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Abstract

Launch vehicles enable Earth observation, navigation or space exploration. In doing so, they cause direct
anthropogenic emissions in the troposphere and above. This comes with an environmental cost. They can
emit carbon dioxide (CO,), water vapor, chlorine, aluminum oxide, black carbon and nitrogen oxides that
lead to atmospheric changes such as ozone depletion. Historically, because launches were part of national
security concerns, rockets have not been subjected to environmental regulation. The few studies in the
1990s due to the decreasing number of launches have helped rockets avoid any policy regulation.
However, the development of commercial launches and the evolution of engine designs has created a
need to reassess the impact of rocket launches. My work presents an inventory of stoichiometric
emissions of rocket launches between the years 2009 and 2018. | first compile all publicly available data
of launches between 2009 and 2018, then | design a program to simulate the trajectory of any launch
vehicle under an altitude of 100 km. This model gives a profile of fuel burn and stoichiometric emissions
as a function of altitude for many launch vehicles. The exhaust products of interest are CO,, water vapor,
chlorine and aluminum oxide. Between 2009 and 2018, 140.5 kt of CO, were emitted in the atmosphere,
78.9 kt of water vapor, 5 kt of chlorine and 7.8 kt of alumina were emitted above the tropopause. The
increase in the number of launches has made CO; emissions grow by 73% between 2009 and 2018, while
water and chlorine emissions have decreased by 25 and 58% since 2009 because of the retirement of the
Space Shuttle. The rise in kerosene-fueled rockets launches is making CO; emissions increase faster than
the number of launches and suggests that water vapor emissions are going to increase again. Launch
vehicles are compared and reveal that trade-offs are necessary to minimize the different emissions.
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Chapter 1: Introduction

Launch vehicles are used to send into Space satellites for Earth observation, navigation or communication,
and spacecraft for space explorations with probes or humans. They are designed to send payloads with a
specific mass to a defined orbit the cheapest way possible.

Launch vehicles designs have undergone a great deal of innovation to answer those demands. The
American launch vehicles that were popular thirty years ago such as the Titan IV and the Space Shuttle
are now retired. Chinese and Indian space programs have grown very fast over the past decades to
compete with other countries. Crewed missions are being planned to the Moon and to Mars. Private
companies such as SpaceX or Rocket Lab have developed cost-effective launchers with reusable stages
that have allowed a growth in commercial launches. As a result, the number of launches per year started
rising again around 2006 (Figure 1) and is expected to increase even more.
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Figure 1 Evolution of the number of launches between 2009 and 2018 derived from [1]

However, it is known that rocket exhaust products can change the atmosphere, and that their impact
depends on the propellants used by the rocket. Those propellants emit different products, such as carbon
dioxide (CO,), water vapor (H,0), alumina (Al,0s) and chlorine. Incomplete combustion can also produce
carbon soot, sulfate or nitrogen oxides (NOy). Carbon soot, also called black carbon (BC) because of its
dark color, is a solid substance consisting in a mixture of carbon and hydrogen.



The first atmospheric impact of interest is the ozone layer. It is a zone in the stratosphere (mostly between
15 and 30 km) where an important concentration of ozone absorbs the Sun’s ultraviolet radiations.
Without this layer, life could not exist on Earth.

Species such as chlorine, NOx, or H,0 in the stratosphere originate catalytic cycles that can generate ozone
destruction. The chemistry being different in different layers of the atmosphere, the amount of depletion
will depend on the altitude of the emissions. Chlorine can also be created by a chemical reaction on the
surface area of alumina, an aerosol. This reaction depends on the aerosol’s main properties such as size
distribution, which is poorly understood. [2]

Jackman et al. (1998) [3] calculated that on a global scale, HCl and alumina contributed together to an
annually averaged global ozone decrease by 0.025%, updated later to 0.03% by Ross et al. (2009) [4].
Those studies had qualified rocket ozone depletion as “not significant”, but the changes of engines, launch
vehicles and the increase in launch frequency call to re-evaluate that concern. [4]

Rocket launch emissions are also known to contribute to climate change because of CO,, H,0, BC and
alumina. CO; and water vapor are greenhouse gases that trap outgoing thermal radiation. BC and alumina
are solid particles that can either absorb solar flux, or trap outgoing radiations. The net change in the
energy system due to those perturbations is called radiative forcing (RF). A positive RF means that the
perturbation causes an increase in the temperature of the atmosphere. Greenhouse gases RF are
necessarily positive, but this is not always the case for the other products. Ross and Sheaffer (2014) [5]
calculated that both BC and alumina induced positive RF, with BC contributing to 70 % of total rocket RF,
and alumina 28%. The RF calculation will vary with the altitude, because of the changes in species lifetime
and chemistry.

Climate and ozone loss are also interlinked. Greenhouse gases lead to stratospheric cooling, which can
cause not only troposphere warming but an increase in transport of water vapor from the troposphere to
the stratosphere. This change in water vapor cycle can affect ozone loss, especially in the Arctic [6] and
further cool down the stratosphere.

Rocket launches could finally lead to the formation of clouds observed near the poles during their
summers: the mesospheric clouds. Defined as the highest clouds in the atmosphere, they are believed to
form from water vapor in the mesosphere (between 50 and 80 km of altitude). Stevens et al. (2005) [7]
determined that a single Space Shuttle launch led to a 10-20% increase in the mass of polar mesospheric
clouds during the 2002-2003 summer. Mesospheric cloud RF is also very poorly understood [8].

Rockets are potentially harmful to the environment, and their current development is not guided by
atmospheric impact concerns but costs. To estimate the impact of rocket launches, emissions need to be
known as a function of altitude first. While emissions from incomplete engine combustion are poorly
understood, stoichiometric emissions can be calculated. Previous works have either tried to calculate
impacts without emissions profiles [5], or obtained those profiles for only some launch vehicle types. [8]
The Aerospace Corporation also released a report in 2014 to estimate the worldwide launch emissions
and their impact on climate and ozone depletion for launchers around the world, but they simply
identified the different layers from launch profiles publicly available. [9]

This work presents the first comprehensive profile of stoichiometric emissions for all the rocket launches
between 2009 and 2018. By compiling all publicly available data of launches between 2009 and 2018, we



design a program to simulate the trajectory of any launch vehicle under an altitude of 100 km. The 100
km limit was chosen because emissions above are considered to fall back down in the atmosphere.
Appendix A provides more information on this decision. To our knowledge this is the first model to give a
comprehensive profile of fuel burn and stoichiometric emissions as a function of altitude for all types of
launch vehicles, and to give a comparison of different mission achievements.

This thesis will first introduce in Chapter 2 a launch program that calculates fuel burn as a function of
altitude for a given mission. Then Chapter 3 will explain how stoichiometric emissions are derived from
those missions. Chapter 4 will present the inventory of the emissions from rocket launches between 2009
and 2018. Chapter 5 will compare how emissions vary from different launch vehicles and targeted
missions. Finally, Chapter 6 will conclude this thesis.



Chapter 2: Modeling launch trajectories

Stoichiometric exhaust products calculations must be a function of the altitude of their emissions to be
able to properly estimate their impact. A program is designed to simulate any rocket launch and extract
fuel consumption as a function of altitude.

2.1 Typical launch timeline

We describe the different steps of a rocket launch that will help guide building the program, as displayed
in Figure 2. When a rocket launches, it takes off vertically to clear off the launch site: its pitch angle (angle
between the rocket’s axis and the horizon) is 90° (a). Then the launch vehicle makes a maneuver called
the gravity turn or pitch over. (b) The thrust engines are gimballed to suddenly decrease the pitch angle
of an angle called the kick angle. This maneuver creates a torque that uses gravity to make the vehicle
pivot and acquire horizontal velocity. The gravity turn has several benefits: thrust is not used to change
the rocket direction, and it allows decrease in the aerodynamical effects on the rocket.

Once the rocket has cleared off the denser atmosphere and aerodynamical forces are negligible, pitch
angles may be controlled through open or closed loop. (c) An open loop guidance is based on the vehicle
relative velocity and uses a table with angle commands for corresponding velocity. A closed loop system
computes where the vehicle ought to be in the sky to hit the targeted performance. It corrects error from
possible previous open loop. There is no general rule or theory for manufacturers to follow, as their goal
is to reach payload insertion conditions. From observation, this phase usually starts at Main Engine Cut
Off (MECO).

The payload fairing, used to protect the payload, separates at a time determined by the manufacturer
when it is no longer of use (d). As the rocket gains altitude and speed, it jettisons its stages one after
another until separation (e). Separation with the payload can occur in varied ways: the rocket can inject
the payload in its final orbit or in an intermediate orbit and let the payload propel itself to its final
destination. The rocket can also reach several orbits before the injection orbit in accordance with its
performance. In that case, it often requires an upper stage that will burn to change orbit. It can ignite
several times during the launch.
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Figure 2 Different steps of a rocket launch.

2.2 Physical description of the program

We define 4 objects in Python illustrated in Figure 3:

Propulsion: describes the propulsion systems being simulated, liquid or solid. It can refer to the
main engine or a vernier, which is used to help with attitude control. The inputs are propellant
and structure mass, burn times and thrust inputs. When applicable, it also provides throttling
profile.

Stage: describes the propulsion systems burning at the same time, for parallel staging. It is only
applied on the stages that are going to be simulated burning. Its inputs are the list of propellant
objects that compose this stage, its length and its diameter.

Rocket: describes the complete launch vehicle. Its inputs are a list of the different stages, extra
mass for the upper stages that are not being simulated, and fairing parameters to calculate drag.
Launch: describes the conditions of the specific launch being simulated. The inputs are the
payload mass, targeted orbit, launch site and initial conditions. Initial conditions are as follow:
initial velocity of 0 m/s, initial flight path angle of 90°, initial height and downrange distance of 0
m each.

Those inputs are taken from a database built on Excel and imported in Python through the library pandas.
Data was collected through available sources in books and online. Since many sources are not official, and
since some launch vehicles have kept modifying their engines, we tried to find values validated by
different sources when possible. References are provided in Appendix D.
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Figure 3 Construction of a mission, defined by a Launch object and a Rocket object. The latter is built on Stage and
Propulsion objects.

2.3 Mathematical formulation of the model

The aim of the program is to obtain propellant consumption as a function of altitude of a launch. To that
end, it simulates the different steps of a rocket launch and calculates propellant mass flow rate, rocket
altitude and vertical velocity as a function of time. They depend on other physical quantities such as speed.
Changes in speed v, altitude h and downrange distance x follow the ordinary differential equations (ODEs)
taken from [10]

dv_Tcosa—D

= — ' 2.1
dt m (h+Rp2> " 21
dh 29
7 = vsiny, (2.2)
dx . 23
g = VeosY (2.3)

where T is the thrust, D the drag, Rr the Earth radius, m the rocket mass, u the standard gravitational
parameter, a the angle of attack and y the flight path angle. The angle of attack represents the angle
between the thrust direction (approximated as the direction of the vehicle) and the velocity direction,
while the flight path angle is the angle between velocity and the horizon. Together, they form the pitch
angle 8

B=a+y (2.4)

We assume that the angle of attack is zero during take-off and gravity turn, as aerodynamic loads are
limited, and lift can be neglected. The flight path angle is initially at 90° and maintains this value until the
pitch over. Afterwards, it starts decreasing by following the following ODE

11
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Figure 4 Representation of the angle of attack a, the flight path angle y and the pitch angle 8. ¥ is the velocity of
the rocket.

The ODEs are all coupled and can be numerically solved through a 4™ order Runge-Kutta method.

In those equations, three variables are introduced that do not have an expression to calculate them: drag,
thrust and mass, or more precisely mass flow rate.

Drag coefficient is here estimated using Fleeman’s Missile Design and System Engineering (2012) [11]

( 0053 M 1)0'2' M<1
d (0.5 X pv? i
1.69
Cp =+ 2.6
b 1.834 _, 05 d? - dy* 1.83\d,> (26)
(1.586 + —) tan™! —— <L ") +0.665 (1.59 + —)—2 else;
M? bn dy M2 ) d;
dy

where M is the Mach number, / the rocket length, d the rocket diameter, df the fairing diameter, /, the
nose fairing length and d, the nose fairing diameter. Skin friction drag is predominant for subsonic
conditions while for supersonic conditions wave drag is predominant. As for thrust and mass flow rate,

calculation will be different depending on whether the propellant used is liquid or solid. For both, the
propellant mass needs to be provided.

2.4 Simulating solid and liquid propulsion

Rockets can use propellants that are either in a liquid state or a solid state. For either type of propulsion,
thrust can be defined as

12



T =V, + (P, — P)A, ; (2.7)

with T the thrust, m the massflow rate at the exit of the nozzle, V, the exhaust velocity, P, the exhaust
pressure, P, the atmospheric pressure and A, the exit area [12]. The exhaust velocity can be approximated
as constant throughout the whole launch, but that is not always true for mass flow rate.

2.2.1 Liquid propulsion
In this case, the mass flow rate is constant except when there is throttling, which reduces the amount of
mass leaving the chamber every second. If we write vacuum .., and sea level as 4, we can estimate

Tyac = mV, + P,A, (2.8)
Ty = mV, + (P, — Pg))A, (2.9)
By combining the two equations, we obtain a simpler expression of thrust

Tyac—T
T'=Tyac— %ﬂpa (2.10)

sl
Manufacturers often provide sea level and vacuum thrust values for liquid propulsion systems. Py is the
atmospheric pressure at sea level and is a constant. Atmospheric pressure varies according to altitude and
time of the year. The date of launch is a given input, and altitude is calculated in the program. We use the
CIRA 86 data to identify the atmospheric pressure for a given month and altitude. The propulsion system’s

thrust is then calculated using each engine’s sea level and vacuum thrusts, altitude, month

_ Tyac — T
T (h, month) = T, — P—P(h, month) (2.11)
sl
In addition to that, the initial propellant mass M, and the burn time t, give us the mass flow rate for liquid
propulsion

= ——L (2.12)

However, some engines can be throttled: the mass flow rate is reduced, and in turn, thrust and
acceleration. This can happen before the vehicle reaches the maximum dynamic pressure (max Q), to limit
the impact of aerodynamical forces on the rocket. Throttle is introduced as the percentage of mass flow
rate reduction a(t). If a is 1, then there is no throttling. Throttle is defined at each timestep h. The new
expression of mass flow rate for a propulsion system burning propellant between t;and t, is

h(t) = —a(t)# (2.13)
hty YE=1 x(ty)

The final expression of thrust is

T, ac _Tsl

T'(h, month) = a(t) [Tm— i 5 P(h,month)] (2.14)
sl

The expression of the mass flow rates ensures that exactly M, kg of propellant will have been burned by
the engine.

13



2.2.2 Solid propulsion
Solid propulsion physics is described in more details in Appendix B. We approximate solid propulsion
thrust and mass flow rate by using prescribed vacuum thrust profiles. Mass flow rate can be approximated
by

Tvac(t) .

m= T (2.15)

with ¢ the specific impulse (in s), g the gravity constant and T, (t) the vacuum thrust. With access to the
exterior area, Ae, thrust can be estimated as a function of altitude as

T = Tyac — Pr4e (2.16)

Contrary to liquid propulsion, the mass flow rate value is overestimated, so the total propellant mass
consumed is often greater than M,.

Engines using solid propulsion are called Solid Rocket Motors (SRMs). When they are used as strap-on
boosters, they are called Solid Rocket Boosters (SRBs).

2.5 Approximating missing or incomplete data

The program relies on many inputs that have been described in the previous subsections. Most of this
data is obtained from publicly available sources, but some of it is not accessible. This can involve inputs
that are missing from only a few launch vehicles, and there is nothing to be done. It can also be parameters
hard to find for any launcher. We describe here how we obtain the latter.

2.5.1 Propellant mass

The propellant mass burned by each engine is essential to derive emissions. The value used in the program
is usually given in payload user guides, published by manufacturers. This value is the maximum capacity
of the tanks. But depending on the payload mass and the targeted orbit, less propellant mass may be
required, and adjustments need to be made. We understand that manufacturers have different ways of
facing this problem: adding a booster, choosing a launcher from the same family with different
performances, or making the upper stages consume less propellant. In that case, extra propellant could
be vented in the atmosphere, or the tank may be less filled. Since this is more likely to occur above 100
km and that the difference in propellant consumption will be less than 1%, we set propellant mass to the
maximum capacity.

