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Abstract: This paper presents a comprehensive aerodynamic study of successful Mars entry vehicles, 

focusing on the critical phases of Entry, Descent, and Landing (EDL). The study explores the aerodynamic 

challenges posed by Mars' thin atmosphere and the high entry velocities of spacecraft. By analyzing previous 

Mars missions, we investigate key design parameters such as heat shield effectiveness, parachute deployment 

dynamics, and vehicle stability. The findings highlight the importance of optimizing vehicle geometry and thermal 

protection systems to withstand the intense aerothermal loads during entry. We also examine innovative 

deceleration technologies, including Hypersonic Inflatable Aerodynamic Decelerators (HIADs) and Supersonic 

Retropropulsion (SRP), offering insights into their potential to enhance mission success. The results of this study 

provide valuable guidelines for the design and development of future Mars entry vehicles, contributing to ongoing 

efforts to improve landing accuracy and vehicle safety on the Martian surface. 
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1. Introduction 

he aerodynamic study of successful Mars entry vehicles is crucial for optimizing the Entry, Descent, and 

Landing (EDL) phases, focusing on advanced deceleration technologies such as Hypersonic Inflatable 

Aerodynamic Decelerators (HIADs), Supersonic Retropropulsion (SRP), magneto-hydro-breaking, and 

parachutes, along with the analysis of blunt body aerodynamics. HIADs and SRP enable safer, controlled 

deceleration in Mars' thin atmosphere, while magneto-hydro-breaking offers a novel method of speed reduction 

through magnetic interactions with the ionized atmosphere. Parachutes, essential for the subsonic phase, require 

specialized designs to function effectively in low-density conditions. Blunt body shapes, known for their 

aerodynamic stability and thermal management, remain integral to entry vehicle design. This research aims to 

enhance the reliability and precision of Mars missions by analyzing the interplay between these technologies and 

Delta-V management during EDL. 

 

2. Landing Challenges on Mars 

 

 The challenges that are alarming during the EDL phase in the Martian Atmosphere are as follows: 

✓ Inadequate Mission Designs 

✓ Measurement of Distance to Surface 

✓ Thinness of the Martian Atmosphere 

✓ Inadequate Technology for Ballistic Aerocapture 
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✓ Shorter Time to Perform Entry, Descent and Landing (EDL) 

✓ Inadequate Technology for Retropropulsive Powered Descent 

 
Figure 1 ∆v variation in different phases of EDL [Image Courtesy: Spaceflight Now] 

 

 Previous technological limitations allowed for landing systems on Mars with a capacity below 0.6 metric 

tons. However, as technology has advanced, particularly with the development of the Sample Return Mission and 

future human space exploration, this threshold has increased. It was once unimaginable to achieve a landing 

capacity of at least 0.8 metric tons, but the Curiosity and Perseverance rovers proved otherwise, landing 

successfully with payloads of 899 kg and 1,025 kg, respectively. This not only demonstrates the improvement in 

payload capacity but also highlights the increased accuracy of landing systems. The Perseverance rover, for 

example, landed at the Jezero Crater with only a slight deviation of a few meters from the target, proving the 

precision of the system. Additionally, we have successfully demonstrated powered flight in Mars' thin atmosphere 

with the Ingenuity helicopter, completing 72 test flights before its propeller was damaged by dust particles. [5] 

Along with increased payload capacity, there is also a need to land at proper elevations. The Mars Orbiter Laser 

Altimeter (MOLA) has mapped altitude variations on Mars, ranging from -4 km to +2 km, which played a role in 

previous missions. Current plans for human exploration of Mars involve landing 40 to 80 metric tons of surface 

elements at scientifically interesting locations, within proximity (tens of meters) to pre-positioned robotic assets. 

For future human spaceflight to Mars, we must develop technologies that double the current payload landing 

capacity, increase landing accuracy by four times, and accommodate lower-density atmospheres and high surface 

elevations. 

 

Moreover, the above challenges can be categorized under 3 sections and they are: 

✓ An atmosphere which is thick enough to create substantial heating, but not sufficiently low terminal 

descent velocity. 

✓ A Surface Environment of Complex Rocks, Craters, Dust, and Terrain Patterns. 

✓ The cost of replicating a Mars – relevant environment for spaceflight qualification of new EDL 

technologies. 

