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Optimization of a reentry vehicle 

designed for splashdown 
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A reentry vehicle is designed and optimized using gradient based optimization techniques. 

Constraints for atmospheric reentry are applied as well as a new, additional constraint that 

requires the vehicle to land in a stable upright orientation. This model is applied to capsules 

of truncated cone geometries. It is found that stability constraints required an additional 14% 

increase in mass. Other possible designs are also proposed with the intent of minimizing the 

mass penalty while maintaining the stability. This report provides a strong preliminary 

exploration of the additional stability design constraint for reentry vehicles. 

Nomenclature 

A = reference area 

amax = max acceleration 

β = ballistic coefficient 

CD = drag coefficient 

CF = equivalent skin friction coefficient  

D = max vehicle diameter 

Dcyclinder = cylinder diameter 

e = mathematical constant, 2.7182 

g = gravitational constant, 9.81 m/s2 

Γcylinder = specific gravity 

Γ = entry angle 

h = altitude 

h0 = scale height, 6700 km 

K = vehicle wall thickness 

Ӄ = atmosphere scale height, .000139 m-1 

L = vehicle length  

L0 = temperature lapse rate, .0065 K/m 

m = total vehicle mass 

mstr = structural mass of the vehicle 

mpayload = mass of the vehicle payload 

M = molar mass of dry air, .028964 kg/mol 

Ω = non-dimensional inversion term 

ρ = air density 

ρ0 = atmospheric density at sea level, 1.225 

ρstr = density of vehicle material  

𝑞̇ = heat flux 

Q = total heat load 

SW = wetted surface area 

T0 = sea level standard temperature, 288.15 

V = vehicle velocity 

VDescent = velocity during parachuted descent 

VE = entry velocity 

VSplashdown = splashdown velocity  

VWind = wind velocity at splashdown 

𝕍habitable = habitable volume 

𝕍total = total volume 

W = vehicle weight 

I. Introduction 

HE study of reentry vehicles (RV) and their associated systems has long been a topic of astronautical interest. 

The vehicle, entering at hypersonic speeds, is subject to a unique loading condition that includes a heat flux, a 

large heat load, rapid deceleration, and a high dynamic pressure. Many studies, both empirical and experimental, have 

been completed in order to optimize the design of the RV [1,2,3]. These studies have focused primarily on the course 

of the RV as it travels through the atmosphere towards earth, and have largely ignored the splashdown event that 

terminates the RV’s trip. In this study, with the benefit of many existing models, we optimize the RV given its 

trajectory through the atmosphere and concluding in splashdown. 

Many of the fundamental studies on atmospheric reentry were made during the space race of the mid-twentieth 

century [4]. During that time, models showed that the three limiting design requirements were (1) deceleration, (2) 

heating, and (3) accuracy. From these limitations two strategies for optimizing the design constraints were developed: 

(1) changing the vehicle design and (2) changing the trajectory design. Many previous studies have focused on the 
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optimal RV geometry and trying to optimize the vehicle against the constraints [5,6]. The present study benefits from 

many well established and experimentally verified models [7,8].  

Design of the optimal trajectory has also been documented and researched. Studies have helped to model the way 

that decreasing the reentry angle and velocity can help to minimize the deceleration and heating felt by the vehicle 

[9,10]. Instead of working to concurrently optimize the geometry and trajectory, this study instead uses parameters for 

reentry angle and velocity that have been used in previous simulations.  

Safely landing the RV presents its own unique challenges. Splashdown is a common way of returning spacecraft 

to the Earth’s surface. This method was adopted for the Apollo missions because a water landing provides a relatively 

forgiving impact for onboard equipment and astronauts. The Apollo space capsule was thoroughly tested to ensure a 

safe landing [11,12,13]. During these tests, two stable floating positions were identified: upright and inverted. The 

inverted orientation inhibited the astronauts from exiting the capsule because the vehicle hatch was left submerged. 

Inversion was recognized as a problem during early tests of water landing [11, 13, 14]. A simple solution was 

identified in deploying airbags that could flip the RV back into its upright position if it was inverted [14]. Out of the 

19 total Apollo capsules that landed in the ocean, nine inverted after impact [15].  

Although air bags provided a satisfactory solution, this report explores the design space in which air bags are not 

necessary. This research question remains relevant because the air bag solution continues to be employed in modern 

iterations of blunt RVs. A design which did not require airbags would be beneficial for its reduced engineering 

complexity, a removed mode of failure, and reduced mass and volume.    

This problem is also of interest because of the proposed NASA mission to Saturn’s moon Titan [16]. On Titan, a 

space probe would land in a sea of hydrocarbons. It would be beneficial to use a design which could not flip over 

because technical difficulties with air bags would cause the failure of the entire mission. On Earth this concern is not 

so dramatic because naval support vehicles are available.   

