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Required:
1. Calculate the mechanical energy required to put SpaceX Starship with payload into orbit.
2. Calculate the mechanical energy at launch if Starship with payload is launched at Mach 3.
3. Calculate the mechanical energy at launch if Starship with payload plus Super Heavy Booster are launched

at Mach 1, 2, 3, 3.5, 4, 5.
4. Estimate the takeoff mass of a Reduced Super Heavy Booster and Starship with payload launched at Mach 3.

Includes a table estimating the takeoff mass and fuel mass of a Reduced Super Heavy Booster and Starship 
with payload launched at Mach 1, 2, 3, 3.5, 4, 5.

Method:
1. Energy Equation:  

Mechanical Energy (ME) = Kinetic Energy (KE) + Potential Energy (PE)
where,

KE = (1/2) * Mass * Velocity^2
PE = Mass * Gravitational Acceleration * Height

At launch, Height is assumed to be 0; therefore PE = 0 and ME = KE.

2. Rocket Equation:  

change in velocity (Vf - Vo) = exhaust velocity (EV) * ln (initial mass (Mo)/ final mass (Mf))

Definitions:
1. Payload:  The payload for the Super Heavy Booster is Starship with payload.  See Reference 3.

Payload = 185,000 kg

References:
1. Mechanical energy as described by Encyclopedia Britannica, britannica.com, accessed on 12/29/2021.

https://www.britannica.com/science/mechanical‐energy

2. Mechanical energy formula, "Energy Formula Physics", toppr.com, accessed on 12/29/2021.
https://www.toppr.com/guides/physics‐formulas/energy‐formula‐physics/

3. SpaceX Starship (vehicle + payload), "Payload fraction", en.wikipedia.org, accessed on 12/29/2021.
https://en.wikipedia.org/wiki/Payload_fraction

4. Orbit speed calculator, "Earth orbit", calctool.org, accessed on 12/29/2021.
https://www.calctool.org/CALC/phys/astronomy/earth_orbit

5. Rocket Equation Formula, "Rocket Equation Calculator", calculatory.academy, accessed on 12/29/2021.
https://calculator.academy/rocket‐equation‐calculator/

6. Raptor Impulse, "SpaceX Raptor", en.wikipedia.org, accessed on 1/3/2022.

https://en.wikipedia.org/wiki/SpaceX_Raptor

7. SpaceX Super Heavy booster fuel mass, "SpaceX Starship", en.wikipedia.org, accessed on 12/29/2021.
https://en.wikipedia.org/wiki/SpaceX_Starship
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MECHANICAL ADVANTAGE OF ELECTROMAGNETIC RAILGUN

Based on SpaceX Starship with payload and Super Heavy Rocket

Solution:

1. Calculate the mechanical energy required to place SpaceX Starship (vehicle + payload) into a 

300 km low earth orbit using Method 1.

MEO = mechanical energy orbit

KEO = kinetic energy orbit

PEO = potential energy orbit

g = gravitational acceleration

KEO = (1/2) * Mass * Velocity^2

Mass = 185,000 kg, Def 1
Velocity = 7.73 km/s, Ref 4

KEO = 5.53E+06 MJ

PEO = Mass * g * Height

Mass = 185,000 kg
g = 9.80E-03 km/s^2

Height = 300 km
PEO = 543.90E+03 MJ

MEO = KEO + PEO

MEO = 6.07E+06 MJ

Solution:
2. Calculate the mechanical energy at launch if Starship with payload is launched at Mach 3 using Method 1.

At launch the height above the earth is 0 km, therefore, PE = 0 and ME = KE.

MEL = mechanical energy at launch

KEL = kinetic energy at launch

PEL = potential energy at launch, assumed to be zero.

KEL = (1/2) * Mass * Velocity^2

Mass = 185,000 kg, Ref 3
Velocity = 3 Mach
Velocity = 1.029 km/s

KEL = 97.94E+03 MJ

MEL = KEL

MEL = 97.94E+03 MJ

Comment: Using a railgun to accelerate and launch Starship with payload at Mach 3 doesn't provide a 

significant amount of mechanical energy or mechanical advantage.
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MECHANICAL ADVANTAGE OF ELECTROMAGNETIC RAILGUN

Based on SpaceX Starship with payload and Super Heavy Rocket

Solution:

3. Calculate the mechanical energy at launch if Starship with payload plus Super Heavy Booster
are launched at Mach 1, 2, 3, 3.5, 4, 5.  Table below uses Method 1.

At launch the height above the earth is 0 km, therefore, PE = 0 and ME = KE.