 
Figure 2 Comparison of Earth and Mars Atmospheric 

Densities 

 
Figure 3 Variation of Velocity with respect to the 

Altitude During EDL 

Source: Mars Exploration EDL Challenges Source: MSL - EDL System Performance 
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3. Past Successful Attempts 

The United States has successfully landed several missions on Mars, beginning with Viking 1 and 2 in 1976, 

the first spacecraft to land and send back images from the Martian surface. This was followed by Mars Pathfinder 

in 1997, which delivered the Sojourner rover, proving the viability of robotic exploration. The Mars Exploration 

Rovers, Spirit and Opportunity, landed in 2004 and made significant discoveries about Mars' past water activity. 

In 2008, the Phoenix lander confirmed the presence of water ice in the Martian soil. The Mars Science Laboratory 

(Curiosity) landed in 2012, exploring Gale Crater and finding evidence of ancient habitable conditions. In 2018, 

the InSight mission landed to study the interior structure of Mars. Most recently, in 2021, the Perseverance rover 

landed in Jezero Crater, tasked with searching for signs of ancient life and collecting samples for future return to 

Earth. 

 

Table 1 Represents Various Parameters of Systems on Martian Surface 

Parameter Viking MPF MER Phoenix MSL Perseverance 

Entry Mass (kg) 980 585 836 603 3257 1025 

Landed Mass 

(kg) 

612 370 539 364 850 899 

Aeroshell 

Diameter (m) 

3.5 2.65 2.65 2.65 4.5 4.5 

Parachute 

Diameter (m) 

16.15 12.4 15.09 11.5 19.7 21.5 

Mach 24 L/D 0.18 0 0 0 0.24 0.24 

Landing Site 

Altitude (km) 

-3.5 -1.5 -1.3 -3.5 +1.0 -2.6 

Landing Site Chryse 

Planitia and 

Utopia 

Planitia 

Ares Vallis Gusev Crater 

and Meridiani 

Planum 

Vastitas 

Borealis 

Gale Crater Jezero Crater 

 

 As discussed earlier, several parameters influence the Entry, Descent, and Landing (EDL) phase of a 

spacecraft on Mars. Some of these key factors include: 

✓ Atmospheric Density 

Mars' thin atmosphere makes aerodynamic braking less effective, requiring precise control during 

descent. Variability in atmospheric density can affect the drag force experienced by the spacecraft. 

✓ Entry Angle 

The angle at which the spacecraft enters the Martian atmosphere is critical. A shallow entry angle may 

cause the spacecraft to skip off the atmosphere, while a steep angle can result in excessive heat and force, 

potentially destroying the spacecraft. 

✓ Heat Shield Design 

The heat shield must withstand the intense heat generated during entry. The spacecraft's velocity and the 

thin Martian atmosphere require a heat shield capable of managing both thermal protection and 

aerodynamic forces. 

✓ Spacecraft Velocity 

The initial velocity of the spacecraft upon entering Mars' atmosphere significantly affects the EDL phase. 

High velocities necessitate robust deceleration methods to prevent a crash landing. 

✓ Parachute Deployment Timing and Design 

The timing of parachute deployment is critical for slowing the spacecraft sufficiently before landing. The 

parachute must be capable of deploying in Mars' thin atmosphere and at high speeds. 

✓ Altitude and Terrain of Landing Site 

The elevation and topography of the landing site affect the time available for deceleration. Higher 

altitudes provide less atmospheric drag, giving the spacecraft less time to slow down. Additionally, rough 

terrain can impact landing safety. 

✓ Spacecraft Mass and Centre of Gravity 

The mass of the spacecraft influences the deceleration rate, while its center of gravity affects stability 

during descent. A well-balanced spacecraft will be more stable during atmospheric entry and descent. 

✓ Guidance, Navigation and Control (GNC) Systems 

Accurate GNC systems are essential for making real-time adjustments during EDL. These systems 

control the spacecraft’s orientation, trajectory, and landing precision. 
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✓ Retropropulsion 

Missions such as the Mars Science Laboratory (Curiosity) and Perseverance used retropropulsion to slow 

the spacecraft before landing. The performance of these thrusters is crucial for a controlled touchdown. 

✓ Dust and Atmospheric Condition 

Dust storms and atmospheric turbulence on Mars can impair visibility and sensor readings, affecting the 

spacecraft's ability to navigate and land safely. 