II. Objective 

The objective of the research was to define the geometry of a vehicle that would be able to meet all of the 

constraints of a realistic mission while minimizing the structural mass of the vehicle. Applying this research to the 

broad spectrum of space vehicles is admittedly difficult. The geometries and payloads of different space vehicles have 

varied considerably over the storied history of space flight. However, one common design is the truncated cone 

geometry as shown in Figure 1a. This study focus on this proven vehicle geometry which is defined by three 

dimensions: the vehicle major radius R, minor radius (or nose radius) r, and the vehicle length, L, as shown in Figure 

1b.The structural mass of the vehicle, which will be minimized, is determined by its geometry according to: 

 𝑚𝑠𝑡𝑟 =  𝛫𝜌𝑠𝑡𝑟 × 𝜋(𝑅2 + (𝑅 + 𝑟)√(𝑅 + 𝑟)2+𝐿2 + 𝑟2) (1) 

In this study, this function is minimized by reducing the vehicle dimension R, r, and L while still maintaining 

dimensions that will allow for successful completion of the mission.   

 

Figure 1a: Images of various successful RV, all of truncated cone geometry. From NASA.gov. 

Figure 1b: Parameters that define the truncated cone geometry. 
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III. Constraints 

 While working to minimize the mass, it is necessary to ensure that the vehicle is equipped to reenter the 

atmosphere and complete mission objectives. Many of these constraints are governed by a maximum or minimum 

values while others are limited by other ratios. For those that are limited by a maximum or minimum value, the value 

that was used in this study is presented in Table 1. Those constraints, along with all other dimensional constraints are 

summarized as follows: 

A.  Minimum Required Volume 

The minimum required volume is defined by the payload. Dimensions for current RVs report separately the 

habitable volume, which is designed with consideration for the comfort of human passengers, and the total vehicle 

volume which includes space for support and safety systems. We also report and constrain these two values separately. 

For this study we define the habitable volume according to: 

 𝕍ℎ𝑎𝑏𝑖𝑡𝑎𝑏𝑙𝑒 =
1

3
𝜋(.6𝐿)((. 75𝑅)2 + .75𝑅𝑟 + 𝑟2) (2) 

 We determine the total volume according to:   

 𝕍𝑡𝑜𝑡𝑎𝑙 =
1

3
𝜋𝐿(𝑅2 + 𝑅𝑟 + 𝑟2) (3) 

 Both of these volumes are limited to minimum values that were determined by calculating 80% of the volume 

available in the Orion Crew Exploration Vehicle. 

B. Structural Stability 

Statistical data collected in 2009 determined that an important ratio between the vehicle length and maximum 

diameter be maintained for determining structural stability [20]. Specifically, it was determined that for structural 

stability to be ensured, the following proportion must be obeyed: 

 . 64 ≤  
𝐿

𝐷
≤ 1.15 (4) 

Modern reentry vehicles have tended toward the lower end of this ratio.  

C. Peak Deceleration 

The maximum deceleration of any RV is found according to:  

 𝑎𝑚𝑎𝑥⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ =
𝑣⃑ 𝐸𝛽 sinΓ

2𝑒
 (5) 

In this equation, the ballistic coefficient is determined according to: 

 𝛽 =
𝑊

𝐶𝐷𝐴
 (6) 

Computational fluid dynamic analysis has shown that for high speed flows, the drag coefficient for a blunt RV is 

equal to 1.42 [21]. In order to protect astronauts, the upper limit for return to earth from low earth orbit is 10Gs and 

after long exposure to zero gravity the upper limit of declaration is 4Gs. In the case of an unmanned vehicle, these 

constraints can be largely ignored depending on the vehicle structure and payload. 

Parameter Value Comments 

𝕍ℎ𝑎𝑏𝑖𝑡𝑎𝑏𝑙𝑒 Minimum 8.18 m3 80% of Orion Habitable Volume [17]  

𝕍𝑡𝑜𝑡𝑎𝑙 Minimum 15.67 m3 80% of Orion Total Volume [17] 

𝑎𝑚𝑎𝑥⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ Maximum 10Gs Standard for Low Earth Orbit [18] 

𝑞̇ Maximum 31 kJ/cm2 Approximate heat load of Apollo RV [19] 

Ω 6.5 Determined from experimental data 

Table 1: Limiting values of vehicle parameters 
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D. Blunt Reentry Vehicle 

In order to ensure the validity of the coefficient of drag that has been employed, the rear and nose radii are 

constrained according to:  

 𝑟 ≤  .5𝑅 (7) 

This constraint is necessary because it orients the vehicle with the large radius as the frontal area and because it 

ensures that the shape does not approach a cylindrical shape. This is necessary because a constant value of the 

coefficient of drag was assumed that is connected with vehicle orientation instead of changing as vehicle geometry 

changes.  