MEL = KEL

KEL = (1/2) * Mass * Velocity^2

Mass = 4.40E+06 kg, Ref 3
Velocity = 1, 2, 3, 3.5, 4, 5 Mach

Mass MEL

kg Mach km/s MJ
4.40E+06 1 0.343 258.83E+03
4.40E+06 2 0.686 1.04E+06
4.40E+06 3 1.029 2.33E+06
4.40E+06 3.5 1.201 3.17E+06
4.40E+06 4 1.372 4.14E+06
4.40E+06 5 1.715 6.47E+06

Comments:
1. Using a railgun to accelerate and launch Starship with payload plus

Super Heavy Booster at Mach 3 provides almost 40% of the mechanical
energy required to place Starship with payload into orbit.
Mach 3.5 provides more than 50% of the mechanical energy required.
And, Mach 5 provides more than the mechanical energy required.

2. Due to velocity being squared in kinetic energy, any incremental
increase in velocity provides a velocity squared increase
in kinetic energy.

Velocity
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Solution:
4a. Estimate the takeoff mass of a Reduced Super Heavy Booster and Starship with payload launched at Mach 3.
4b. Estimate the takeoff mass of a Reduced Super Heavy Booster and Starship with payload launched at 

Mach 1, 2, 3, 3.5, 4, 5.

Assumptions:
1. Reduced Super Heavy Booster delivers Starship with payload to a low earth orbit.
2. Low earth orbit of 300 km and a velocity of 7.73 km/s, from Reference 4.
3. From Reference 7, the dry mass of Super Heavy is 180 tons (163,000 kg) and the fuel mass

 is 3,600 tons (3,580,000 kg).  This yields a dry mass to fuel ratio of 0.05.  This dry mass to
fuel ratio is assumed to be consistent for estimating a Reduced Super Heavy Booster.

4. After reaching orbit, the Super Heavy Booster has a fuel mass remaining to return to Earth.
It is assumed that 98.75% of the Super Heavy Booster's fuel is used to achieve a low earth
orbit and at orbit the Super Heavy Booster has approximately 1.25% of its fuel mass remaining.
(Estimated by calculations not included.  Reference required.)

Rearrange Method 2 to estimate the takeoff mass (initial mass) of a Reduced Super Heavy Booster
launched at Mach 3.

Mo = Mf * e^((Vf - Vo) / EV)

And,
Final Mass (Mf) = Payload + Reduced Super Heavy Dry Mass + Fuel Mass Remaining

Payload = 185,000 kg, Def 1

Dry Mass = 103,100 kg, See Note 1 below.

Reduced Super Heavy  

Fuel Mass Remaining = 29,100 kg, See Note 1 below.

Mf = 317,200 kg

Vf = 7.73E+00 km/s, Solution 4, Assumption 1

Vo = 3 Mach

Vo = 1.029 km/s

EV = 3.2 km/s, Ref 6

Mo = 2.58E+06 kg

Note:
1. An iterative procedure was used to estimate the Reduced Super Heavy Booster dry mass and fuel mass 

remaining.  The procedure resolved to a Reduced Super Heavy Booster dry mass to fuel ratio of 0.043 and 
a fuel mass remaining of 1.22%, both values are slightly lower than Assumptions 3 and 4.
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MECHANICAL ADVANTAGE OF ELECTROMAGNETIC RAILGUN

Based on SpaceX Starship with payload and Super Heavy Rocket

The following table estimates the reduced takeoff mass and fuel mass of a Super Heavy Booster if launched at
various velocities using the same calculations and assumptions from the previous calculation in Solution 4.

Takeoff Takeoff

Mass Reduction Fuel Mass Reduction

Mach km/s kg % kg %

0 0 4.40E+06 0% 3.58E+06 0%
1 0.343 3.85E+06 13% 3.51E+06 2%

2 0.686 3.12E+06 29% 2.81E+06 22%

3 1.029 2.58E+06 41% 2.29E+06 36%
3.5 1.201 2.35E+06 47% 2.08E+06 42%
4 1.372 2.16E+06 51% 1.89E+06 47%
5 1.715 1.83E+06 58% 1.57E+06 56%

Conclusions:

1. Using a railgun to accelerate and launch Starship with payload at Mach 3 doesn't provide a significant
amount of mechanical energy or significant mechanical advantage.  See Solutions 1 and 2.

2. The Super Heavy Booster could be reduced by 40% if Starship with payload and the Super Heavy
Booster are launched at Mach 3.  See Solutions 3 and 4.

3. Due to velocity being squared in kinetic energy, any incremental increase in launch velocity provides a
velocity squared increase in kinetic energy at launch.  See Solution 3.

4. An electromagnetic railgun could reduce the takeoff mass and fuel mass required to put spacecraft
into orbit.  See Solution 4.

Velocity

Reduced Super Heavy Booster
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