2.5.2 Latitude

Knowing the latitude A of the emissions can be chemically important to estimate atmospheric impacts,
especially from water vapor. Its evolution can theoretically be calculated alongside the longitude A solving

dA  vcosysiny

A S 2.1
dt (Rg+h)cosa’ (217)

dA _vcosycosy

&= R+ b) @19
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where y is the launch azimuth. The launch azimuth is an indication of the direction taken by the rocket
towards orbit relatively to the north. It is defined by the targeted orbit of the launch. We first obtain the
launch azimuth in inertial space, with no Earth rotation, with angle geometry in three dimensions

COS A SinXjpert = COS1i; (2.19)

where i is the orbit inclination. Now, taking into consideration Earth rotational speed v, the launch needs
to produce the speed v to reach the orbit velocity vor, Which is a function of perigee and apogee

Vrot,x = SIN Xinert Vorp — COS A Veq, (2.20)

VUrot,y = COS Xinert Vorb s (2.21)
where vgq is the rotation speed at the Earth equator. The final launch azimuth y will then be defined as

Urot,x

tany = —= (2.22)
vrot,y
The payload orbit is often available, but we do not necessarily have information on the injection orbit or,
when applicable, the intermediate orbits targeted by the rocket. However, calculations of downrange
distance have shown that below 100 km of altitude, the rocket approximately stays within the same
latitude. For the program, we can consider that the latitude of emissions corresponds to the latitude of
launch.

2.5.3 Throttling
This parameter only applies to certain liquid propulsion systems.

Some engines have throttling profile provided, such as the Atlas V’s Core Booster. Others, like the Falcon
9’s Merlin engines, do not, and probably vary from one launch to another. For those that do not have
predefined profiles, we decide to impose some limits on possible achievable load factors, based on their
Payload Users’ Guide. Load factor is defined as the force-to-weight ratio on the rocket
Tcosa—D
L=——— (2.23)
mg

It can also be called axial acceleration and is expressed in g units. For example, SpaceX provides in the
Falcon User’s Guide [13] the designed load factors for the Falcon 9 and the Falcon Heavy. Restrictions on
axial acceleration (or load factor) depend on the lateral acceleration, that is defined as being “driven by
wind gusts, engine gimbal maneuvers, first-stage engine shutdown and other short-duration events.”
Since our simulation does not include some of those parameters, we impose a wider limit: the load factor
cannot exceed 6 g.

2.5.4 Pitch angle

Equations of motion solved numerically are necessary to obtain altitude and velocity and depend on flight
path angle. The latter is also determined through an ODE, but also relies on some parameters that need
to be optimized: the kick angle and the angle of attack profile.

15



The kick angle sets how much the engines are gimbaled at the gravity turn: the new flight path angle is
the previous angle (usually 90°) minus the kick angle and follows its ODE. Once the rocket has left the
densest part of the atmosphere, the angle of attack is no longer constrained to 0. The pitch program is
controlled through thrust vector control (TVC), following an open or close loop. Its evolution must be
estimated.

One important aspect is the ending time of the simulation. Our simulation is of interest for altitude below
100 km. This point can be reached after MECO (e.g.: Falcon 9) or before (e.g.: Ariane 5 ECA). We try to
choose the first staging that occurs above 100 km. In the case of Ariane 5, it means stopping at MECO. For
other rocket launches like the Proton M, we stop before the upper stage Briz M ignites. Another perk of
doing this is that we do not have to simulate re-startable upper stages who can have burn profiles very
specific to a launch.

2.5.4.1 Kick angle

The time of kick does not need to be known with precision. Sometimes we know when the launch vehicle
begins its gravity turn, but often we do not. However, since the kick varies with the time of kick and we
never know the real value of the kick angle that needs to be optimized, we can decide of an arbitrary time
of kick; the kick angle will be estimated accordingly. Therefore, the kick time will not be optimized.

The value of the kick angle is of extreme importance for the first phase of the flight for vertical velocity,
as defined in equation (2.5). If you look at a vertical velocity profile, it increases until reaching a peak at
MECO. This peak is defined by the kick angle. However, we do not know what determines the value of the
kick angle.

We do know that vertical velocity is very sensitive to the kick angle, as illustrated by Figure 5. We compare
our vertical velocity with specific kick angles to Ariane 5 ECA’s VA242 mission vertical velocity. The latter
is obtained by calculating the instantaneous velocity from an altitude profile available online. For different
launch vehicles, we find some kick angle values that vary between 0.08 and 18.5°.
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Figure 5 Vertical velocity of Ariane 5 ECA launch with three different kick angles: 1.4 (left), 1.7 (middle), and 2
(right).
2.5.4.2 Angle of attack
After MECO and staging, the angle of attack starts changing. However, there is no rule or equation to

follow, as it can be adjusted with open or closed loop, that we do not have. Since it is not possible to do
so, the evolution of the angle of attack must be estimated.
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Several documents mention a pitch rate. It led to the decision that, because the launch vehicle after the
gravity turn tends to become horizontal, the pitch would decrease at a certain rate b. The angle of attack
would be the difference between the pitch and the flight path angle. This gives the benefit of having only
one parameter b to optimize in the expression of pitch angle.

Y@ ift<to

y(to) — b(t —ty) else ; (2.24)

po) = |

with tp the time of MECO. For most cases, the pitch rate evolution does not matter on an important
portion of the altitude below 100 km.

2.5.4.3 Optimization

Optimization problems usually add the angles to a list of parameters optimized to minimize propellant
mass or maximize payload mass injected into a nominal target orbit, but that is not what we are trying to
do as we want to imitate real launches. We first select some launches to test the feasibility of the work.
We obtain the kick angle and pitch rate by minimizing the error in altitude and speed profile, speed being
defined as the magnitude of velocity. Altitude and speed are chosen because their profiles are more likely
to be available and that they are the two main physical quantities to describe a trajectory. Given
references, we minimize the cost function

n n
121/ i = Veim.i 1211 : — Hgim ;
f(U, X) __ | ref,i Slm,ll += | ref,i SLm,Ll ; (2.25)
n Vieri n e Hyer i

i=1

where U are the parameters, X the other inputs. With 17 launches we get altitude and speed profiles as
close as possible. Once this is done, we simulate all the launches of the launch vehicles we have a
reference of for the decade of reference. The profile can change because of changes in payload mass and
launch site. We provide by default the kick angle and pitch rate that we found with our optimizations, and
we simulate altitude profile below 100 km. If the payload is too heavy compared to our reference (for
example because of the use of an upper stage), the kick angle can be too important and cause the rocket
to crash before reaching 100 km. We decide to reduce the kick angle until the launch vehicle reaches 100
km before 260 seconds of launch. This time was decided arbitrarily from observation of all launches of
interest.

2.6 Different steps of the program

The program, written in Python, aims at simulating a given mission and provide propellant mass flow rate,
rocket altitude and vertical velocity as a function of time. The previous subsections have highlighted the
key elements to make it succeed. We combine them together to build the simulation, described below,
and link them to the launch timeline defined in 2.1.

At every timestep h=1 the differential equations defined in 2.3 are solved through a 4" order Runge-Kutta
method. Mass flow rate and thrust are the sum of respectively the mass flow rate and thrust of every
propulsion system burning at time t. During the first part of the launch, flight path angle is set to 90 (a).
When time reaches kick time mentioned in 5.2.1, gravity turn begins (b). The flight path angle is set to
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90-yx, with yx the kick angle, and follows the ODEs until the end of the simulation. The angle of attack is
set to 0 during the first part of the launch and during gravity turns, that ends at MECO (c). After that, we
derive it from pitch angle calculated in equation (2.24).

During the launch, the mass of the rocket keeps decreasing as propellant is being burned and staging
occurs. Propellant mass flow rate is calculated using the formulas derived in 2.5. Remaining mass is
obtained using the total mass flow rate

m(t +h) = m(t) — h x m(t) (2.26)

When the propulsion system cuts off (reaching burn out), we set m(t) = 0 until the propulsion system is
jettisoned. We subtract structural mass from the rocket mass at stage jettison, and the payload fairing
mass at fairing jettison (d). For emission calculations, we also keep a list of separated mass flow rates
corresponding to each propulsion system, necessary for emission estimations as they use different
propellants with different properties.

The simulation runs until the last propulsion system to be simulated either cuts off or is jettisoned. As we
are only interested in the launch profile below 100 km, when they are not needed, upper stages are either
not simulated or only their first burn is. We still use their masses to simulate the launch correctly and to
estimate the total emissions above 100 km.

Finally, we optimize the parameters described in 2.3.2. We use references of altitude and speed profiles
as a function of time when available. From altitude, we extract vertical velocity, that we use to obtain our
first guess of kick angle and pitch rates and adjust kick time if needed. The kick time can be provided from
data compilation. If not, we set it arbitrarily at t = 15 s. With our first guess, we minimize the cost function
from (2.25) using the least square methods from the optimize library in Python. Details of the launch
vehicles that we simulated are in Appendix C.

2.7 Validation

In this section, we run some simulations to validate the program and the information we can extract from
it. First, we need to assert what simulations are to be run.

2.7.1 Launches between 2009 and 2018

We compile the list of all the launches that occurred between 2009 and 2008, with their payload mass
and their targeted orbit when possible. We exclude launches which had an accident. An accident is
qualified as an unexpected event that prevented the launch to take place the way it was supposed to. It
can refer to the explosion of the rocket, staging failure, fairing jettison failure, or injection in the wrong
orbit. Figure 6 depicts the cumulative number of launches with no accident.

Each launch vehicle, to be simulated, requires data on the launch vehicle engines, and trajectory and
speed profiles. The most common launch vehicle, the Soyuz, represents 18% of total launches, and the
next three each to 8%. The tenth most common launcher, the Delta IV, contributes to 3%, and the thirty
least common launch vehicle each represent less than 1% of total launches. As we can see on the figure,
the launch vehicles of interest represent 81% of total launches with no accident. For some launches, the
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payload mass is not publicly available, for security reasons. As a result, we simulate 77% of the launches.
The launch vehicles selected are: Soyuz, Proton-M, CZ-3, Atlas-V, Falcon-9, Ariane 5, CZ-4, CZ-2D, PSLV,
Delta-1V, H-2A, CZ-2C, Rokot-KM and Space Shuttle. We added the Space Shuttle launches because data
is easier to find, and they represent an important launch vehicle of the past decades. While some of those
launch vehicles do not have any variants (e.g.: Rokot-KM), others can refer to different versions. The Atlas-
Vis adjusted with a varied number of solid rocket boosters to accommodate payloads and targeted orbits.
This will affect the emissions, as the version with no booster will not emit any chlorine nor alumina, for
example.

Cumulative number of launches per launch vehicle between 2009 and 2018
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Figure 6 Cumulative number of launches classified by launch vehicles. The arrow represents the launchers that we
simulate.

We run simulations of the selected launch vehicles. For each launcher, we select a reference and find the
angle parameters that optimize altitude and speed profiles. We give here two examples: the Ariane 5-ECA
and Falcon 9 v1.2. The Falcon 9 v1.2 optimization, as explained in Appendix C, is affected by throttling.
The cost functions for the Ariane-5ECA and Falcon-9 v1.2 simulations are respectively 0.44 and 0.07.
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Figure 7 Two examples of simulations with optimization. Top: Ariane-5 ECA. Bottom: Falcon-9 v1.2 mission to the
ISS.

Finally, we validate our optimization by simulating all the launches for each launch vehicle category. The
main variation between each launch is the payload mass. The heaviest payloads can cause the rocket to
crash if the kick angle is too great, so we set the kick angle to decrease until the rocket does not crash
before reaching 100 km of altitude.
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Figure 8 Simulations of altitude profiles for all the launches of six different rockets

We give six examples of validations for launch vehicles of different countries, manufacturers and payload
capacities. We see that the discrepancy between launches depends on the difference in payload masses.
Some launchers such as the CZ-2C can use upper stages that burn above 100 km, so to our purpose only
act like an increase in payload mass. Finally, rockets like the Soyuz also fly different versions with changes
in mass and thrust, and upper stages. It explains why there is more variation in the profiles.

2.7.2 Fuel burn by altitude

We derive from our simulated mass flow rate and vertical velocity the propellant mass burned per
kilometer. We show as an example the launches of Ariane 5 ECA in Figure 8, and we mark the altitude of
the stratopause and the tropopause. The stratopause is fixed at 50 km, and the tropopause is determined
from the latitude of the launch and MERRA-2, the atmospheric reanalysis. This plot highlights that
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propellant emissions are greatest within the first kilometer before decreasing quickly. Simulations of
different launchers show that the mass of propellant burned within the first kilometer of the launch is
14% of total propellant, in the tropopause 1.3%, and in the stratopause 0.4%.

100

80

60

Altitude [km]

20

0 20 40 60 80
Propellant mass [metric tonne/km]

Figure 9 Mass of propellant burned per km as a function of altitude for the Ariane-5 ECA. The dots represent the
altitudes of the tropopause (below 20 km) and the stratopause (at 50 km)

We have a program running and providing fuel burn profiles, illustrating that fuel burn decreases
exponentially with altitude. But what we need now is to convert this propellant into stoichiometric
emissions to obtain an emission inventory and compare missions and rockets.
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Chapter 3: Emissions calculation

Once the launch profiles are obtained, we can calculate stoichiometric emissions for different regions of
the atmosphere.

3.1 Method of calculation

The mass of an exhaust product is defined as
m = EI(X) X ms (3.1)

with m¢ the fuel mass and EI(X) the emission index of species X. The emissions index corresponds to the
mass of the species emitted per kilogram of fuel burned. The emission index can be calculated because of
matter conservation. The formation of CO,, H,O, HCl and Al,O; depend on the conservation of the
respective species: C, H,, Cl and Al. Let us consider the combustion of a fuel represented by a (CH,) groups.
The combustion equation is

3
CHZ +§02 d C02 + H20

By definition of the emission index

_ Ney, X Mcoz

m
EI(CO,) = —22

3.2
mg Ncy, X MCH2 (32)

where my and My represent respectively the mass and molar mass of species X. Conservation of the species
C allows us to obtain the emission index

12+2x 16

EI(CO2) = T575x71

(3.3)

We calculate all the emission indices using [9]. Emissions will vary with the propellant used.

Four propellants are used by main engines between 2009 and 2018. We denominate them in the form
oxidizer-fuel:

- Liquid oxygen — liquid kerosene, or more specifically, refined petroleum with the designation RP-
1

- Liquid oxygen — liquid dihydrogen

- Liquid nitrogen tetroxide (NTO) — liquid hydrazine. Also called earth-storable propellants, we
distinguish different fuels: monomethylhydrazine (MMH), or unsymmetrical dimethylhydrazine
(UDMH), a derivative of hydrazine, UH25 and Aerozine 50 which are UDMH mixed with hydrazine.
The distinction is different because of the variations in emission indices.
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- Solid ammonium perchlorate — solid aluminum. The oxidizer and the fuel are mixed with a binder.
The binder is often Hydroxyl-terminated polybutadiene (HTPB), except for the Space Shuttle SRM
that used Polybutadiene acrylonitrile (PBAN).

Most of the time, the engine specifications only provide total propellant mass. We use the oxidizer/fuel
ratio R defined as the ratio of oxidizer mass flow rate on fuel mass flow rate. Fuel mass my is obtained
from propellant mass m, as

My
R+1

nq = (3A)

3.2 Carbon dioxide

Carbon dioxide can be formed through RP-1, hydrazine derivatives, or solid propellants. For refined
kerosene, we approximate them as a series of (C,H1.953n) groups [14]. The mass of carbon dioxide from RP-
1 fuel is

12.01 + 2 x 16.00

= X .
Mco, = MRP-1 7 15751 1 1.953 x 1.002 (3:5)
The mass of carbon dioxide for UDMH is
2x%x12.014+4x16.00

In solid propulsion systems, the fuel (ammonium perchlorate) does not produce carbon dioxide. However,
a binder (most of the time HTPB) is used to maintain the fuel and oxidizer together in their solid form. CO,
mass depends on m, the total mass of propellant and the percentage of ammonium perchlorate Xgmmo and
aluminum x4 such that

12.01+2x16

14.026 3.7)

Mco, = mMp X (1 — Xammo — Xa1) X
Since liquid hydrogen does not release any CO, during the combustion and that do not quantify liquid

hydrogen production emissions, we do not attribute CO, emissions to cryogenic engines.