✓ Communication Delays 

Due to the time delay between Earth and Mars, EDL must be fully autonomous, with the spacecraft 

making split-second decisions based on pre-programmed instructions and real-time sensor data. 

 
4. Advanced Deceleration Technologies 

Delta – v 

Delta - v (∆𝒗) is a measure of the change in velocity that a spacecraft needs to achieve during its mission, 

essential for maneuvers such as entering or leaving orbits, landing, or rendezvous. In the context of Mars entry, 

delta-v represents the velocity reduction required for a spacecraft to transition from high-speed atmospheric entry 

to a safe landing. This reduction is accomplished through a combination of aerodynamic drag, parachute 

deployment, and retropropulsion. Delta-v directly impacts fuel requirements, propulsion efficiency, and overall 

mission success, making it a critical parameter in space mission planning and execution. 

The total ∆𝒗 required across the EDL phases determines the spacecraft's ability to safely decelerate from orbital 

speeds to a soft landing on the Martian surface. Proper management of ∆𝒗 is essential for controlling heat loads, 

maintaining stability during descent, and achieving the correct landing velocity. Therefore, it is a central factor in 

the design and execution of Mars missions. 

 

Hypersonic Inflatable Aerodynamic Decelerator (HIADs) 

 

HIADs consist of a series of concentric, toroidal (donut-shaped) rings made from strong, flexible 

materials. These rings are inflated in space, increasing the surface area of the vehicle and enhancing atmospheric 

drag and deceleration. By inflating to a larger diameter, HIADs significantly increase the drag area compared to 

traditional rigid aeroshells. 

Table 2 HIADs Type and its Mass Delivering Capacity 

Type Diameter Mass Delivering Capacity 

Small Diameter HIAD 3 m – 6 m Up to 1 ton 

Medium Diameter HIAD 6 m – 12 m Up to 10 tons 

Large Diameter HIAD 12 m – 20 m Up to 50 tons 

Extra – Large HIAD Above 20 m Above 50 tons 

 

Supersonic Retropropulsion (SRP) 

 

Unlike traditional descent methods that rely solely on aerodynamic drag, Supersonic Retropropulsion 

(SRP) actively slows the vehicle by applying thrust in the opposite direction of motion. This approach is 

particularly effective in Mars' thin atmosphere, where aerodynamic drag alone may not be sufficient to decelerate 

the vehicle. SRP enables precise control of the descent trajectory, allowing for more accurate targeting of the 

landing site. Additionally, it offers greater flexibility in managing the descent profile, which is beneficial for 

landing large payloads. 

Magnetohydrodynamic Braking (MHD) 

 

Magnetohydrodynamic (MHD) braking is a concept that utilizes magnetic fields and electrically 

conductive fluids or gases to slow down or decelerate an object. In the context of spacecraft entry into a planetary 

atmosphere, MHD braking aims to provide an additional means of deceleration by interacting with the ionized 

gas of the atmosphere. This method can complement traditional deceleration techniques, such as aerodynamic 

drag and parachutes, by offering enhanced control over the descent phase. By using MHD braking to reduce 

velocity, the thermal load on the spacecraft's heat shield may also be minimized, potentially simplifying the 

thermal protection system. 
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However, generating and maintaining a strong magnetic field in space and efficiently interacting it with 

the ionized plasma pose significant engineering challenges. While the concept is theoretically promising, practical 

implementations and detailed testing are still in the early stages, and the effectiveness of MHD braking in various 

atmospheric conditions requires further exploration. For Mars missions, MHD braking could provide a novel 

approach to managing the intense deceleration required during atmospheric entry. By integrating MHD braking 

with existing technologies like HIADs and SRP, spacecraft could achieve more controlled and efficient landings, 

potentially enhancing mission safety and performance. [6] 

 

As of now, MHD braking systems remain primarily in the research and theoretical stages, with no concrete 

proposals for their use in near-term Mars missions. The concept has been explored in academic and research 

settings, particularly regarding its potential to enhance entry, descent, and landing (EDL) technologies for 

planetary missions. However, the technology has not yet matured to the point where it is actively considered for 

upcoming Mars missions by major space agencies like NASA or ESA. 

