between the capsule and the canopy, X=90mm, for Cases A, B and C.

Fig. 3 Comparison of experimental and CFD Strouhal numbers for the effect of the capsule half-cone angle, 6.

The line stands for the linear fit to the Strouhal number based on the CFD pressure variation at point

Fig. 4 Typical Mach number contours in two instantaneous flow fields for Cases A, B and C with increases in

6 from 10 to 30 deg, which show the flow features of the aerodynamic interactions: the capsule

wake/canopy shock and the capsule shock/canopy shock interactions. Black ellipse marks the distance

between the capsule shock and canopy shocks. The same scale with a black arrow is used to compare

the triple-point positions in the three cases. S1 represents the capsule shock, S2 the canopy shock, S3

and S4 the shock waves, and L1 the shear layer.

Fig. 4 (a) € =10 deg (left: 20/34T1o; right: 26/34T10)

Fig. 4 (b) 0 =20 deg (left: 19/32T20; right: 25/327T20)

Fig. 4(c) 0 =30 deg (left: 17/30Tz0; right: 24/30T30)

Fig. 5 Typical surface pressure contours in two instantaneous flow fields for Cases A, B and C with increases

in @ from 10 to 30 deg in Fig. 4: the capsule wake/canopy shock interaction (left) and the capsule

shock/canopy shock interaction (right).

Fig. 5 () € =10 deg (left: 20/34T10; right: 26/34T10)
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281  Fig. 5 (b) 8 =20 deg (left: 19/32T2o; right: 25/32T20)

282  Fig. 5(c) 8 =30 deg (left: 17/30Ts0; right: 24/30T30)

283 Fig. 6 Comparison of experimental and CFD averaged pressure distribution on the inner surface of the

284 canopy for Cases (a) A, (b) B, (c) C. (d) is a summary of the pressure distribution data for all the cases.

285  Fig. 6(a) No caption

286  Fig. 6(b) No caption

287  Fig. 6(c) No caption

288  Fig. 6(d) No caption

289

290 Table 1 Specifications for the three cases in this study
Cas A B C

291 s
4 (deg) 10 20 30
d (mm) 17.8 24.0 31.1

292 d; (mm) 12 12 12
D (mm) 120 120 120

293 X (mm) 90 90 90
X; (mm) 16.5 16.5 16.5

294 d/D 0.15 0.2 0.26
Xd 5.06 3.75 2.89

295

296

297
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298

299

300

301

Table 2 Flow conditions employed in the CFD simulations

M.

Re

Py

P.

T

2.0

2.04x107m’!

160kPa

20.3kPa

165K
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Figure Captions List

Fig. 1 (a): Parachute model used in the present computation and capsule geometry (dimensions
are in the unit of mm); (b) 3D view of grid of parachute model for Case B in this study
with the conditions on all the physical boundaries specified.

Fig. 1(a) No caption

Fig. 1(b) No caption

Fig. 2 Comparison of the ratios of the foreshock stand-off distance ahead of the capsule, A, to the

distance between the capsule and the canopy, X=90mm, for Cases A, B and C.

Fig. 3 Comparison of experimental and CFD Strouhal numbers for the effect of the capsule half-
cone angle, 0. The line stands for the linear fit to the Strouhal number based on the CFD
pressure variation at point Q.

Fig. 4 Typical Mach number contours in two instantaneous flow fields for Cases A, B and C with
increases in @ from 10 to 30 deg, which show the flow features of the aerodynamic
interactions: the capsule wake/canopy shock and the capsule shock/canopy shock
interactions. Black ellipse marks the distance between the capsule shock and canopy
shocks. The same scale with a black arrow is used to compare the triple-point positions in
the three cases. S1 represents the capsule shock, S2 the canopy shock, S3 and S4 the shock
waves, and L1 the shear layer.

Fig. 4 () 0 =10 deg (left: 20/34T10; right: 26/34T10)

Fig. 4 (b) 0 =20 deg (left: 19/32T20; right: 25/327T20)
Fig. 4(c) € =30 deg (left: 17/30T30; right: 24/30T30)

Fig. 5 Typical surface pressure contours in two instantaneous flow fields for Cases A, B and C
with increases in @ from 10 to 30 deg in Fig. 4: the capsule wake/canopy shock interaction

(left) and the capsule shock/canopy shock interaction (right).
Fig. 5 () € =10 deg (left: 20/34T10; right: 26/34T10)
Fig. 5 (b) 6 =20 deg (left: 19/32T20; right: 25/32T20)

Fig. 5(c) 0 =30 deg (left: 17/30T3o; right: 24/30T30)

Fig. 6 Comparison of experimental and CFD averaged pressure distribution on the inner surface
of the canopy for Cases (a) A, (b) B, (¢) C. (d) is a summary of the pressure distribution

data for all the cases.
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Fig. 6(c) No caption
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