3.3 Water vapor

Some water vapor is formed during the combustion of all the propellants. For RP-1, we use the same
approximation as above and obtain

2 x 1.008 + 16 1.953
= 1 X X
MH,0 = MRP-1 %77 01 1 1.953 x 1.008 2

(3.8)

Water production from Aerozine 50, UDMH, MMH and UH25 is respectively
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8 x1.008 + 4 x 16.00

For SRMs, both ammonium perchlorate and binders are converted to water vapor, according to the
expression

2x1.008 + 16
my,0 = mMp X (1 — Xammo — Xa1) X TT1a026
1.008 4+ 2 x 16

117.492 (3.10)

+mp X Xammo X

Water vapor is the main product from liquid hydrogen combustion. Usually, not all the liquid hydrogen is
burned, leading to H, emitted in the atmosphere. However, after a few hours it ends up oxidized as water
[9]. We therefore assume that propellants are in stoichiometric proportions and that water vapor is the
only product of hydrogen combustion. We derive, as an expression

my,o = (Mass H) X 9 (3.11)

3.4 Alumina and chlorine

Finally, alumina and chlorine are dominant products of the immediate exhaust plume of solid rocket
engines. The liquid propellants of interest do not emit any of them during combustion. Alumina mass is
determined by

2X2698+3x16

My, 0, = Mp X Xy X > X 26.98 (3.12)
Chlorine appears first in the form of hydrochloric acid HCl, whose mass can be derived as
_ o o 35.45+1.008 313
el = Mp % Xammo X 355 e 4 X 16 + 14.01 + 4 x 1.008 (3.13)

Most of the HCl is then converted to chlorine, so it is a good approximation to use this formula to estimate
chlorine mass.
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Chapter 4: Emissions inventory

We use the program defined in Chapter 2 and the emission calculations from Chapter 3 to create an
inventory of rocket launch emissions between 2009 and 2018. We obtain CO, and water vapor profiles
for all the launches, chlorine and alumina for launchers with solid propulsion systems.

4.1 Global emissions between 2009 and 2018

We first look at global emission between 2009 and 2018. This can help quantify emissions knowing which
rockets are launched the most and the least, and which orbital missions have caused the most damage.

We plot the evolution of launches and emissions between 2009 and 2018 (Figure 10), then the total CO;
and water vapor by launch vehicle (Figure 11), and by targeted orbit (Figure 12).

We differentiate orbit missions: Geostationary Orbit (GEQO), Geotransfer Orbit (GTO), Low Earth Orbit
(LEO), and Sun-Synchronous Orbit (SSO). GEO is a circular orbit at 35 786 km of altitude, and GTO is a
transfer orbit in which satellites are injected to reach GEO by their own means through a circularization
maneuver. The distinction between GTO and GEO is important because satellites launched to GTO are
usually injected at low altitudes. LEO describes orbits at low altitude, between 200 and 2000 km. SSO is a
special LEO, with an altitude around 800 km and a high inclination angle. They are called sun-synchronous
because the point of the Earth it observes always has the same lighting.

Finally, since water vapor emission impacts depends on its location, we plot total water vapor emitted as
a function of latitude (Figure 13).

Between 2009 and 2018, 140.5 kt of CO, were emitted in the atmosphere, 78.9 kt of water vapor and 5 kt
of chlorine were emitted above the tropopause. We also calculate that 7.8 kt of alumina were emitted
above the tropopause. In comparison, 1034 Tg of CO2 were emitted by aviation in 2018. [15]

The number of launches has increased by 66% since 2009. CO, emissions have increased in total by 73%,
but they only started increasing faster than the number of launches in 2016 when the Falcon 9 launches
started contributing to 25% of total launches. Rockets using kerosene for their main engine — Soyuz,
Falcon 9, and Atlas — emitted 70% of total CO in 2018.

However, water and chlorine emissions have decreased since 2009. The retirement of the Space Shuttle
in 2011 and a decrease in Ariane 5 reduced their emissions by respectively 44 and 70% in 2013, before
increasing again. The emissions in 2018 have declined by respectively 25 and 58% since 2009. The
decrease in chlorine emissions is twice as important because only a few launchers emit chlorine. The Space
Shuttle had thus a higher impact on chlorine emissions. Kerosene engines contributed to more than twice
the emissions of rockets with cryogenic engines in 2018, while cryogenic engine emitted 70% of total
water vapor in 2009.
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Figure 10 Evolution of number of launches, COz, water vapor and chlorine emissions in tonnes. Water vapor and
chlorine emissions are only estimated above the tropopause.

Global CO, and water emissions are then considered in Figure 11. All launchers have similar profiles: the
mass emitted at the first kilometer represents respectively 11 and 16% of total water and CO, emitted,
and emissions at the stratopause are of the order of 2 to 3% that of take-off. In the upper atmosphere,
emission values either remain constant, or water emissions increase while CO; decrease. This can happen
when the upper stage starts burning, as it is more common to have cryogenic upper stages. The emission
contributions and the missions of the main launchers are described in Table 1.

Rocket | Launches | CO, H>0 Chlorine | Al;O3 Missions | Missions | Missions

(%) emissions | emissions | emissions | emissions | to GTO to LEO to SSO
(%) (%) (%) (%)

Soyuz | 22.7 26.3 10.8 0 0 2 96 18

Proton | 10.2 13 12.7 0 0 44 0 0

Falcon | 9 19 8.4 0 0 26 20 8

Atlas 9 11 7.5 6.3 7 24 11 5

Ariane | 8 7.7 19.1 52.9 54.1 48 0 1

Others | 41 23 41.5 40.7 38.9 72 44 112

Table 1 Contribution of the 5 main launchers to CO,, water vapor, chlorine and alumina emissions. The number of missions to
GTO, LEO and SSO is also indicated.
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Figure 11 Global emissions of CO2 and water vapor for the past decade, classified by launch vehicle. For readability

purposes, we cut the emissions of the first km. The total CO2 and H20 mass emitted in the first km are respectively
20841 tonnes and 14533 tonnes.
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The Soyuz is the greatest CO, contributor and the third greatest H,O contributor, as it produces
respectively 26.3% and 10.8% of the CO; and H,O emitted by the launch vehicles that we simulate. It is
also the rocket that has been launched the most frequently between 2009 and 2018: 22.7% of the
launches that we simulated were from a Soyuz variant.

The Proton-M, the second launcher most simulated, represents 13% of CO; and H,0 emissions. It burns
earth-storable propellants, alongside with the Rokot, the Chinese Long March (CZ) vehicles and partly the
PSLV. All those rockets contribute equally to total CO; and H,0 emissions.

The other most common launchers are the Falcon 9, the Atlas V and the Ariane V. Kerosene-fueled rockets
such as the Falcon 9 or the Atlas V contribute more to CO, emissions than water, although their shares in
water emissions are respectively 8.4 and 7.5%. The Ariane V was launched almost as often, but because
its main engines are cryogenic, its CO, emissions are smaller than the kerosene-fueled vehicles while its
water emissions are greater. It is in fact, the first water emitter.

Most missions go to GTO (34%), LEO (27%) and SSO (22%). As a result, GTO missions represent the greatest
emissions of CO, and H,0, followed by LEO. GTO missions contribute more to H,0 production, with 42%
of total emissions, because all the rockets with cryogenic main engines launch to GTO, especially the
Ariane V. Finally, SSO contribution is around 14% for both products. This could suggest that emissions to
SSO are smaller, however this will depend on the payload mass. Some rockets always launch to the same
orbits: the Proton-M and the Ariane 5 only launched to GTO, while the Atlas V and the Falcon 9 launched
to all orbits. Emissions have to be estimated with relatively to the mission of the launch.

100 5200

95 Tropopause
90 §§ —— Stratopause
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

1000

500

300

150

Altitude [km]
H;O mass [metric tonnes]

40

90S 80S 70S 60S 50S 40S 30S 20S 10S EQ 10N 20N 30N 40N 50N 60N 70N 80N 90N
Latitude

Figure 13 Total mass of water vapor (in metric tonnes) distributed within latitudes and altitudes.
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4.2 Emission inventory for mission types

A launch vehicle is designed to accomplish a mission defined by the targeted orbit and the payload mass.
The higher the targeted orbit is and the heavier the payload is, the more energy is required for the mission.
We calculate the average exhaust mass per kilogram of payload that each vehicle has emitted between
2009 and 2018. Values for CO,, water vapor and chlorine are displayed in Figures 14 to 16. Alumina results
are similar to chlorine, as only solid propulsion engines can emit them. We try to group launch vehicles
with similar propulsion systems. For example, Ariane-5, the Space Shuttle, H-IIA all use solid rocket
boosters for lift-off and cryogenic engines as main engines.
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Figure 14 Average CO: rocket emissions for missions to LEO, SSO, GTO and GEO. STS is short for ‘Space
Transportation System’, the other name for the Space Shuttle. Rockets are differentiated by the propellant used by
their main engine: cryogenic in blue, RP-1 in red, earth-storable in green. The PSLV alternates propellants.
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Figure 15 Average water vapor rocket emissions, similarly to Figure 14.
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Figure 16 Average chlorine rocket performances. Only the rockets using solid propulsion systems are of interest.

4.3 Comparing launches with same purpose but different rockets

The inventory has previously presented emissions per kg of payload for different orbits to compare rocket
emissions for similar missions. However, those values are averaged, and do not allow to compare launch
vehicles used for similar purposes, such as launching the same family of payloads or launching crews to
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the International Space Station (ISS). Crewed missions have been occurring regularly over the decade, and
are expected to increase, as crewed space exploration is developing. The United States used the Space
Shuttle until it retired in 2011. Ever since, the Soyuz-FG has been the only vehicle to send astronauts to
the ISS, until June 2020, when SpaceX became the first commercial company to send astronauts to space,
with the reliable Falcon 9. Crewed missions to the ISS are characterized by a heavy payload sent to LEO
(around 400 km of altitude), so the goal is to achieve sending a massive payload to a low orbit. However,
the payload varies between the different launch vehicles: Soyuz FG missions send spacecrafts of around
7 t, whereas Falcon 9’s Crew Dragon weighs fully loaded almost 13 t and the Shuttle is more than 16 t
heavy. We plot the carbon dioxide and water vapor emission profiles of the three different missions.

CO; mass profile H;0 mass profile
100 Space Shuttle-Discovery, payload: 16600 kg 100 Space Shuttle-Discovery, payload: 16600 kg
—— Soyuz-FG, payload: 7380 kg —— Soyuz-FG, payload: 7380 kg
80 —— Falcon-9 v1.2 Block 5, payload: 12500 kg 80 —— Falcon-9 v1.2 Block 5, payload: 12500 kg
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Figure 17 CO; and water vapor profile comparisons for three different crewed missions to the ISS
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Chapter 5: Discussion

In this chapter, we analyze the results presented in the previous chapter. The aim is to have an overview
of the global emissions and to compare the launch vehicles.

5.1 Global emissions between 2009 and 2018

Global CO; and water emissions are first considered. The trend in launch vehicles influence the emissions
between 2009 and 2018. The Space Shuttle retirement in 2011 led to a decrease of almost 50% of water
vapor emissions while the rise in Falcon 9 launches is making CO, emissions increase faster than the
number of launches. The five rockets that were the most launched: Soyuz, Proton-M, Falcon-9, Atlas-V
and Ariane 5 were verified to contribute the most to CO, water vapor and chlorine emissions. But their
contributions vary with their main engines: kerosene engines contribute more to CO, emissions than
water vapor, while cryogenic engines contribute more to water vapor emissions and earth-storable engine
contributions are equivalent. The choice of propellant alone is however not enough to explain the
differences in emissions.

The Ariane 5 emitted twice as much water than the Atlas V did, but also more than 80% its amount of CO,.
The only source of CO, for the Ariane 5 is its two SRM, the EAPs, that carry 240 t of propellant each and
burn for the first 130 seconds. CO; emissions from the Ariane 5 could be reduced if the launcher relied
more on its main engine to take-off. Falcon 9 CO, emissions are 1.5 times those of the Atlas V, which is
interesting as the Atlas V burns SRBs for some missions. It seems that the Atlas V’s ability to tailor the
number of SRBs may help minimize its emissions, contrary to the other two rockets.

The Space Shuttle launched only 11 times in the ten years, and yet it emitted respectively 11% and 4.3%
of the total water and CO,. Those values can be explained by the two SRM that weighed twice as much
as the EAPs, and the cryogenic main engine that carried four times more propellant than the Ariane 5’s
main engine.

Most of the other launch vehicles’ simulations each represent between 3 and 5% of total launches. They
burn earth-storable propellants or cryogenic propellants with SRM for lift-off. The H-IIA, that burn
cryogenic propellant, produces respectively 1% and 4% of the total CO; and H,O emissions. Earth-storable
are a potentially interesting choice of propellant because they contribute as much to CO, and H,0. For
example, the CZ-2C was launched as often as the H-IIA. It contributes as much to CO; emissions but half
as much to water emissions. However, the CZ-2C cannot be used to send a payload to GTO, while the H-
I1A can.

The comparison of the different launchers illustrates already a trade-off between CO, and H,0 emissions.
But the choice of launcher will depend on the mission. To go to a higher orbit a rocket needs to burn more
propellant. However, the emissions do not follow the number of launches to each orbit. SSO missions
contribute to 14% of water and CO; emissions, while it represents 22% of total launches. This could
suggest that emissions to SSO are smaller, however this depends on the payload mass. We quantify this
in the next subsection.
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Before doing so, we discuss water vapor distribution across the different latitudes. All the emissions are
displayed in the northern hemisphere. Some launches did occur in the southern hemisphere, as Rocket
Lab launches its Electron in New Zealand. Since only four rockets were launched there between 2009 and
2018, it is a good approximation to maintain emissions to the southern hemisphere to 0. Most of the
water is emitted near the Equator, near the northern Tropic but also at higher latitudes. Those emissions
correspond to Centre Spatial Guyanais (Ariane-5), Cape Canaveral (most American rockets), and Baikonur
Cosmodrome (most Russian rockets). The emissions are divided by ten between the troposphere and the
stratosphere. At latitude 45 mass of water emitted increases at 85 km. Rockets that launch at the Baikonur
Cosmodrome are the Soyuz and the Proton-M, the two main launchers between 2009 and 2018. This
increase is probably caused more by the number of launches than the engine designs.

Water vapor emissions in the troposphere are of no interest, but the impact of water in the stratosphere
and the upper atmosphere will depend on its latitude. A chemical transport model will be needed to
guantify the impacts.

5.2 Emission inventory for mission types

We have shown that the greatest emitters were the rockets that launched the most, but that the choice
of propellant and configuration influenced the values. The type of propellant can cause a tradeoff
between water and CO; emission. 42% of water emissions were produced for missions to GTO, and that
missions to SSO contributed less to CO, and water. However, those data do not enable to identify the
emission performances of each launcher because they will depend on the missions they are designed for:
the targeted orbit but also the payload mass. Chlorine emissions are also relevant to compare from one
launcher to another, because of their impact on the stratosphere. We consider the three plots on figures
13, 14, 15.

Emissions for GEO are greater than for GTO. For example, in the troposphere a Delta-4M emits on average
18 kg of water per kg of payload for a mission to GTO and 56 kg of water per kg of payload for a mission
to GEO. Because more energy is required to send a payload to GEO, the payload mass will be lighter. Since
missions to GTO require more energy than to LEO and launcher payload capacities to GTO are generally
smaller than to LEO, we expect emissions per payload mass for GTO to be greater than those for LEO or
SSO. This however varies from one launcher to another. The PSLV changes configuration for different
missions: missions to GTO use solid strap on boosters. This would entail larger emissions to GTO. And yet,
on average, a PSLV rocket emits 133 kg of CO, for each kg of payload to LEO, 107 to SSO and only 82 to
GTO. This means that lighter payloads are more frequently sent to lower orbits.

We next compare launchers for CO, emissions. The Falcon-9 is the greatest emitter with 156 kg /kg
payload in LEO, 102 kg/kg payload in GTO and 216 kg/kg payload in SSO. Those results can be explained
at the same time by the important amount of propellant it burns, but also by the wide range of payload it
has sent this past decade, as those values are averaged While it can send very heavy payloads, it often
launches payloads with mass largely smaller than its capability. Like the PSLV, it is specifically true for low
orbits missions. The Soyuz is well suited for its LEO missions at it emits on average 39 kg/kg payload, which
is even smaller than the Rokot-KM emissions. This is because the Soyuz-FG is used to launch crew missions
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to the ISS, therefore heavy payloads of more than 7 t, and the Rokot cannot launch payloads that exceed
2500 kg. The Atlas V's option to change the number of boosters enables sending payloads with mass
varying between 900 kg and 6700 kg with emissions smaller than the Soyuz or the Falcon: on average 67
kg of CO, has been emitted per kg of payload.

The CZ-2C emissions are similar to those of the Falcon-9 for missions to SSO and LEO and are more than
five times those of the H-2A. It seems that this launcher, which produce less CO, than the H-2A for a similar
number of simulations emits more to send the same payload.

Finally, the rockets using cryogenic engines emit the least CO,/kg of payload, with values between 9 kg/kg
payload for the Delta 4 at GTO and 39 kg/kg payload for the H-2A at SSO. Even the Space Shuttle is in this
range because it sends heavy payloads to LEO.