 

5. Aerodynamic Analysis for Mars Entry (Blunt Body) 

  

The design consists of a blunt body resembling an Apollo-shaped capsule, measuring approximately 5 meters in 

diameter. It features a nose radius of 6.05 meters, a sidewall angle of 33 degrees, and an overall height of 3.8 

meters. [16] 

 
Figure 4 Martian Landing Capsule - Blunt Body 

 

 
Figure 5 Pressure Coefficient at 0 degrees AoA and 20 degrees AoA at Mach 20 

 
Figure 6 Mach number and Static Pressure Contours for Mach 5 and 10 degrees AoA 
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Figure 7 Mach number and Static Pressure Contours for Mach 20 and 20 degrees AoA 

Source: Aerodynamic Analysis of Mars Exploration Capsule 

When a vehicle enters the Martian atmosphere, several key aerodynamic and thermodynamic parameters 

come into play, influencing its behavior and performance. The Pressure Coefficient, Mach Number, Temperature, 

Static Pressure, and Angle of Attack are all intricately interconnected in this process. 

 

The Mach Number, which is the ratio of the vehicle's speed to the local speed of sound, is a critical factor 

during entry. As the vehicle descends through the Martian atmosphere, it transitions from hypersonic to subsonic 

speeds. This change in Mach Number affects the formation of shock waves around the vehicle, leading to 

significant temperature increases and alterations in pressure distribution. The Pressure Coefficient, which 

describes the relative pressure across the vehicle's surface, is directly influenced by these changes. Higher angles 

of attack, often employed to control descent and trajectory, result in asymmetric pressure distributions, altering 

the Pressure Coefficient (Cp) and impacting the vehicle's stability and control. 

 

Temperature also plays a vital role during entry. The high temperatures generated by aerodynamic 

heating due to shock waves increase the thermal load on the vehicle. This, combined with variations in static 

pressure as the vehicle descends through different layers of the Martian atmosphere, affects the overall 

aerodynamic forces experienced by the vehicle. The Angle of Attack, carefully managed during entry, helps 

control these forces, ensuring that the vehicle remains on its intended trajectory while minimizing thermal and 

mechanical stresses. 

 

6. Parachutes and their Designs 

  A parachute slows down a spacecraft by creating a large surface area that generates drag force, which 

opposes the spacecraft's descent. This drag is crucial for reducing the spacecraft's speed as it enters and travels 

through the atmosphere. On Mars, where the atmosphere is much thinner than Earth's, the parachute must be 

designed to maximize drag effectively despite the lower density.  

  

 Several key parameters affect parachute performance. The diameter of the parachute directly influences its 

drag capabilities; a larger diameter increases the surface area exposed to the airflow, thereby generating more drag 

and slowing the spacecraft more efficiently. The material used for the parachute needs to be strong and flexible 

enough to withstand the forces during deployment and descent.  

  

 The shape of the parachute also plays a role in its effectiveness. Different shapes, such as circular or conical, 

affect how air is channeled and distributed, influencing the parachute's stability and drag force. The deployment 

mechanism must be precisely timed and reliable to ensure the parachute opens correctly at the optimal altitude 

and speed, as incorrect deployment can significantly affect landing accuracy.  

  

 On Mars, the lower atmospheric density requires parachutes to be specially designed to compensate for the 

reduced drag. The parachute's descent speed and deployment stability are critical factors; it must handle high-

speed entry and transition to slower speeds while maintaining stability to avoid oscillations or tumbling. Proper 

load distribution is also essential to prevent tearing and ensure consistent performance throughout the descent. 

 

 

 

https://www.sciencedirect.com/science/article/abs/pii/S0094576511002219
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Figure 8 Viking Derived Parachute System 

Source: Mars Exploration EDL Challenges 

The Ballistic Coefficient (𝛽) is a measure of an object's ability to overcome air resistance during flight. 

It describes the behavior of a projectile, such as a spacecraft or a bullet, as it travels through a fluid medium like 

the atmosphere. In the context of space missions, particularly during the Entry, Descent, and Landing (EDL) phase 

on Mars, the ballistic coefficient is a critical factor that influences how quickly the object slows down as it enters 

the atmosphere. 