E. Peak Heat Flux 

The peak heat flux that a vehicle can withstand is determined by its thermal protective system. The heat flux for 

any vehicle entering earth’s atmosphere is determined from the vehicle trajectory and geometry according to:  

 𝑞̇ = 1.83 × 10−4𝑉3√
𝜌

𝑅
 (8) 

An analytical evaluation [22] of the reentry profile shows that the when the maximum heating occurs the velocity 

is given by. 

 𝑉𝑞̇𝑚𝑎𝑥
= .846 𝑉𝐸 (9) 

The same evaluation shows that the altitude where the maximum heating occurs is given by  

 ℎ𝑞̇𝑚𝑎𝑥
= 

1

𝛽
ln(

𝜌0

3𝛽 ℎ0sinΓ
) (10) 

This allows us to solve for the air density where heating is maximum according to  

 𝜌𝑞̇𝑚𝑎𝑥= 𝜌0(1 −
𝐿ℎ

𝑇0
)
𝑔𝑀

𝑅𝐿  (11) 

Naturally substituting the values for the velocity, altitude, and densities determined in Equations 9, 10, and 11 

respectively in to Equation 8 results in the peak heat flux. This heat rate is limited using experimental data for a 

selected thermal protective system [19].    

F. Flipping 

In our research we impose an additional constraint that has been facilitated by our own experimental research. In 

this research a buoyant cylindrical puck was used to simulate the splashdown event. Impacts were recorded with a 

high-speed camera and the maximum angle that the puck reached before returning to a stable upright position was 

recorded. Preliminary results are shown in Figure 2 along with a dotted line that represents the constraint that was 

applied. While a complete study on stability has not yet been completed, it has been determined that some of the 

principle parameters that affect stability are the geometry, the density of the reentry vehicle, the vertical velocity at 

impact, the horizontal velocity at impact, the angle of impact, and the center of mass. Our research has demonstrated 

that for pucks of a given geometry, the ability of the puck to flip over is dependent upon impact angle and a non-

dimensional term Ω defined as:  

 

 Ω =
𝐹𝑟∗

(√𝛾𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟)
 (12)  
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In this equation, the modified Froude number is defined as: 

 𝐹𝑟∗ = 
𝑉𝑆𝑝𝑙𝑎𝑠ℎ𝑑𝑜𝑤𝑛

√𝑔𝐷𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 (13) 

Lorenz, whose data is replicated in Figure 3a, has shown that in this equation, neither the horizontal nor the 

vertical splashdown velocities can be used exclusively. He shows that while the vertical velocity is important, the 

horizontal component of the velocity carries a stronger weight in determining the final orientation of the vehicle.  The 

vertical velocity can be found by accounting for the number of parachutes and the mass of the vehicle, and the 

horizontal velocity is assumed to be equal to the wind velocity which was estimated using the Weibull distribution 

shown in Figure 3b. These velocities are scaled using the Froude number to allow for smaller scale experiments.  

In order to apply this experimental data to determine a constraint, the reentry vehicle is approximated as a cylinder 

with a height equal to the length of the reentry vehicle, and a diameter equal to its maximum outer diameter. It is 

assumed that the reentry angle can not be controlled but that the only way to reduce the ability of the RV to flip over 

is to reduce the value of Ω until it is lower than the region where flipping initiates as shown be the dotted line in 

Figure 2.  

IV. Methodology 

Since this optimization problem was defined as single objective and all of the variables are continuous, the solution 

is most efficiently found using gradient based methods that allow the optimizing software to rapidly locate the 

minimum function value. For this application a sequential quadratic programming (SQP) software package was 

employed. The SQP method is an iterative method for nonlinear optimization that solves a sequence of optimization 

Figure 2: Plot of experimental puck data showing the dependence on impact angle and the non-

dimensional term Ω in determining inversion. Applied constraint is shown by dashed green line.  
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sub-problems which optimizes a quadratic model of the objective subject to a linearization of the constraints. Thus 

SQP is equivalent to applying Newton’s method to the Karush-Kuhn-Tucker optimality conditions. Depending on the 

initial conditions, the optimization required between 10-40 iterations and solved until the optimality conditions were 

met to a value of 10-6. 

 

V. Validation 

Before applying a constraint to inhibit the 

ability of the RV to invert, the atmospheric model 

was validated by comparing the optimizer output 

with the geometry of the Orion RV. This was 

deemed to be necessary because some of the 

models, especially of heat flux and deceleration, 

are simplified from their true nonlinear form. 

Results that matched the Orion geometry would 

validate the model because Orion was designed 

using the most advanced software available and 

because the vehicle has already successfully 

completed a mission. The comparison of the 

optimization output and the Orion vehicle can be 

seen in Figure 3. It is noted that the results are 

quite similar. The Orion vehicle has a slightly 

smaller major radius (2.51 m versus 2.6 m) and a 

slightly smaller length (3.46 m versus 3.49 m). 