Water vapor emissions have different patterns. Rockets with cryogenic engines are water emitters,
although launchers such as the PSLV and the CZ-2C are even larger emitters. This is probably because of
their payload masses but also their propellant. The Ariane 5 is the rocket using cryogenic engines that
minimizes water emissions the best, with emissions around 40 kg/kg payload.

Lastly, Figure 15 displays chlorine emissions, that originate from solid propellants. The PSLV is the only
vehicle that we simulate with solid propulsion used for something else than strap-on boosters, hence the
important gap between its emissions and that of other rockets. It also emits chlorine in the upper
atmosphere. The emissions from cryogenic rockets using SRBs for LEO and SSO missions have similar
trends than water vapor emissions.

However, GTO missions are the opposite: the Ariane 5 emits 11 kg/kg payload, while Delta-IV M only 4
kg/kg payload. This means that while the Ariane-5 relies more on its SRBs to lift-off and gain energy, the
Delta-IV depends more on its main engine. SSO missions are achieved by the Atlas-V versions without any
SRBs, hence the absence of chlorine emissions.

Alumina emissions can be derived from those of chlorines, since most SRBs use similar propellant
constitution. Multiplying the values of chlorine emissions by 1.58 will give the average alumina mass per
kg of payload. This number does not give many information as alumina impact will depend on atmospheric
chemistry and combustion.

The choice of propellant will influence the emissions: solid propellants will produce chlorine and alumina,
kerosene fuels tend to emit the most CO; and the least H,O and cryogenic the opposite, while earth-
storable propellants have similar amount of CO, and H,O emissions, which can greatly vary from one
launcher to another. But some send payloads with masses often smaller than their capability, when they
could use the same propellant for heavier payload. The CZ series emit more CO, than kerosene-fueled
rockets to send the same payload to SSO or LEO, because often send 300 kg payloads, while their payload
capability to LEO varies between 1900 and 3600 kg. The Falcon-9 is cost effective because it reuses its first
stage and can send a wide range of payloads, but it will also require more propellant to send a payload to
a specific orbit. Getting the first stage back means using some propellant not to send the payload but to
pilot the first stage: this propellant can be considered as economic savings but emission wastes.

Rockets such as the Ariane-5, the Soyuz or the Atlas-5 are more interesting. The Atlas-5 because it adapts
its number of boosters to the payload, the Soyuz and the Ariane-5 because they are used to sending heavy
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payloads to specific orbits. The Ariane-5 seems however to reduce its water emissions by emitting more
chlorine or alumina.

5.3 Comparing launches with same purpose but different rockets

The inventory has allowed us to compare the amount of emission to send the same propellant mass to
orbit. Here we compare rockets that have a similar goal but different payload masses. The Space Shuttle
is the largest emitter of water vapor. In the first kilometer, it produces more than fifty times the amount
that the Falcon 9 and the Soyuz-FG do, and after reaching a minimum at the stratopause the quantity of
water vapor increases again.

The Soyuz FG and the Falcon 9 both use kerosene as a propellant, the Soyuz FG emits less CO, and water
vapor, as expected. However, the payload of the Falcon 9 is almost twice as heavy as that of the Soyuz FG,
while Falcon-9 CO; emissions are 1.5 times those of the Soyuz-FG. The use of Falcon-9 would be in that
case relevant for both cost and emission reasons.

The latitude of the launch is relevant. The Space Shuttle and the Falcon-9 are launched at Cape Canaveral
(28.56°N) while the Soyuz FG is launch at Baikonur Cosmodrome (45.6°N). Plots show that it leads to a
difference in water vapor emission within the troposphere. This is not enough however to make any
conclusions on whether it is better to launch closer to the Equator or not.

5.4 The evolution of launch vehicles

Some launch vehicles are more suited than others to minimize the emissions of CO,, water vapor or
chlorine in the atmosphere. But the rockets are chosen for their performances and their costs. The
cheapest launchers such as the Falcon-9 are not aligned with emission minimizations and they can on the
contrary increase them.

Figure 10 shows the evolution of the number of launches per launch vehicle between 2009 and 2018. The
first half of the decade displays a stable number of launches, except for the retirement of the Space Shuttle
and the increase of Chinese launches.

The second half is more interesting. The historic American launchers Atlas V and Delta IV are being
replaced by the Falcon 9, that launched more than once a month in 2018. Launches with rockets using
SRBs and cryogenic engines are also decreasing, except for the Ariane-5, suggesting that less chlorine and
alumina are being emitted while CO, emissions increase. The evolution of water vapor is harder to
estimate because of the important of launchers with earth-storable propellants but the 70% contribution
of kerosene fuel to H,0 emissions in 2018 and the increase in Falcon-9 launches suggest that water vapor
emissions are going to increase again. Chinese launches keep rising, especially the CZ-2 and CZ-3B
versions. Like the Falcon-9, the CZ-2, used for LEO and SSO missions, tends to not optimize its propellant
contrary to the Atlas V.
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The trend in the launches suggests that economic incentives will not be aligned with environmental harms.
But this will also depend on the missions. The Falcon-9 for example, is going to increase crewed launches
to the ISS, and will use its launch capability better.
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Chapter 6: Conclusion

6.1 Summary

Launch vehicles are known to cause chemical impacts on the atmosphere with ozone depletion and
positive radiative forcing as potential concerns. However, their impact is not well understood because
emissions are not well quantified.

This work built the first comprehensive inventory of the stoichiometric emissions of launch vehicles
between 2009 and 2018: CO,, water vapor, chlorine and alumina. It used a program that provided launch
trajectories and fuel burn profiles with publicly available data, before converting the propellant into
emissions.

140.5 kt of CO, were emitted in the atmosphere, 78.9 kt of water vapor, 5 kt of chlorine and 7.8 kt of
alumina were emitted above the tropopause. The increase in the number of launches has made CO,
emissions grow by 73% between 2009 and 2018, while water and chlorine emissions have decreased by
25 and 58% since 2009 because of the retirement of the Space Shuttle. The rise in kerosene-fueled rockets
launches, especially the Falcon-9, is making CO, emissions increase faster than the number of launches
and suggest that water vapor emissions are going to increase.

Emissions vary from one launcher to another, and trade-offs are observed. CO, emissions are minimized
with launchers that use cryogenic engines, although they often require solid boosters that emit CO,,
chlorine and alumina. Conversely, water vapor is minimized with launchers that use kerosene as a fuel,
but that will increase CO, emissions. Earth-storable propellants did not show any trade-off for the
emissions of interest, but they are known to be toxic and to emit NO.

Finally, emissions could be reduced by better tailoring the launch vehicle to the payload and the orbit: like
the Atlas-V, by adding booster when needed, or like the Soyuz, by sending more often payloads close to
their launch capability. However, rockets have not been designed to minimize their emissions but their
cost and aim at maximizing their performances. Consequently, some payloads are sent by rockets with ill-
adapted payload capability, such as the Falcon-9 or the CZ-2C.

The number of emissions is increasing with the number of launches. The trend in the launch vehicles
suggests that economic incentives are going to be in opposition with emissions and, more broadly,
environmental concerns. However, the appearance of new launchers such as the Ariane-6 or a better use
of rockets such as the Falcon-9 launching heavier payloads may prove this wrong.

6.2 Future work

While this inventory was as comprehensive as possible, it could still improve, as some data is missing or
have sources that could not be verified. We have only simulated 77 % of launches. Other launches should
be simulated, either by using our method, or by assimilating each launch vehicle to one of our references.
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The launch program could also be improved by a better understanding of how pitch angle is controlled
during each launch.

Combustion modelling is also needed to calculate the other exhaust products, such as BC, or NO,. A better
understanding of rocket engines, rocket plume and aerosol chemistry would be important as well.

Once emissions are known, environmental impacts should be quantified. The use of a chemical transport
model can help calculate the damage that water vapor could cause above the tropopause, to the ozone
layer and to the temperature. Radiative forcing and ozone depletion induced by all the products could be
calculated to quantify the damage of rockets. The environmental impact quantification could be taken
further with a study on mesospheric clouds.
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Appendix A: projecting below 100 km

In aeronautics and astronautics, the limit of the atmosphere is at the Karman line, which is approximately
located at 100 km. It is considered the limit above which aeronautical flight can no longer be supported
because the atmosphere is too thin. Beyond this line, spacecrafts can be set into orbit around the Earth.
Propellants, in gaseous or solid form, are still burned, and can play a role in atmospheric emissions. We
want to assess that propellant exhaust will fall back in the atmosphere and need to be included in emission
assertions.

A.1 Propellant velocity

The first question that we want to answer is: will some of the exhaust products from rocket emissions
escape Earth’s gravity? And, for those that will not, will they stay in orbit around the Earth?
We use the same method as Fourie et al.,, 2019 [16]. This paper evaluates the potential impacts of
emissions from Hall Thrusters using mercury as their propellant, which is a product dangerous for human
health. Their work treats only satellites already in orbit, and in LEO, but we can apply their method. We
call vg the velocity of the rocket, vex the exhaust velocity of the products, and veye the exhaust velocity
with respect to the Earth. The relation between them is

Vgx/E = VR + Vpx (4.1)

Orbital velocity at an altitude h can be defined as

1
vr(h) = |2u <RE +h (Rp+Ry)+ Ry + Rp)>; (4.2)

with Rethe Earth radius, R, and R, respectively the apogee and perigee of the orbit, and u Earth’s standard
gravitational constant. For circular orbit, as the apogee and perigee are equal to the altitude, we have

vr(h) = (A.3)

Rz + h

The exhaust velocity in vacuum can be approximated using the specific impulse. Indeed, by definition of
thrust and specific impulse

P, —P,
Vey = ISp — %Ae = Isp (A4.4)

In vacuum, the atmospheric pressure can be neglected. Equation (A.4) also shows that the exhaust
velocity is smaller than specific impulse, so using specific impulses is satisfying for upper range. Chemical
engines for upper stages have specific impulses between 200 s and 500 s, so those are the limits we will
evaluate. Finally, the escape velocity at a specific altitude h is
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2p

vV, =
We now try to determine whether exhaust products can reach the escape velocity and thus leave the
Earth’s atmosphere. We calculate the magnitude of the exhaust velocity relatively to Earth and compare
it to the escape velocity needed at the same altitude. In the simplest case, the rocket fires in the opposite
direction of its velocity (angle of attack equal to zero). However, that is not necessarily the case, as thrust
and rocket velocity direction are often not aligned. The exhaust velocity relatively of Earth is then

Vgx/E = VR® + Vpx® — 2URVpg, COS @ (A.7)

We do not know what values an angle of attack can reach, especially when the rocket is already above
100 km. An upper bound to be used can be an angle of 60°, although 30° is a more realistic value. Exhaust
velocities relative to Earth for a launch vehicle in circular orbits are shown in Figure 19 and compared to
the circular orbital velocity and the escape velocity.
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Figure 18 Exhaust velocity relatively to Earth for a vehicle in circular orbits between 0 and 40000 km for propellant
with specific impulses of 200 and 500 s. AOA stands for angle of attack.

Orbital altitudes are between 100 km and 40 000 km. For a specific impulse of 200 s, neither circular nor
escape velocity is ever reached. For a specific impulse of 500 s, escape velocity is reached for a 37 000 km
high circular orbit, with an angle of 60 degrees, which is very unlikely to happen. In this case, uniquely,
could the propellant reach a velocity higher than the circular orbital velocity at this altitude, which would
propelitin another orbit. Now, a lot of orbits, whether temporary or not, are elliptical. Figure 20 illustrates
the case of a GTO.
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Figure 19 Exhaust velocity relatively to Earth as a function of altitude for a vehicle in GTO (perigee 180 km, apogee
40 000 km) for a propellant with specific impulses of 200 and 500 s.

Once again, for the low bound of specific impulse, escape velocity is never reached, and for the high
bound, it happens in unlikely conditions. Indeed, an upper stage is rarely going to separate from the
satellites at high altitudes but tends to leave the satellite in a lower altitude of the orbit.

The exhaust velocity is therefore unlikely to reach escape velocity when the rocket is in a specific orbit.
However, a launch vehicle can travel along successive orbits. To change orbits, it does an impulsive
maneuver that is considered instantaneous. For example, the Zenit 3F, when launching Elektro L-2 in
Geosynchronous Orbit, has several intermediate orbits before reaching GEO [17]. We do not know the
altitude at which each maneuver is realized, so we decide that it happens at the perigee of the future
orbit. In this case, the orbital maneuver between orbit 167x554 km and 280x4306 km occurs at 280 km of
altitude. We calculate the exhaust velocity for a specific impulse of 500 s and an angle of 60° at 280 km
for both orbits. We observe that in each case the velocity is smaller than escape velocity. This happens for
every maneuver (See table 2).

Orbital perigee (km) | Orbital apogee (km) | Altitude (km) Exhaust velocity at Escape Velocity at
this altitude (m/s) this altitude (m/s)

6819 10948
280 4306 280 7467 10948
280 4306 338 7417 10900
338 35911 338 8771 10900
338 35911 35425 4318 4367
35425 35793 35425 4296 4367

Table 2 Velocities calculated during changes of orbits for a thrust angle of 60° and a specific impulse of 500 s

It seems that there should not be any exhaust loss during the launch to orbit. Now, once the payload is
injected, some upper stages can lower their perigee to reach either a less congested area, or a re-entry
altitude. In this case, we talk about retrograde burn, as thrust is fired in the direction of velocity to reduce
the orbit. Baldwin and Lu, 2012 [18] indicate that the angle of thrust is not necessarily 180°. As de-orbit
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often seems to happen in SSO, we plot exhaust velocities in circular orbits for thrust angles changing to
values between 30 and 180 °, and for two typical specific impulses (Figure 21). We observe that for high

specific impulses, thrust angles greater than 120° for retrograde burn can lead the exhaust to reach escape
velocity.
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Figure 20 Exhaust velocity relatively to Earth in circular orbit with different thrust angles for retrograde burn

Now, we look at changes in orbits. We show two cases when from a circular orbit, the upper stage
performs a burn that lowers the perigee and gets into an elliptical orbit with apogee being the altitude of
the previous orbit. The first one is performed by Delta II's upper stage [19], and the second a Briz KM [20].
They have different specific impulses. Propellant velocity is plotted as a function of thrust angle. We
observe that for Delta II's upper stage, escape velocity is never reached. However, for an angle greater
than 160°, Briz KM will create some exhaust that will escape velocity.

Exhaust velocity at altitude 820km with perigee lowered to 450km and Isp 292 2s
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Figure 21 Exhaust velocities during perigee lowering as a function of AOA. Left: Delta Il upper stage. Right: Briz KM.
Therefore, there are possible losses for deorbit. But in the general case, we can assume that the propellant

will not reach escape velocity.

A.2 Lifetime in the upper atmosphere

We have established that propellant exhaust should stay within Earth’s gravitational field. The remaining
question is how long it would take to fall back below 100 km. Zinn et al. 1982 [21] studied the effects of

rocket exhaust in the ionosphere. Considering cryogenic engines, they calculated that it took two hours
for a water molecule to fall from 400 to 200 km of altitude, and six hours for a dihydrogen molecule. 1-
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um particles in either LEO or GTO with a perigee at 300 km were estimated by Ratcliff et al. 1993 [22] to
stay in orbit for no more than a month. Although for gases nano sizes are more relevant, it can be an
interesting order of magnitude for solid exhausts whose diameter can reach these sizes.

The region above 500 km is the exosphere, where mean free path is so big that collisions occur very rarely.
The gas in the exosphere does not behave strictly as a continuum fluid. Neutral atoms and molecules
follow ballistic trajectories in the Earth’s gravitational field, with infrequent collisions, but can encounter
some collisions that reduce their lifetimes. Richter et al. 1979 [23] estimated that a satellite particle in an
orbit perigee of 3000 km and apogee of 250 900 km had a lifetime of 116 days. As a comparison, particles
in nearly circular orbits at 520 km have a lifetime of a few seconds.

Below the exobase and above 100 km, eddy diffusion is dominated by molecular diffusion: vertical mixing
is replaced by diffusive separation of species according to their molecular mass. Diffusion time is defined
as the time for gravitational separation to cause a significant change in the density of a given constituent
at a given level of the atmosphere. Kockarts [24] highlights that diffusion time below the exobase can be
between a few hours and a day. It thus needs to be taken into consideration to model propellant
expansion.