𝜷 =
𝒎

𝑪𝒅𝑨
 

where, 

𝑚 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑂𝑏𝑗𝑒𝑐𝑡 

𝐶𝑑 = 𝐷𝑟𝑎𝑔 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝐴 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑜𝑠𝑠 − 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑖𝑛𝑔 𝑡ℎ𝑒 𝐴𝑖𝑟𝑓𝑙𝑜𝑤 

 

Based on the Ballistic Coefficient and the Diameter of the Aeroshell for different missions, the following 

conclusions were obtained with respect to the Mass and the Elevation of the Martian Surface. 

 

Table 3 Landed Mass on Martian Surface as a Function of Elevation 

Surface Elevation 

(MOLA in km) 

Maximum 𝜷 in 

𝒌𝒈/𝒎𝟐  

Landed Mass for 2.65 m 

Diameter Aeroshell 

Landed Mass for 4.5 m 

Diameter Aeroshell 

-2.0 160 350 1000 

0.0 135 300 850 

+2.0 115 250 750 

 

 
Figure 9 70 Degrees Sphere - Cone Aeroshells 

Source: Mars Exploration EDL Challenges 

https://arc.aiaa.org/doi/10.2514/1.25116
https://arc.aiaa.org/doi/10.2514/1.25116
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7. Future Implications and Innovations 

   

 As Mars exploration progresses, the future of Entry, Descent, and Landing (EDL) technologies is pivotal 

for advancing human missions and establishing a sustained presence on the Red Planet. One significant challenge 

is developing EDL systems capable of handling much larger payloads, which are necessary for crewed missions 

and heavy equipment. Future missions will require enhanced versions of current technologies, such as Hypersonic 

Inflatable Aerodynamic Decelerators (HIADs) and Supersonic Retropropulsion (SRP). Scaling these systems to 

manage the increased mass while ensuring redundant safety mechanisms will be crucial for mitigating risks 

associated with human landings. Advancements in materials and thermal protection are essential for managing 

the extreme conditions of Martian entry. Next-generation heat shields and adaptive materials capable of real-time 

adjustments will be necessary to protect spacecraft from high temperatures while minimizing mass. Additionally, 

precision landing technologies will see significant improvements. Enhanced Terrain-Relative Navigation (TRN) 

and the integration of AI and machine learning will enable spacecraft to autonomously navigate and land with 

greater accuracy, avoiding hazards and landing in scientifically valuable areas. The concept of reusable EDL 

technologies is also gaining traction. Reusable landers and modular systems that can be adapted for different 

missions will reduce costs and increase mission flexibility. In-Situ Resource Utilization (ISRU) technologies will 

play a critical role by enabling the production of propellants and other resources on Mars, thereby reducing 

dependency on Earth-launched supplies. The development of infrastructure, such as landing pads and automated 

supply drops, will further support sustained exploration and human presence. Emerging technologies like 

Magnetohydrodynamic (MHD) braking and electric propulsion for EDL phases are being explored to enhance 

deceleration and precision. These innovations, along with potential orbiting relay stations and autonomous cargo 

landers, will support future missions by providing continuous communication, navigation assistance, and precise 

landing capabilities. Collectively, these advancements will pave the way for more ambitious Mars missions, 

bringing humanity closer to a long-term presence on the Red Planet. 

 

8. Conclusion 

 

In conclusion, the aerodynamic study of successful Mars entry vehicles provides a comprehensive 

understanding of the critical design principles that have enabled the safe landing of spacecraft on the Martian 

surface. This analysis highlights how the interplay of key aerodynamic factors—such as the ballistic coefficient, 

entry angle, and atmospheric drag—must be meticulously managed to navigate the unique challenges posed by 

Mars’s thin atmosphere. The study demonstrates that past missions, including Viking, Pathfinder, the Mars 

Exploration Rovers (MER), the Mars Science Laboratory (MSL), and Perseverance, achieved success through a 

combination of advanced heat shield technologies, precisely engineered parachute systems, and sophisticated 

guidance and control mechanisms. These elements were tailored to maximize deceleration and stability during the 

high-speed Entry, Descent, and Landing (EDL) phases, ensuring that the spacecraft could withstand the harsh 

conditions and achieve a controlled touchdown. The insights gained from these missions have not only validated 

the aerodynamic strategies employed but have also set the foundation for future Mars missions, underscoring the 

necessity of careful design optimization. As we look ahead to more ambitious exploration goals, this study 

reaffirms the importance of balancing vehicle mass, aerodynamic efficiency, and material durability to continue 

the legacy of successful Mars landings. 
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