Despite the small dissimilarity, the results offer 

good validation that the optimizer could produce a 

reliable and optimal geometry of a RV.  

 

 Figure 3:  Comparison between our optimized geometry (solid 

line) without the added constraint of landing stability and the 

Orion reentry vehicle (dotted line). 

Figure 3a: Experimental data from Ralph Lorenz showing the dependence of inversion upon impact velocity and 

horizontal velocity. The data show thresholds for horizontal and vertical velocity below which the RV will not 

flip over. These thresholds are dependent upon the geometry of the vehicle. Source [23]. 

Figure 3b: Weibull distribution of wind velocities. Source [24] 
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VI. Results 

 The optimizer was not able to converge on a 

solution when a condition of stability through all 

possible wind velocities was applied to the design. 

This is because there is no design which 

completely eliminates inversion for the highest 

5% of assumed wind velocities in the Weibull 

distribution. However, when the constraint was 

changed to a 95% chance of landing in an upright 

orientation the optimizer was able to converge to 

a new design as shown in Figure 8. In this design, 

the major radius was increased from 2.6 m to 2.83 

m and the length was increased from 3.37 m to 

3.62 m. This new design increased the mass by 

14%. 

Some intuition into the changes made to 

increase stability can be gained by examining 

which constraints were active in the final design. 

The minimum structural stability which relates 

the diameter and length was already active when 

the additional constraint of landing stability was 

added. The result was that the diameter of the RV 

could not be increased to make a more stable 

landing without also increasing the length. 

 

 

VII. Alternative Solutions 

To this point, this report has considered only the truncated cone geometry falling at terminal velocity. This section 

will explore a variety of other possible solutions for mitigating the possibility of inversion these include exploring a 

more complex geometry, controlling impact velocity or angle, and constructing more complex RVs.  

 Beyond the truncated cone, one possible geometry is the shielded cone design. This design is defined by seven 

parameters instead of just three as shown in Figure 5a. When the geometry is defined in this way and the same 

objective and constraints are applied, the resulting vehicle geometry, shown in comparison with the Orion vehicle in 

Figure 5b, is larger and more complex than the truncated cone geometry solution. This result deterred us from 

exploring other more complicated geometries.  

Although alternative geometries did not provide an improvement over the truncated cone design, controlling the 

impact velocity and angle provided more promising results. The original optimal design was found assuming no 

control over impact velocity. In reality it may be possible to control impact velocity by changing the size or number 

of parachutes. Vertical velocity is inversely proportional to the square root of the cross sectional area of the falling 

object. When parachute size was considered as a design variable, the geometry of the optimal RV was more similar 

to the Orion RV, but still drove towards a higher dimensions for diameter and length. In order to provide 95% 

assurance of stability, both the length and diameter dimensions were increased by .04 m. This design required 

parachutes with 9% more surface area than the ones that are currently employed. With the increased dimensions and 

parachute size, the mass was found to be 1.5% larger than the Orion RV. 

Another solution is found by controlling the impact angle. Drop test results have shown that while one way of 

mitigating the ability of the vehicle to flip over is to reduce the value of Ω, another way would be to increase the 

impact angle beyond 30°.  This relationship is shown in Figure 6. To do this small rockets could be used on the RV 

as it descended in order to orient it.  

A final possible solution that would allow the RV to maintain its current geometry would be to make the heat 

shield detach upon impact. Once detached, the heat shield would act as a stabilizing anchor for the capsule. This 

solution, sketched in Figure 7, is more difficult to construct and has its own engineering challenges. Nevertheless, it 

is beneficial because of its ability to be developed with any vehicle geometry.  

 

 

Figure 4: Comparison between our optimized geometry (solid line) with 

the added constraint of landing stability and the Orion reentry vehicle 

(dotted line). 
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Figure 5a: Parameters that define the shielded cone geometry.  

Figure 5b: Shows the optimal shielded cone geometry (blue) and the Orion RV (yellow).  

 
 

Figure 7: Illustrates the submerged heat shield solution that could be used to remove the possibility of inverting. 

 

Figure 6: Illustrates how controlling the impact angle of the RV would remove the possibility of inverting. 
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VIII. Conclusion 

The purpose of this study was to explore the effect of applying an additional splashdown constraint. What is shown 

is that with minor changes to the vehicle geometry it may be possible to dramatically reduce its tendency to flip over. 

Considering the splashdown event during the initial design of the RV allows for more options in the original design. 

With further work, inversion upon impact could possibly be eliminated completely by further changes in geometry. 

This would eliminate the need to reorient the vehicle after landing. Further research could include more advanced 

physical models and additional design parameters. This study provides a good direction for that future work as well 

as a few specific suggestions.  
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