Bernhardt et al. included diffusion in their 1982 publication [25], with a three-dimensional diffusive model.
In this example, they simulated a Saturn V-type launch vehicle which releases 1.67 x 1031 water molecules
from 150 to 450 km altitude. The exhaust product falls back at the bottom of the thermosphere in a matter
of hours. As noted in Boden et al [26], who look at Falcon 9 launches, the initial downward velocity of
rocket exhaust molecules would result in their reaching lower altitudes before entering a diffusive
expansion regime, when they start colliding with other particles. This collision affects the ionosphere,
where electrons are recombined to form molecules. The ionosphere thus undergoes ion depletion for a
few hours although it is of no interest for the scope of our problem. We can assert that the rocket exhaust
products will not change form nor recombine by the time they fall back below 100 km.

Those different studies do not give a clear answer on how long exactly exhaust products would stay above
100 km. They are still good enough to assess that exhaust products may not stay in the upper atmosphere
for more than a year, and that we can therefore estimate that all the exhaust mass will fall back down.
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Appendix B: Solid propulsion

To calculate thrust, the exit pressure, the mass flow rate and the exhaust velocity are to be evaluated
separately. Our expressions are derived from [12] and [27]. The exhaust velocity is defined as

YRTc 1
Ve = Me (B.1)

" ()

where M, is the exit Mach number, T, the chamber temperature, y the heat capacity ratio and M the
propellant molar mass. While the three last values are parameters, we calculate the exit Mach number by
using the expansion ratio, which is a function of A; the throat area and A. the exit area.
" y+1
__y+1 Y — 2\2(r-1)
A, ()/ + 1) 2(y-1) (1 T M, )

A, M,

2

(B.2)

Mass flow rate is calculated at the nozzle. We approximate that mass flow rate at the chamber is
negligible, therefore mass flow rate at the nozzle is mass flow rate at the gas generator

d(Vepc)

m= Aprp — T Aprp; (B.3)

with 4, the area of the propellant that is being burned, r the burning rate, and p the propellant density.
The burning rate changes with chamber pressure and depends on two coefficients, the temperature
coefficient a and the burning rate exponent n that are measured experimentally for each propellant. The
most common empirical equation is

r=ap" (B.4)

However, chamber pressure is not constant, as it varies with the burning area of the propellant

y+1
-1

Ap RT, ry + 1\r
1-n ¢
— (L~ B.5
Pe Atap\]My( 2 ) ( )

Since the change in burning area also depends on the burning rate, A, r and p. depend on one another.

They also allow to calculate the exit pressure p. that depends on chamber pressure

p
Pe = . y (B.6)

(et
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Those expressions rely on many parameters. Most of those inputs can be estimated as constant, but this
means finding the right value of six constants that will change for each different engine. Thrust is sensitive
to some of the constants, such as a and n.

The burning area of the propellant A, is essential to calculate thrust. Having the initial burning area and
being able to calculate its evolution is thus necessary. Several difficulties are raised:

- Uncertainty on the parameters: thrust and mass flow rate are highly sensitive to the burning rate
coefficients especially. Those parameters are difficult to find in literature, and sources disagree
on the values. For example, literature suggested at least two different sets of parameters for the
Space Shuttle’s SRB, which is better documented than most solid engines.

- Shape of the propellant: the propellant geometry can be complex and sometimes evolve along its
length: the cross-section geometry is not necessarily constant.

- Inhibition: an inhibiter can be applied on the extremities of a propellant segment. It is used to
influence thrust profile because it prevents the propellant from being consumed too fast.
However, this inhibition can sometime be partial: only part of the cross section is inhibited and
thrust is sensitive to those variations.

Those last two points would require a time consuming 3-dimension representation.
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Appendix C: Simulations of reference

The Python program was first developed by comparing some simulations with references. The references
come from YouTube launch webcast or manual profiles.

C.1 Falcon9vl.2

The Falcon 9 v1.2 has several particularities. The first one is first stage recovery. Between 2013 and 2016
it conducted sixteen test flights. The first success was in December 2015 and since 2017, the first stage
landing was no longer an experiment but an inherent part of the launch. First stage is always recovered
except when the biggest payloads are launch, as they require total use of propellant load. While we do
not simulate the first stage landing, this tells us that the propellant of the first stage is not completely
consumed for the launch itself. The first stage landing is indeed enabled through engine firing, contrary
to previous technology. We find that approximately 6% of the first stage propellant is used for recovery.
For our work, we classify this amount as structure mass and not propellant mass.

The Falcon 9 rocket is made of two stages: the first one is fired by the Merlin 9, and the second one by
the Merlin 1. Both engines can throttle down. The first stage can often throttle down within the first 100
seconds of the launch to reduce stress on the vehicle when it is passing maximum dynamic pressure. It is
done for GTO missions and Dragon missions, the latter requiring longer throttling. Several telemetry data
seem to indicate that throttling around maximum dynamic pressure can happen for LEO missions.
However, we do not know why some of them require throttling and some do not, and we do not know
when and how long exactly this throttling occurs. This implies error in the simulation, and since the
throttling a maximum dynamic pressure does not affect the rest of the acceleration profile, we decide not
to simulate it.

The second cause of throttling can be found in the Falcon User’s Guide. As described in 2.5.3, we decide
to throttle only according to the axial acceleration limits, acknowledging that the rocket would probably
throttle more at some moments, especially around MECO.

We simulate three launches: CRS-8 (mission to the ISS), Formosat (SSO mission), and SES-9 (GTO mission)
for which we optimize the angle parameters. We obtained the altitude and speed profile from SpaceX’s
launch webcasts, that share telemetry data. We also derived those profiles using the finite difference
method to compare height, speed, acceleration and vertical velocity. We observe that for the SSO mission,
the second stage’s first burn injects directly the payload into SSO, therefore at an altitude between 700
and 800 km, whereas most other launches insert their payload at an altitude between 170 and 250 km.
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C.2 Ariane 5-ECA

Ariane 5-ECA is the most popular version of the Ariane that is used by the Europeans, before it gets
replaced by the Ariane 6. The Ariane 5 consists in two stages in series. The first stage comprises the EPC,
the core engine, and the EAPs, two solid rocket boosters used for lift-off. The EPC burns out at around 200
km of altitude, and the second stage starts operating, but stays at the same altitude for 500 seconds. As
we do not simulate above an altitude of 100 km, we stop the simulation at EPC burn out. Both the EPC
and upper stage use cryogenic propellant.

We have different sources of reference: Arianespace webcasts and the Ariane 5 User’s Manual. We use
the manual’s load factor, speed and altitude profiles as reference, as the Arianespace launch webcasts
only provide speed and altitude.

C.3 Soyuz-FG

The Soyuz is the rocket that flew the most between 2009 and 2018. It was developed by the Russians
(Starsem) but is also launched from Guiana in partnership with Arianespace. It has multiple versions:
Soyuz-U, Soyuz-FG, Soyuz 2.1a, Soyuz 2.1b, Soyuz 2.1v. All of them are very similar, except the Soyuz 2.1v
that we do not simulate. For example, the main difference between Soyuz-FG and Soyuz 2.1 a is a
conversion of flight conversion system from analogue to digital. The Soyuz-FG is used to launch missions
to the ISS, especially crewed ones.

The Soyuz comprises three blocks: four liquid boosters, one core engine and a second stage. Depending
on the mission, the Fregat upper stage can be added, with different variants. We only simulate until
second stage cutoff. The liquid boosters and the core engine have throttling capabilities, however they
only throttle before lift-off. The thrust values given by the Starsem and Arianespace manuals include
verniers that overestimate speed profiles. As those verniers are used for attitude control, we decide to
not simulate them.

C.4 CZ-2C, CZ-2D and Cz-4

The Changzheng (Long March) family was developed to launch all types of Chinese satellites since the mid-
60s. The CZ-2C version is a two-stage rocket that was launched for the first time in 1975. It is mainly used
for LEO missions. An upper stage can be added to send higher payload to orbit: either the SMA, which is
a solid motor or the YZ1, same propellant as other stages. The YZ1 exists in different versions and is used
as an upper stage for several Long March configurations.

We use the acceleration, speed and altitude profile from the Long March 2C User Manual as reference. It
was mainly developed by the China Academy of Launch Vehicle Technology (CALT) while the following
two vehicles were developed by the Shanghai Academy of Spaceflight Technology (SAST).

CZ-2Dis a similar launch vehicle that is used for LEO and SSO missions and it is not clear when it is preferred
to the CZ-2C. The only references available were plots from launch webcast that we use for optimization.
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CZ-4B and CZ-4C are used for SSO missions. Similarly to CZ-2D, we use plots from launch webcasts as
reference. The CZ-4B is a three-stage launcher based on the CZ-3 vehicle that is described below. We
simulate all three stages.

All those launch vehicles use earth-storable liquid propellants (UDMH/N204) and they do not throttle.
Verniers also burn on second stages for attitude control.

C.5 CZ-3A and CZ-3BE

The Long March 3 series are the launch vehicles that were developed for GTO missions. They have three
stages, the first two being based on the CZ-2C series, with earth-storable propellants, and the upper stage
a cryogenic stage. No engine throttles either. The CZ-3B and CZ-3BE versions also use liquid boosters for
higher performances at lift-off. The upper stage is simulated only partially. It burns it two steps, with a
coasting phase in between, so we simulate only the first burn.

We use as references plots from the LM-3A Series Launch Vehicle User’s Manual, speed and altitude
profiles for the optimization, and acceleration to validate our results. The manual has plots for the three
launch vehicles.

C.6 Delta IV

The Delta launch vehicle was first developed in the 1950s and Delta IV is its latest version. The version
that we are interested in is the Delta IV Medium Plus (Delta IV M+). It uses two liquid stages with liquid
hydrogen and oxygen as propellant, and solid rocket boosters. The main engine, the Common Booster
Core, is also used as boosters for the Delta IV Heavy. The solid rocket boosters are Graphite Epoxy Motors
(the GEM 60) developed by ATK. The Delta IV M+ can send medium-class payloads to orbits and can
accommodate different payloads by varying the number of SRBs and the type of payload fairing. Some
versions also use the solid motor STAR 48B as an upper stage. The rocket uses two different launch sites:
Cape Canaveral and Vandenberg AFB.

The Delta IV User Guide does not provide altitude or speed profiles. The launches are webcasted by the
United Launch Alliance (ULA), but the telemetry data is very scarce. We obtained as a reference
incomplete altitude, speed and acceleration values for the first stage phase, after the SRBs are being
jettisoned. The CBC can throttle down to 55% of full thrust. But by comparing the references with our
simulations, we inferred that in the case of Delta IV M+ launches it throttles very little, except before
staging. The User Guide provides maximum axial acceleration values during first stage burn as a function
of payload weight. From those, we set that axial acceleration cannot exceed 6 g.

C.7 Atlas V

The Atlas is another launch vehicle that has been used for decades by the US. The Atlas V is the latest of
the series, developed to meet demands for government and commercial launches. Like the Delta-1V, it has
several configurations to accommodate different payload and mission requirements, as it can launch to
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any orbit. It has two different payload fairing configuration, a 4-m diameter (Atlas V 400 series) and a 5-
m diameter one (Atlas V 500 series). The main engine is for all configuration the RD-180, that uses RP-1
as fuel. The upper stage is the Centaur, propelled by liquid hydrogen and oxygen. SRBs can also be added
for mission requirements, up to five for the 500 series. Until 2020, those SRBs were the AJ-60A, developed
by the historic Aerojet. They were recently replaced by the GEM 63, provided by Northrop Grumman. For
our scope, we are only interested in the AJ-60A. However, due to lack of data on their thrust profile, we
decided to use data from the GEM-63, as we were told they were pretty similar.

We built our optimization on two configurations. The first one is the Atlas V 401, that has no booster and
is the configuration that was the most launched. The Atlas V Launch Services User’s Guide provides only
acceleration profile and values of altitude at key events. We did not find any altitude profile from ULA
webcasts, so we contented ourselves with the acceleration profile and the altitude value at main engine
cutoff, which occurs over 100 km. The RD-180 can throttle down and the User’s Guide has a throttling
profile. This profile does not allow to obtain constant acceleration before MECO and payload fairing
jettison, so we add a condition to maintain axial acceleration to values defined in the User’s Guide. For
example, we know that g-levels cannot reach 5 g before MECO.

The second configuration is one with SRBs. Once again, a launch profile was hard to find, but ULA shared
telemetry for the Perseverance mission, in July 2020. We simulated this launch, with an Atlas V 541, that
used four boosters. The altitude telemetry available is wrong, as it claims that MECO occurred at 700 km
of altitude. We optimized the speed profile and with altitude at MECO provided by ULA on their website.
We also use throttling profile and description from the User’s Guide, that are similar but different from
the Atlas V 401.

C.8 Proton M

Proton is Russia’s primary heavy lift launch vehicle for uncrewed missions. The most recent is the Proton
Briz M, that uses the Briz M as an upper stage, in addition to three stages. All engines run on earth-storable
propellants. None of them throttle. We use as reference altitude and speed profiles from the Proton
Launch System Mission Planner’s Guide. The launch vehicle is used mostly for GTO missions.

C.9 PSLV family

The Polar Satellite Launch Vehicle (PSLV) is a rocket developed by India, originally to send some of its
satellite to SSO, although it can also do missions to GTO. It exists in three configurations: PSLV CA, PSLV G
and PSLV XL. The two latter use six strap-on SRB, with the one for PSLV XL being more powerful. Only four
are ignited on the ground, while the remaining ones are lit in the air 25 seconds after liftoff. The
particularity of the PSLV is that it alternates solid motors and liquid engines. The first and third stage are
solid while the second and fourth stage are liquid (earth-storable propellants), although we do not need
to simulate the last two stages. It is the first Indian launcher to use liquid engines.

We simulate the PSLV-XL and PSLV-CA, to have configurations with and without SRBs. We use as
references plots that are available on webcasts shared by the ISRO. For the PSLV CA the altitude profile
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reference is different from other launchers as it is a function of downrange distance and not time. We
adapted the optimization to take it into account.

C.10 H-II A family

The H-Il A is the primary launcher used by the Japan Aerospace Exploration Agency (JAXA). It can
accommodate for a lot of targeted orbits, although in practice missions are mostly to SSO and GTO. H-IIA
has different variants. Two of them are relevant between 2009 and 2018: H-2A202 and H-2A204. H-A202
has two solid motors used as strap-on boosters while H-2A204 has four of them and higher payload
capability to GTO. Its two main engines, the LE-7A and LE-5B, use liquid hydrogen and oxygen. The LE-5B
has throttling capabilities that we do not simulate as the engine burns above 100 km.

The H-2A202 and H-2A204 boosters (SRB-A), while similar, are not the same model. The SRB-A used for
the H-2A02 burns for a shorter time and has a higher maximum thrust. We were only able to find thrust
profile for the booster used for the H-2A04 as they also burn for more recent Japanese launch vehicles
such as the Epsilon. The H-lIIA User’'s Manual provide typical altitude, speed and load factor for GTO
missions for H-2A202. Since the load factor is not a function of flight path angle and since we can estimate
liquid thrust from the main engine, we use the references to calculate thrust in vacuum for the SRB-A. We
can them optimize the angles by following the method described in 2.3.

C.11 Rokot

Rokot is a three-stage launcher developed by Eurockot, a German-Russian company, for missions to LEO
and particularly SSO. All the stages use earth-storable propellants. The third stage is the Breeze KM upper
stage.

No engine throttles. We find an altitude reference from a webcast of the Sentinel 3B launch shared by the
ESA. Like the PSLV CA, we only have altitude as a function of downrange distance, which requires to adapt
the optimization.

C.12 Space Shuttle

This is certainly the launch vehicle with the most documentation available. It has been a real icon for thirty
years, used for crewed missions to the ISS. Its retirement in 2011, for safety reasons, put American crewed
launches on hold. The Space Shuttle has a very unusual architecture for a launcher. The orbiter, a shuttle,
is at the same time a stage and the payload. Its main propulsion system encompasses three cryogenic
engines called the SSMEs that receive the propellant from the external tank, on which the orbiter is placed.
The orbiter also possesses an orbital maneuvering system (OMS) whose function is reaction control and
orbit insertion, transfer, rendezvous and deorbit.

Two massive SRBs are used for lift-off: the Reusable Solid Rocket Motors (RSRM) provide 80% of thrust at
lift-off. They are made of four segments with different geometry, while more recent solid motors have
simpler designs. They burn jointly with the SSME for 123 s before being jettisoned. We continue the
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simulation until the SSME burn out and the external tank is jettisoned. The SSME throttle between 104%
and 66%, we use a throttling profile available online. Optimization proceeds as described in Chapter 2.
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Appendix D: Launch vehicle data

The inputs to create a rocket launch are presented in the tables below. The stages and propulsion
systems are classified as described in 2.2. The number of engines is given into brackets. For example,
Angara-A5 is made of three stages, and the first stage encompasses two different propulsion systems:
four boosters P.0 and one main engine P.1.

“N/A” signifies that the propulsion system does not need that value, while “x” means that the value is
missing. Upper stages such as Briz-M or rocket configurations are indicated into brackets.

Angara-A5(Briz-M)

Input [Unit] Value Reference
Fairing diameter [m] 4.35 [28]
Fairing length [m] 15.26 [28]
Fairing nose diameter [m] 0.128 [28]
Fairing nose length [m] 6.12 [28]
Fairing mass [kg] 2150.0 [29]
Fairing jettison time [s] 345.0 [30]
Latitude of the launch [°] 62.92 [28]
Payload mass [kg] 2042 [31][32][33]
Stages Stage O Stage 1 Stage 2
Length [m] 25.6 6.9 2.6 [29]
Diameter [m] 2.9 2.9 2.9 [29]
Propulsion System P.0 P.1(x1) P.0 (x1) P.0 (x1)

(x4)

Fuel RP-1 RP-1 RP-1 UDMH [29]
Oxidizer 02 02 02 N204 [29]
Propellant mass [tonnes] 132.7 132.7 35.8 19.8 [34] & [28]
Structure mass [tonnes] 10.0 10.0 4.8 2.5 [34] & [28]
Sea level thrust [kN] 1922.0 1922.0 294.0 19.62 [34] & [28]
Vacuum thrust [kN] 2090.0 2090.0 294.0 19.62 [34] & [28]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 330.0 X [30]
Burn time [s] 325.0 212.0 395.0 X [30]
Jettison time T+[s] 330.0 214.0 735.0 X [30]
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Antares-110

Input [Unit] Value Reference
Fairing diameter [m] 3.936 [35]
Fairing length [m] 9.851 [35]
Fairing nose diameter [m] 1.38 [35]
Fairing nose length [m] 3.2 [35]
Fairing mass [kg] 972.0 [35]
Fairing jettison time [s] 320.0 [36]
Latitude of the launch [°] 37.94 [35]
Payload mass [kg] Between 3807 and 4127 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 27.0 3.5 [35]
Diameter [m] 3.9 3.9 [35]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 NH4ClO4 [35]
Oxidizer 0. Al [35]
Propellant mass [tonnes] 242.4 12.834 [37]
Structure mass [tonnes] 18.8 1.224 [37]
Sea level thrust [kN] 3255.8 177.929 [38]
Vacuum thrust [kN] 3632.38 Thrust profile (Solid) | [37] & [39]
SRM nozzle exit area [m?] N/A 1.97 [39]
SRM specific impulse [s] N/A 300.6 [39]
Beginning time T+[s] 0.0 335.0 [36]
Burn time [s] 233.0 128.0 [36]
Jettison time T+[s] 239.0 583.0 [36]
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Antares-120

Input [Unit] Value Reference
Fairing diameter [m] 3.936 [35]
Fairing length [m] 9.851 [35]
Fairing nose diameter [m] 1.38 [35]
Fairing nose length [m] 3.2 [35]
Fairing mass [kg] 972.0 [35]
Fairing jettison time [s] 327.0 [36]
Latitude of the launch [°] 37.94 [35]
Payload mass [kg] Between 4923 and 5644 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 27.0 3.5 [35]
Diameter [m] 3.9 3.9 [35]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 NH4ClO4 [37]
Oxidizer 0. Al [37]
Propellant mass [tonnes] 242.4 12.834 [37]
Structure mass [tonnes] 18.8 1.224 [37]
Sea level thrust [kN] 3255.8 177.929 [38]
Vacuum thrust [kN] 3632.38 Thrust profile (Solid) | [37] & [39]
SRM nozzle exit area [m?] N/A 1.97 [39]
SRM specific impulse [s] N/A 300.6 [39]
Beginning time T+[s] 0.0 335.0 [36]
Burn time [s] 233.0 128.0 [36]
Jettison time T+[s] 239.0 583.0 [36]
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Antares-230

Input [Unit] Value Reference
Fairing diameter [m] 3.936 [35]
Fairing length [m] 9.851 [35]
Fairing nose diameter [m] 1.38 [35]
Fairing nose length [m] 3.2 [35]
Fairing mass [kg] 972.0 [35]
Fairing jettison time [s] 249.7 [40]
Latitude of the launch [°] 37.94 [35]
Payload mass [kg] Between 6163 and 6173 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 27.6 5.94 [35]
Diameter [m] 3.9 3.9 [35]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 NH4ClO4 [37]
Oxidizer 02 Al [37]
Propellant mass [tonnes] 239.3 24.9 [37]
Structure mass [tonnes] 4.44 1.587 [37]
Sea level thrust [kN] 3844.0 444 .822 [41]
Vacuum thrust [kN] 4170.0 Thrust profile (Solid) | [41] & [39]
SRM nozzle exit area [m?] N/A 3.14 [39]
SRM specific impulse [s] N/A 294.4 [39]
Beginning time T+[s] 0.0 262.0 [40]
Burn time [s] 209.0 182.0 [40]
Jettison time T+[s] 215.0 545.0 [40]
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Ariane-5ECA

Input [Unit] Value Reference
Fairing diameter [m] 5.4 [42]
Fairing length [m] 17.0 [42]
Fairing nose diameter 1.0 [42]
[m]

Fairing nose length [m] 7.0 [42]
Fairing mass [kg] 2400.0 [42]
Fairing jettison time [s] 208.0 [42]
Latitude of the launch [°] 5.23 [42]
Payload mass [kg] Between 4241 and 10865 [43]
Stages Stage O Stage 1
Length [m] 35.8 4.8 [28]
Diameter [m] 5.4 5.4 [28]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 Ha H2 [42]
Oxidizer Al 02 (0)) [42]
Propellant mass [tonnes] 240.0 173.0 14.9 [42]
Structure mass [tonnes] 37.0 15.0 4.54 [42]
Sea level thrust [kN] 5520.0 960.0 67.0 [42]
Vacuum thrust [kN] Thrust profile 1390.0 67.0 [42] & [44]
(Solid)
SRM nozzle exit area 7.0 N/A N/A [45]
[m?]
SRM specific impulse [s] 275.0 N/A N/A [42]
Beginning time T+[s] 7.0 0.0 540.0 [42]
Burn time [s] 130.0 540.0 945.0 [42]
Jettison time T+[s] 137.0 540.0 1485.0 [42]
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Ariane-5ES

Input [Unit] Value Reference

Fairing diameter [m] 5.4 [42]
Fairing length [m] 17.0 [42]
Fairing nose diameter [m] 1.0 [42]
Fairing nose length [m] 7.0 [42]
Fairing mass [kg] 2600.0 [46]
Fairing jettison time [s] 213.0 [46]
Latitude of the launch [°] 5.23 [42]
Payload mass [kg] Between 3282 and 20060 [43]
Stages Stage O Stage 1

Length [m] 35.8 3.36 [28] [46]
Diameter [m] 5.4 5.4 [28]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)

Fuel NH4ClO4 Ha H2 [42]
Oxidizer Al 0. 02 [42]
Propellant mass [tonnes] 240.0 173.0 10.0 [42] [47]
Structure mass [tonnes] 37.0 15.0 1.3 [42] [47]
Sea level thrust [kN] 5520.0 960.0 29.0 [42] [47]
Vacuum thrust [kN] Thrust profile 1390.0 29.0 [44] [47]

(Solid)

SRM nozzle exit area [m?] 7.0 N/A N/A [45]
SRM specific impulse [s] 275.0 N/A N/A [42]
Beginning time T+([s] 7.0 0.0 540.0 [42] [46]
Burn time [s] 130.0 528.0 1000.0 [42] [46]
Jettison time T+[s] 144.0 534.0 1540.0 [42] [46]
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Ariane-5GS

Input [Unit] Value Reference

Fairing diameter [m] 5.4 [48]
Fairing length [m] 13.8 [48]
Fairing nose diameter [m] 1.0 [48]
Fairing nose length [m] 7.0 [48]
Fairing mass [kg] 2100.0 [48]
Fairing jettison time [s] 190.0 [48]
Latitude of the launch [°] 5.23 [48]
Payload mass [kg] 5954 [48]
Stages Stage O Stage 1

Length [m] 30.53 3.36 [48]
Diameter [m] 5.4 5.4 [48]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)

Fuel NH4ClO4 H2 UDMH (48]
Oxidizer Al 0. N204 [48]
Propellant mass [tonnes] 240.0 158.0 10.0 [48]
Structure mass [tonnes] 31.0 13.6 2.7 [48]
Sea level thrust [kN] 5520.0 885.0 29.0 [48]
Vacuum thrust [kN] Thrust profile 1140.0 29.0 [48]

(Solid)

SRM nozzle exit area [m?] 7.0 N/A N/A [45]
SRM specific impulse [s] 275.0 N/A N/A [42]
Beginning time T+[s] 7.0 0.0 589.0 [48]
Burn time [s] 128.0 576.0 1000.0 [48]
Jettison time T+[s] 140.0 582.0 1589.0 [48]
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Atlas-5(401)

Input [Unit] Value Reference
Fairing diameter [m] 4.2 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 0.9 [49]
Fairing nose length [m] 6.755 [49]
Fairing mass [kg] 2305.0 [49]
Fairing jettison time [s] 268.0 [49]
Latitude of the launch [°] 28.56 or 34.73 [49]
Payload mass [kg] Between 721 and 7492 [31][32] [33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 H> [49]
Oxidizer 02 02 [49]
Propellant mass [tonnes] 284.089 13.887 [49]
Structure mass [tonnes] 22.183 2.243 [49]
Sea level thrust [kN] 3827.0 99.2 [49]
Vacuum thrust [kN] 4152.0 99.2 [49]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 260.0 [49]
Burn time [s] 240.0 686.0 [49]
Jettison time T+[s] 250.0 946.0 [49]
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Atlas-5(411)

Input [Unit] Value Reference
Fairing diameter [m] 4.2 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 0.9 [49]
Fairing nose length [m] 6.755 [49]
Fairing mass [kg] 2305.0 [49]
Fairing jettison time [s] 268.0 [49]
Latitude of the launch [°] 34.73 or 28.56 [49]

Payload mass [kg]

Between 2100 and 6500

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x1) P.1(x1) P.0 (x1)

Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 13.887 [49]
Structure mass [tonnes] 5.1 22.183 2.243 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 260.0 [49]
Burn time [s] 95.0 240.0 686.0 [49]
Jettison time T+[s] 110.0 250.0 946.0 [49]
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Atlas-5(421)

Input [Unit] Value Reference
Fairing diameter [m] 4.2 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 0.9 [49]
Fairing nose length [m] 6.755 [49]
Fairing mass [kg] 2305.0 [49]
Fairing jettison time [s] 268.0 [49]
Latitude of the launch [°] 28.56 [49]
Payload mass [kg] Between 5300 and 5987 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 13.887 [49]
Structure mass [tonnes] 5.1 22.183 2.243 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 260.0 [49]
Burn time [s] 95.0 240.0 686.0 [49]
Jettison time T+[s] 110.0 250.0 946.0 [49]
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Atlas-5(431)

Input [Unit] Value Reference
Fairing diameter [m] 4.2 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 0.9 [49]
Fairing nose length [m] 6.755 [49]
Fairing mass [kg] 2305.0 [49]
Fairing jettison time [s] 268.0 [49]
Latitude of the launch [°] 28.56 [49]
Payload mass [kg] Between 5663 and 6637 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x3) P.1(x1) P.0 (x1)
Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 13.887 [49]
Structure mass [tonnes] 5.1 22.183 2.243 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 260.0 [49]
Burn time [s] 95.0 240.0 686.0 [49]
Jettison time T+[s] 110.0 250.0 946.0 [49]
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Atlas-5(501)

Input [Unit] Value Reference
Fairing diameter [m] 5.4 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 14 [49]
Fairing nose length [m] 8.528 [49]
Fairing mass [kg] 3525.0 [49]
Fairing jettison time [s] 208.0 [49]
Latitude of the launch [°] 28.56 or 34.73 [49]
Payload mass [kg] Between 3450 and 5000 [31][32] [33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 H2 [49]
Oxidizer 02 02 [49]
Propellant mass [tonnes] 284.089 20.839 [49]
Structure mass [tonnes] 23.848 2.737 [49]
Sea level thrust [kN] 3827.0 99.2 [49]
Vacuum thrust [kN] 4152.0 99.2 [49]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 268.0 [49]
Burn time [s] 264.0 686.0 [49]
Jettison time T+[s] 268.0 954.0 [49]
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Atlas-5(531)

Input [Unit] Value Reference
Fairing diameter [m] 5.4 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 1.4 [49]
Fairing nose length [m] 8.528 [49]
Fairing mass [kg] 3525.0 [49]
Fairing jettison time [s] 208.0 [49]
Latitude of the launch [°] 28.56 [49]
Payload mass [kg] Between 6170 and 6170 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x3) P.1(x1) P.0 (x1)
Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 20.839 [49]
Structure mass [tonnes] 5.1 23.848 2.737 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 268.0 [49]
Burn time [s] 95.0 264.0 686.0 [49]
Jettison time T+[s] 110.0 268.0 954.0 [49]

66




Atlas-5(541)

Input [Unit] Value Reference
Fairing diameter [m] 5.4 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 1.4 [49]
Fairing nose length [m] 8.528 [49]
Fairing mass [kg] 3525.0 [49]
Fairing jettison time [s] 208.0 [49]
Latitude of the launch [°] 28.56 or 34.73 [49]

Payload mass [kg]

Between 3400 and 5192

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)

Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 20.839 [49]
Structure mass [tonnes] 5.1 23.848 2.737 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 268.0 [49]
Burn time [s] 95.0 264.0 686.0 [49]
Jettison time T+[s] 110.0 268.0 954.0 [49]
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Atlas-5(551)

Input [Unit] Value Reference
Fairing diameter [m] 5.4 [49]
Fairing length [m] 12.9 [49]
Fairing nose diameter [m] 14 [49]
Fairing nose length [m] 8.528 [49]
Fairing mass [kg] 3525.0 [49]
Fairing jettison time [s] 208.0 [49]
Latitude of the launch [°] 28.56 [49]
Payload mass [kg] Between 3625 and 6740 [31][32][33]
Stages Stage O Stage 1
Length [m] 32.46 12.68 [49]
Diameter [m] 3.8 3.8 [49]
Propulsion System P.0 (x5) P.1(x1) P.0 (x1)
Fuel NH4ClO4 RP-1 H2 [49]
Oxidizer Al 0. 02 [49]
Propellant mass [tonnes] 44.2 284.089 20.839 [49]
Structure mass [tonnes] 5.1 23.848 2.737 [49]
Sea level thrust [kN] 1662.75 3827.0 99.2 [49]
Vacuum thrust [kN] Thrust profile 4152.0 99.2 [49] & [50]

(Solid)

SRM nozzle exit area [m?] 1.75 N/A N/A [50]
SRM specific impulse [s] 279.0 N/A N/A [50]
Beginning time T+[s] 0.0 0.0 268.0 [49]
Burn time [s] 95.0 264.0 686.0 [49]
Jettison time T+[s] 110.0 268.0 954.0 [49]
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CZ-2C

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [51]

Fairing length [m] 8.368 [51]

Fairing nose diameter [m] 1.0 [51]

Fairing nose length [m] 3.387 [51]

Fairing mass [kg] 800.0 [52]

Fairing jettison time [s] 232.0 [51]

Latitude of the launch [°] 38.85 or 40.96 or 28.25 [51]

Payload mass [kg] Between 300 and 2000 [53]

Stages Stage O Stage 1

Length [m] 25.72 7.757 [51]

Diameter [m] 3.35 3.35 [51]

Propulsion System P.0 (x1) P.0 (x1) P.1(x1)

Fuel UDMH UDMH UDMH [51]

Oxidizer N204 N204 N204 [51]

Propellant mass [tonnes] 162.706 46.427 8.24 [51]

Structure mass [tonnes] 8.56 6.0 0.0 Assumed from [54]
and [55]

Sea level thrust [kN] 2961.6 741.4 47.2 [51]

Vacuum thrust [kN] 3695.0 741.4 47.2 [51] & SO assumed
from [56] and
acceleration profile

SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 122.0 122.0 [51]

Burn time [s] 120.0 183.0 444.0 [51]

Jettison time T+[s] 122.0 570.0 570.0 [51]
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CZ-2C SMA

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [51]

Fairing length [m] 8.368 [51]

Fairing nose diameter [m] 1.0 [51]

Fairing nose length [m] 3.387 [51]

Fairing mass [kg] 800.0 [52]

Fairing jettison time [s] 232.0 [51]

Latitude of the launch [°] 38.85 or 40.96 [51]

Payload mass [kg] Between 1050 and 1540 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 25.72 7.757 1.5 [51]

Diameter [m] 3.35 3.35 3.35 [51]

Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH NH4ClO4 [51]

Oxidizer N204 N204 N204 Al [51]

Propellant mass [tonnes] 162.706 46.427 8.24 0.122 [51]

Structure mass [tonnes] 8.56 6.0 0.0 0.038 Assumed from [54]
and [55]

Sea level thrust [kN] 2961.6 741.4 47.2 10.78 [51]

Vacuum thrust [kN] 3695.0 741.4 47.2 X [51] & SO assumed
from [56] and
acceleration profile

SRM nozzle exit area [m?] N/A N/A N/A X

SRM specific impulse [s] N/A N/A N/A X

Beginning time T+[s] 0.0 122.0 122.0 X [51]

Burn time [s] 120.0 183.0 444.0 X [51]

Jettison time T+[s] 122.0 570.0 570.0 X [51]
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CZ-2C (YZ1S)

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [51]

Fairing length [m] 8.368 [51]

Fairing nose diameter [m] 1.0 [51]

Fairing nose length [m] 3.387 [51]

Fairing mass [kg] 800.0 [52]

Fairing jettison time [s] 232.0 [51]

Latitude of the launch [°] 40.96 [51]

Payload mass [kg] 2000 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 25.72 7.757 2.0 [51]

Diameter [m] 3.35 3.35 3.35 [51]

Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH [51]

Oxidizer N204 N204 N204 N204 [51]

Propellant mass [tonnes] 162.706 46.427 8.24 6.0 [51] YZ1 from YZ2
(see CZ5/YZ72)

Structure mass [tonnes] 8.56 6.0 0.0 0.0 Assumed from [54]
and [55]

Sea level thrust [kN] 2961.6 741.4 47.2 6.5 [51] [57]

Vacuum thrust [kN] 3695.0 741.4 47.2 6.5 [51] & SO assumed
from [56] and
acceleration profile
[57]

SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 122.0 122.0 X [51]

Burn time [s] 120.0 183.0 444.0 X [51]

Jettison time T+[s] 122.0 570.0 570.0 X [51]

YuanZheng 1S (YZ-1S) is an upgrade of YZ-1. However, due to the lack of data, we kept that of YZ-1
(which is already poor). According to the China Aerospace Science and Technology Corporation (CASC),
Yuanzheng-1S differs from Yuanzheng-1 in several ways: the engine of Yuanzheng-1S allows for
suborbital ignition as opposed to orbital ignition, and also has a reduced flight time of 10 minutes as
compared to its parent’s 6-7 hours. The satellites are also positioned differently, with the ability for the
first satellite to separate after the first ignition, as compared to a later separation in Yuanzheng-1.
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CZ-2D

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [58]

Fairing length [m] 6.983 [58]

Fairing nose diameter [m] 1.0 [58]

Fairing nose length [m] 3.387 [58]

Fairing mass [kg] 750.0 [52]

Fairing jettison time [s] 214.0 [59]

Latitude of the launch [°] 40.96 or 38.85 [51]

Payload mass [kg] Between 223 and 3363 [53]

Stages Stage O Stage 1

Length [m] 27.91 10.9 [58]

Diameter [m] 3.35 3.35 [58]

Propulsion System P.0 (x1) P.0 (x1) P.1(x1)

Fuel UDMH UDMH UDMH [58]

Oxidizer N204 N204 N204 [58]

Propellant mass [tonnes] 182.0 42.762 9.938 [58]

Structure mass [tonnes] 9.6 59 0.0 [58]

Sea level thrust [kN] 2961.6 742.04 47.1

Vacuum thrust [kN] 3295.0 742.04 47.1 [58] & 1 stage estimated
from CZ-2 and [56] and
acceleration profiles

SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 154.0 154.0 [59]

Burn time [s] 153.0 179.0 598.0 [59]

Jettison time T+[s] 154.0 767.0 767.0 [59]
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CZ-2F/G

Input [Unit] Value Reference
Fairing diameter [m] 3.6 Image: [60]
Fairing length [m] 19.11 [61] [62]
Fairing nose diameter [m] 1.7 Image: [60]
Fairing nose length [m] 4.0 Image: [60]
Fairing mass [kg] 3000.0 [63]
Fairing jettison time [s] 215.0 [28]
Latitude of the launch [°] 40.96 [28]
Payload mass [kg] Between 8082 and 8082 [53]
Stages Stage O Stage 1
Length [m] 23.7 15.5 [28]
Diameter [m] 3.35 3.35 [28]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.1(x1)
Fuel UDMH UDMH UDMH UDMH [28]
Oxidizer N204 N204 N204 N204 [28]
Propellant mass [tonnes] 35.75 187.0 64.5 21.5 [28]
Structure mass [tonnes] 3.2 9.5 5.5 0.0 [28]
Sea level thrust [kN] 740.4 2961.6 742.0 47.2 [28]
Vacuum thrust [kN] 815.859 3265.398 742.0 47.2 [56]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 167.0 167.0 [64]
Burn time [s] 128.0 166.0 462.0 521.0 [64]
Jettison time T+[s] 128.0 166.0 521.0 521.0 [64]
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CZ-2F/T

Input [Unit] Value Reference
Fairing diameter [m] 3.8 Image: [60]
Fairing length [m] 12.78 [61] [62]
Fairing nose diameter [m] 1.7 Image: [60]
Fairing nose length [m] 4.0 Image: [60]
Fairing mass [kg] 3000.0 [63]
Fairing jettison time [s] 215.0 [28]
Latitude of the launch [°] 40.96 [28]
Payload mass [kg] Between 8506 and 9000 [53]
Stages Stage O Stage 1
Length [m] 23.7 15.5 [28]
Diameter [m] 3.35 3.35 [28]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.1(x1)
Fuel UDMH UDMH UDMH UDMH [28]
Oxidizer N204 N204 N204 N204 [28]
Propellant mass [tonnes] 35.75 187.0 64.5 21.5 [28]
Structure mass [tonnes] 3.2 9.5 5.5 0.0 [28]
Sea level thrust [kN] 740.4 2961.6 742.0 47.2 [28]
Vacuum thrust [kN] 815.859 3265.398 742.0 47.2 [56]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 167.0 167.0 [28]
Burn time [s] 128.0 166.0 462.0 521.0 [28]
Jettison time T+[s] 128.0 166.0 521.0 521.0 [28]

74




CZ-3A

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [64]
Fairing length [m] 8.887 [64]
Fairing nose diameter [m] 1.828 [64]
Fairing nose length [m] 4.787 [64]
Fairing mass [kg] 800.0 [65]
Fairing jettison time [s] 237.0 [64]
Latitude of the launch [°] 28.25 [64]
Payload mass [kg] Between 1380 and 4200 [53]
Stages Stage O Stage 1 Stage 2

Length [m] 23.272 11.276 12.375 [64]
Diameter [m] 3.35 3.35 3.35 [64]
Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH H2 [64]
Oxidizer N204 N204 N204 02 [64]
Propellant mass [tonnes] 171.8 30.644 1.956 13.65 [64]
Structure mass [tonnes] 10.0 4.0 0.0 3.0 [28]
Sea level thrust [kN] 2961.6 742.0 47.1 167.17 [64]
Vacuum thrust [kN] 3300.0 742.0 47.1 167.17 [64]
SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 149.0 149.0 265.0 [64]
Burn time [s] 149.0 111.0 117.0 353.0 [64]
Jettison time T+[s] 149.0 267.0 267.0 619.0 [64]
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CZ-3B/G3Z

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [64]

Fairing length [m] 8.887 [64]

Fairing nose diameter 1.585 [64]

[m]

Fairing nose length [m] 3.172 [64]

Fairing mass [kg] 1800.0 [65]

Fairing jettison time [s] 215.0 [64]

Latitude of the launch [°] 28.25 [64]

Payload mass [kg] Between 3780 and 3780 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 23.272 12.92 12.375 [64]

Diameter [m] 3.35 3.35 3.35 [64]

Propulsion System P.0 P.1(x1) P.0 (x1) P.1(x1) P.0 (x1)

(x4)

Fuel UDMH UDMH UDMH UDMH H> [64]

Oxidizer N204 N204 N204 N204 02 [64]

Propellant mass [tonnes] 37.7 171.8 46.4 3.0 9.1 [64]

Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 Estimated from
[66]

Sea level thrust [kN] 740.4 2961.6 742.0 47.1 167.17 [64]

Vacuum thrust [kN] 816.0 3300.0 742.0 47.1 167.17 [64] & S1
estimated from
CZ2C table and
[56] and
acceleration
profiles

SRM nozzle exit area N/A N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 147.0 147.0 332.0 [64]

Burn time [s] 128.0 145.0 179.0 184.0 270.0 [64]

Jettison time T+[s] 129.0 147.0 332.0 332.0 602.0 [64]
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CZ-3B/G2

Input [Unit] Value Reference
Fairing diameter [m] 4.0 [64]
Fairing length [m] 9.777 [64]
Fairing nose diameter [m] 1.178 [64]
Fairing nose length [m] 3.777 [64]
Fairing mass [kg] 1800.0 [65]
Fairing jettison time [s] 235.0 [64]
Latitude of the launch [°] 28.25 [64]
Payload mass [kg] Between 3800 and 5380 [53]
Stages Stage O Stage 1 Stage 2
Length [m] 24.76 12.92 12.375 [64]
Diameter [m] 3.35 3.35 3.35 [64]
Propulsion System P.0 P.1(x1) P.0 (x1) P.1(x1) P.0 (x1)

(x4)

Fuel UDMH UDMH UDMH UDMH H> [64]
Oxidizer N204 N204 N204 N204 02 [64]
Propellant mass [tonnes] 41.1 186.2 46.4 3.0 9.1 [64]
Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 Estimated from [66]
Sea level thrust [kN] 740.4 | 2961.6 742.0 47.1 167.17 [64]
Vacuum thrust [kN] 816.0 3265.0 742.0 47.1 167.17 [64]
SRM nozzle exit area [m?] N/A N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 159.0 159.0 346.0 [64]
Burn time [s] 140.0 158.0 181.0 186.0 284.0 [64]
Jettison time T+[s] 141.0 159.0 346.0 346.0 630.0 [64]
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CZ-3B/G2(YZ1)

Input [Unit] Value Reference

Fairing diameter [m] 4.0 [64]

Fairing length [m] 9.777 [64]

Fairing nose 1.178 [64]

diameter [m]

Fairing nose length 3.777 [64]

[m]

Fairing mass [kg] 1800.0 [65]

Fairing jettison time 235.0 [64]

[s]

Latitude of the 28.25 [64]

launch [°]

Payload mass [kg] Between 2028 and 4600 [53]

Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 24.76 12.92 12.375 2.0 [64]

Diameter [m] 3.35 3.35 3.35 3.35 [64]

Propulsion System P.0 (x4) P.1 P.0 (x1) | P.1(x1) P.0 (x1) P.0 (x1)

(x1)

Fuel UDMH | UDMH | UDMH | UDMH Ha UDMH [64]

Oxidizer N204 N204 N204 N204 02 N204 [64]

Propellant mass 411 186.2 46.4 3.0 9.1 6.0 [64] YZ1 from

[tonnes] YZ2 (see
CZ5/Y72)

Structure mass 3.0 12.12 3.848 0.0 2.742 0.0 Estimated from

[tonnes] [66]

Sea level thrust [kN] 740.4 | 2961.6 | 742.0 47.1 167.17 6.5 [64] [57]

Vacuum thrust [kN] 816.0 | 3265.0 | 742.0 47.1 167.17 6.5 [64] [57]
S1 estimated
from Cz2C
table and [56]
and
acceleration
profiles

SRM nozzle exit area N/A N/A N/A N/A N/A N/A

[m?]

SRM specific impulse N/A N/A N/A N/A N/A N/A

[s]

Beginning time T+[s] 0.0 0.0 159.0 159.0 346.0 [64]

Burn time [s] 140.0 158.0 181.0 186.0 284.0 [64]

Jettison time T+[s] 141.0 159.0 346.0 346.0 630.0 [64]
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CZ-3B

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [64]

Fairing length [m] 8.887 [64]

Fairing nose diameter [m] 1.585 [64]

Fairing nose length [m] 3.172 [64]

Fairing mass [kg] 1800.0 [65]

Fairing jettison time [s] 215.0 [64]

Latitude of the launch [°] 28.25 [64]

Payload mass [kg] Between 4100 and 4320 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 23.272 12.92 12.375 [64]

Diameter [m] 3.35 3.35 3.35 [64]

Propulsion System P.0(x4) | P.1(x1) | P.0(x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH H2 [64]

Oxidizer N204 N204 N204 N204 02 [64]

Propellant mass [tonnes] 37.7 171.8 46.4 3.0 9.1 [64]

Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 Estimated from [66]

Sea level thrust [kN] 740.4 | 2961.6 742.0 47.1 167.17 [64]

Vacuum thrust [kN] 816.0 3300.0 742.0 47.1 167.17 [64]
S1 estimated from
CZ2C table and [56]
and acceleration
profiles

SRM nozzle exit area [m?] N/A N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 147.0 147.0 332.0 [64]

Burn time [s] 128.0 145.0 179.0 184.0 270.0 [64]

Jettison time T+[s] 129.0 147.0 332.0 332.0 602.0 [64]
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CZ-3C

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [64]

Fairing length [m] 8.887 [64]

Fairing nose diameter [m] 1.585 [64]

Fairing nose length [m] 3.172 [64]

Fairing mass [kg] 1800.0 [65]

Fairing jettison time [s] 259.0 [64]

Latitude of the launch [°] 28.25 [64]

Payload mass [kg] Between 2500 and 4600 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 23.272 12.92 12.375 [64]

Diameter [m] 3.35 3.35 3.35 [64]

Propulsion System P.0(x2) | P.1(x1) | P.0(x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH H2 [64]

Oxidizer N204 N204 N204 N204 02 [64]

Propellant mass [tonnes] 37.7 171.8 46.4 3.0 9.1 [64]

Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 Estimated from [66]

Sea level thrust [kN] 740.4 | 2961.6 742.0 47.1 167.17 [64]

Vacuum thrust [kN] 816.0 3300.0 742.0 47.1 167.17 [64]
S1 estimated from
CZ2C table and [56]
and acceleration
profiles

SRM nozzle exit area [m?] N/A N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 147.0 147.0 332.0 [64]

Burn time [s] 128.0 145.0 179.0 184.0 270.0 [64]

Jettison time T+[s] 129.0 147.0 332.0 332.0 602.0 [64]
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CZ-3C/G2

Input [Unit] Value Reference
Fairing diameter [m] 3.7 [64]
Fairing length [m] 8.887 [64]
Fairing nose diameter [m] 1.585 [64]
Fairing nose length [m] 3.172 [64]
Fairing mass [kg] 1800.0 [65]
Fairing jettison time [s] 235.0 [64]
Latitude of the launch [°] 28.25 [64]
Payload mass [kg] Between 2450 and 4600 [53]
Stages Stage O Stage 1 Stage 2
Length [m] 23.272 12.92 12.375 [64]
Diameter [m] 3.35 3.35 3.35 [64]
Propulsion System P.0(x2) | P.1(x1) | P.0(x1) P.1(x1) P.0 (x1)
Fuel UDMH UDMH UDMH UDMH Ha [64]
Oxidizer N204 N204 N204 N204 02 [64]
Propellant mass [tonnes] 41.1 186.2 46.4 3.0 9.1 [64]
Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 Estimated from [66]
Sea level thrust [kN] 740.4 | 2961.6 742.0 47.1 167.17 [64]
Vacuum thrust [kN] 816.0 3265.0 742.0 47.1 167.17 [64]
SRM nozzle exit area [m?] N/A N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 159.0 159.0 346.0 [64]
Burn time [s] 140.0 158.0 181.0 186.0 284.0 [64]
Jettison time T+[s] 141.0 159.0 346.0 346.0 630.0 [64]
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CZ-3C/G2(YZ1)

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [64]

Fairing length [m] 8.887 [64]

Fairing nose diameter 1.585 [64]

[m]

Fairing nose length [m] 3.172 [64]

Fairing mass [kg] 1800.0 [65]

Fairing jettison time [s] 235.0 [64]

Latitude of the launch [°] 28.25 [64]

Payload mass [kg] Between 850 and 1014 [53]

Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 23.272 12.92 12.375 2.0 [64]

Diameter [m] 3.35 3.35 3.35 3.35 [64]

Propulsion System P.0 P.1(x1) | P.O(x1) | P.1(x1) P.0 (x1) P.0 (x1)

(x2)

Fuel UDMH UDMH UDMH UDMH H> UDMH [64]

Oxidizer N204 N204 N204 N204 02 N204 [64]

Propellant mass [tonnes] 41.1 186.2 46.4 3.0 9.1 6.0 [64] YZ1 from YZ2
(see CZ5/YZ72)

Structure mass [tonnes] 3.0 12.12 3.848 0.0 2.742 0.0 Estimated from
[66]

Sea level thrust [kN] 740.4 | 2961.6 742.0 47.1 167.17 6.5 [64] [57]

Vacuum thrust [kN] 816.0 | 3265.0 742.0 47.1 167.17 6.5 [64] [57]

SRM nozzle exit area N/A N/A N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 159.0 159.0 346.0 [64]

Burn time [s] 140.0 158.0 181.0 186.0 284.0 [64]

Jettison time T+[s] 141.0 159.0 346.0 346.0 630.0 [64]
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CZ-4B

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [28]

Fairing length [m] 8.48 [28]

Fairing nose diameter [m] 1.138 [28]

Fairing nose length [m] 3.0 [28]

Fairing mass [kg] 1350.0 [67]

Fairing jettison time [s] 140.0 [68]

Latitude of the launch [°] 38.85 or 40.96 [64]

Payload mass [kg] Between 1350 and 2847 [53]

Stages Stage Stage 1 Stage 2

0

Length [m] 24.66 10.41 4.0 [28]

Diameter [m] 3.35 3.35 3.35 [28]

Propulsion System P.0 P.0 (x1) P.1(x1) P.0 (x1)

(x1)

Fuel UDMH UDMH UDMH UDMH [28]

Oxidizer N204 N204 N204 N204 [28]

Propellant mass [tonnes] 183.2 33.29 2.277 14.2 [28]

Structure mass [tonnes] 9.5 4.0 0.0 1.0 [28]

Sea level thrust [kN] 2961.6 742.04 47.1 100.0 [28]

Vacuum thrust [kN] 3295.0 742.04 47.1 100.0 [28]
S1 based of CZ2C
table and Space
Launch Report [56]
and estimated
through acceleration
profiles

SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 171.0 171.0 309.0 [68]

Burn time [s] 170.0 127.0 137.0 941.0 [68]

Jettison time T+[s] 171.0 309.0 309.0 1250.0 [68]
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CZ-4AC

Input [Unit] Value Reference

Fairing diameter [m] 3.35 [28]

Fairing length [m] 8.48 [28]

Fairing nose diameter [m] 1.138 [28]

Fairing nose length [m] 3.0 [28]

Fairing mass [kg] 1350.0 [67]

Fairing jettison time [s] 140.0 [68]

Latitude of the launch [°] 38.85 or 40.96 or 28.25 [64]

Payload mass [kg] Between 448 and 2950 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 24.66 10.41 4.0 [28]

Diameter [m] 3.35 3.35 3.35 [28]

Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH [28]

Oxidizer N204 N204 N204 N204 [28]

Propellant mass [tonnes] 183.2 33.29 2.277 14.2 [28]

Structure mass [tonnes] 9.5 4.0 0.0 1.0 [28]

Sea level thrust [kN] 2961.6 742.04 47.1 100.0 [28]

Vacuum thrust [kN] 3295.0 742.04 47.1 100.0 [28]
S1 based of CZ2C
table and Space
Launch Report [56]
and estimated
through acceleration
profiles

SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 171.0 171.0 309.0 [68]

Burn time [s] 170.0 127.0 137.0 941.0 [68]

Jettison time T+[s] 171.0 309.0 309.0 1250.0 [68]
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CZ-5

Input [Unit] Value Reference
Fairing diameter [m] 5.2 [69] [70]
Fairing length [m] 12.5 [69] [70]
Fairing nose diameter [m] 0.88 [69] [70]
Fairing nose length [m] 5.2 [69] [70]
Fairing mass [kg] 3500.0 [71]
Fairing jettison time [s] 295.0 [69]
Latitude of the launch [°] 19.62 [69]
Payload mass [kg] 7600 [53]
Stages Stage O Stage 1
Length [m] 31.02 12.0 [69]
Diameter [m] 5.0 5.0 [69]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)
Fuel H2 RP-1 H2 [69]
Oxidizer 02 02 02 [69]
Propellant mass [tonnes] 135.0 158.0 22.9 [69]
Structure mass [tonnes] 12.0 17.8 3.1 [69]
Sea level thrust [kN] 2400.0 1020.0 88.26 [69]
Vacuum thrust [kN] 2680.0 1400.0 88.26 [69]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 0.0 520.0 [69]
Burn time [s] 155.0 520.0 780.0 [69]
Jettison time T+[s] 155.0 520.0 1300.0 [69]
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CZ-5(YZ2)

Input [Unit] Value Reference

Fairing diameter [m] 5.2 [69] [70]

Fairing length [m] 12.5 [69] [70]

Fairing nose diameter [m] 0.88 [69] [70]

Fairing nose length [m] 5.2 [69] [70]

Fairing mass [kg] 3500.0 [71]

Fairing jettison time [s] 295.0 [69]

Latitude of the launch [°] 19.62 [69]

Payload mass [kg] 4000 [53]

Stages Stage O Stage 1 Stage 2

Length [m] 31.02 12.0 2.0 [69]

Diameter [m] 5.0 5.0 5.0 [69]

Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)

Fuel H2 RP-1 H2 UDMH [69]

Oxidizer 0. 02 0. N204 [69]

Propellant mass [tonnes] 135.0 158.0 22.9 12.0 [69] YZ2 estimated
from liftoff mass and
payload capability in
[72]

Structure mass [tonnes] 12.0 17.8 3.1 0.0 [69]

Sea level thrust [kN] 2400.0 1020.0 88.26 13.0 [69] [72]

Vacuum thrust [kN] 2680.0 1400.0 88.26 13.0 [69] [72]

SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 520.0 1300.0 [69]

Burn time [s] 155.0 520.0 780.0 1105.0 [69]

Jettison time T+[s] 155.0 520.0 1300.0 2405.0 [69]
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CZ-6

Input [Unit] Value Reference

Fairing diameter [m] 2.6 [73]
Fairing length [m] 5.7 [73]
Fairing nose diameter [m] 0.89 [74]
Fairing nose length [m] 2.3 [74]
Fairing mass [kg] 1500.0 [75]
Fairing jettison time [s] 295.0 [69]
Latitude of the launch [°] 38.85 [76]
Payload mass [kg] Between 624 and 1080 [53]
Stages Stage O Stage 1 Stage 2

Length [m] 15.0 7.3 1.8 [73]
Diameter [m] 3.35 3.35 3.35 [73]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 UDMH [77]
Oxidizer 0. 02 N204 [77]
Propellant mass [tonnes] 76.0 15.15 1.33 [77]
Structure mass [tonnes] 7.53 1.49 0.0 [77]
Sea level thrust [kN] 1180.0 175.0 6.5 [73]
Vacuum thrust [kN] 1340.0 175.0 6.5 [73]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 155.0 X [77]
Burn time [s] 155.0 290.0 X [77]
Jettison time T+([s] 155.0 445.0 X [77]

87




CZ-7

Input [Unit] Value Reference

Fairing diameter [m] 4.2 [78]
Fairing length [m] 12.4 [78]
Fairing nose diameter [m] 13 [79]
Fairing nose length [m] 3.0 [79]
Fairing mass [kg] 2500.0 [80]
Fairing jettison time [s] 211.0 [81]
Latitude of the launch [°] 19.62 [82]
Payload mass [kg] 12914.5 [53]
Stages Stage O Stage 1

Length [m] 26.3 8.0 [77]
Diameter [m] 3.35 3.35 [77]
Propulsion System P.0 (x1) P.1 (x4) P.0 (x1)

Fuel RP-1 RP-1 RP-1 [77]
Oxidizer 02 02 02 [77]
Propellant mass [tonnes] 174.0 75.5 65.0 [77]
Structure mass [tonnes] 12.5 6.0 5.5 [77]
Sea level thrust [kN] 2400.0 1200.0 720.0 [77]
Vacuum thrust [kN] 2680.0 1340.0 720.0 [77]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 0.0 188.0 [81]
Burn time [s] 178.0 175.0 390.0 [81]
Jettison time T+[s] 188.0 175.0 603.0 [81]
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CZ-7(YZ1A)

Input [Unit] Value Reference
Fairing diameter [m] 4.2 [78]
Fairing length [m] 12.4 [78]
Fairing nose diameter [m] 13 [79]
Fairing nose length [m] 3.0 [79]
Fairing mass [kg] 2500.0 [80]
Fairing jettison time [s] 211.0 [81]
Latitude of the launch [°] 19.62 [82]
Payload mass [kg] 3418 [53]
Stages Stage O Stage 1 Stage 2
Length [m] 26.3 8.0 2.0 [77]
Diameter [m] 3.35 3.35 3.35 [77]
Propulsion System P.0 (x1) P.1 (x4) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [77]
Oxidizer 0. 0. 02 N204 [77]
Propellant mass [tonnes] 174.0 75.5 65.0 6.0 [771YZ1 from YZ2 (see

CZ-5/YZ2)

Structure mass [tonnes] 12.5 6.0 5.5 0.0 [77]
Sea level thrust [kN] 2400.0 1200.0 720.0 6.5 [77]1 [57]
Vacuum thrust [kN] 2680.0 1340.0 720.0 6.5 [77]1 [57]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+([s] 0.0 0.0 188.0 X [81]
Burn time [s] 178.0 175.0 390.0 X [81]
Jettison time T+[s] 188.0 175.0 603.0 X [81]
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Delta-2(7320-10C)

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [83]
Fairing length [m] 8.9 [83]
Fairing nose diameter [m] 0.1 [83]
Fairing nose length [m] 3.9 [83]
Fairing mass [kg] 1040.0 [28]
Fairing jettison time [s] 293.0 [83]
Latitude of the launch [°] 34.73 [83]
Payload mass [kg] Between 454 and 1440 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 26.0 6.0 [28]
Diameter [m] 2.4 2.4 [28]
Propulsion System P.0 (x3) P.1(x1) P.0 (x1)
Fuel NH4ClO4 H2 Aerozine 50 [28]
Oxidizer Al 02 N204 [28]
Propellant mass [tonnes] 11.767 96.12 6.004 [28] & [39]
Structure mass [tonnes] 1.237 5.68 0.95 [28] & [39]
Sea level thrust [kN] 446.0 889.644 43.65 [28] & [84]
Vacuum thrust [kN] Thrust profile 1085.0 43.65 [28] & [39] & [84]

(Solid)

SRM nozzle exit area [m?] 0.52 N/A N/A [39]
SRM specific impulse [s] 274.0 N/A N/A [39]
Beginning time T+[s] 0.0 0.0 278.0 [83]
Burn time [s] 64.0 264.0 388.0 [83]
Jettison time T+[s] 99.0 272.0 666.0 [83]
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Delta-2(7420-10C)

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [83]
Fairing length [m] 8.9 [83]
Fairing nose diameter [m] 0.1 [83]
Fairing nose length [m] 3.9 [83]
Fairing mass [kg] 1040.0 [28]
Fairing jettison time [s] 293.0 [83]
Latitude of the launch [°] 34.73 [83]

Payload mass [kg]

Between 1400 and 1900

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 26.0 6.0 [28]

Diameter [m] 2.4 2.4 [28]

Propulsion System P.0 (x4) P.1(x1) P.0 (x1)

Fuel NHaClO4 Ha Aerozine 50 [28]

Oxidizer Al 0. N204 [28]

Propellant mass [tonnes] 11.767 96.12 6.004 [28] & [39]

Structure mass [tonnes] 1.237 5.68 0.95 [28] & [39]

Sea level thrust [kN] 446.0 889.644 43.65 [28] & [84]

Vacuum thrust [kN] Thrust profile 1085.0 43.65 [28] & [39] & [84]
(Solid)

SRM nozzle exit area [m?] 0.52 N/A N/A [39]

SRM specific impulse [s] 274.0 N/A N/A [39]

Beginning time T+[s] 0.0 0.0 278.0 [83]

Burn time [s] 64.0 264.0 388.0 [83]

Jettison time T+[s] 99.0 272.0 666.0 [83]

91




Delta-2(7920-10C)

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [83]
Fairing length [m] 8.9 [83]
Fairing nose diameter [m] 0.1 [83]
Fairing nose length [m] 3.9 [83]
Fairing mass [kg] 1040.0 [28]
Fairing jettison time [s] 283.0 [83]
Latitude of the launch [°] 34.73 or 28.56 [83]

Payload mass [kg]

Between 1988 and 2800

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 26.0 6.0 [28]

Diameter [m] 2.4 2.4 [28]

Propulsion System P.0 (x6) P.1 (x3) P.2 (x1) P.0 (x1)

Fuel NHaClO4 NH4ClO4 Ha Aerozine 50 [28]

Oxidizer Al Al 02 N204 [28]

Propellant mass [tonnes] 11.767 11.775 96.12 6.004 [28] & [39]

Structure mass [tonnes] 1.237 1.356 5.68 0.95 [28] & [39]

Sea level thrust [kN] 446.0 446.0 889.644 43.65 [28] & [84]

Vacuum thrust [kN] Thrust Thrust 1085.0 43.65 [28] & [39] &
profile profile [84]
(Solid) (Solid)

SRM nozzle exit area [m?] 0.52 0.76 N/A N/A [39]

SRM specific impulse [s] 274.0 283.4 N/A N/A [39]

Beginning time T+[s] 0.0 66.0 0.0 278.0 [83]

Burn time [s] 64.0 63.0 264.0 388.0 [83]

Jettison time T+[s] 86.0 132.0 272.0 666.0 [83]
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Delta-2(7920H-10C)

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [83]
Fairing length [m] 8.9 [83]
Fairing nose diameter 0.1 [83]
[m]
Fairing nose length [m] 3.9 [83]
Fairing mass [kg] 1040.0 [28]
Fairing jettison time [s] 303.0 [83]
Latitude of the launch [°] 28.56 [83]
Payload mass [kg] 614 [31][32][33]
Stages Stage O Stage 1
Length [m] 26.0 6.0 [28]
Diameter [m] 2.4 2.4 [28]
Propulsion System P.0 (x6) P.1 (x3) P.2 (x1) P.0 (x1)
Fuel NHaClO4 NH4ClO4 H> Aerozine 50 [28]
Oxidizer Al Al 02 N204 [28]
Propellant mass [tonnes] 16.865 16.865 96.12 6.004 [28] & [39]
Structure mass [tonnes] 2.0 2.204 5.68 0.95 [28] & [39]
Sea level thrust [kN] 711.766 711.766 889.644 43.65 [28] & [84]
Vacuum thrust [kN] Thrust Thrust 1085.0 43.65 [28] & [39] & [84]
profile profile
(Solid) (Solid)
SRM nozzle exit area 0.69 1.23 N/A N/A [39]
[m?]
SRM specific impulse [s] 279.6 290.7 N/A N/A [39]
Beginning time T+[s] 0.0 66.0 0.0 278.0 [83]
Burn time [s] 63.0 63.0 264.0 388.0 [83]
Jettison time T+[s] 66.0 132.0 272.0 666.0 [83]
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Delta-2(7925)

Input [Unit] Value Reference

Fairing diameter [m] 3.0 [83]
Fairing length [m] 8.9 [83]
Fairing nose diameter [m] 0.1 [83]
Fairing nose length [m] 3.9 [83]
Fairing mass [kg] 1040.0 [28]
Fairing jettison time [s] 303.0 [83]
Latitude of the launch [°] 28.56 [83]
Payload mass [kg] Between 2032 and 2032 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 26.0 6.0 2.0 [28]
Diameter [m] 2.4 2.4 2.4 [28]
Propulsion System P.0 (x6) P.1 (x3) P.2 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClOs | NH4ClO4 H2 Aerozine 50 NH4ClO4 [28]
Oxidizer Al Al 02 N204 Al [28]
Propellant mass [tonnes] 11.767 11.775 96.12 6.004 2.01 [28] & [39]
Structure mass [tonnes] 1.237 1.356 5.68 0.95 0.206 [28] & [39]
Sea level thrust [kN] 446.0 446.0 889.644 43.65 X [28] & [84]
Vacuum thrust [kN] Thrust Thrust 1085.0 43.65 X [28] & [39] &

profile profile [84]

(Solid) (Solid)
SRM nozzle exit area [m?] 0.52 0.76 N/A N/A X [39]
SRM specific impulse [s] 274.0 283.4 N/A N/A X [39]
Beginning time T+[s] 0.0 66.0 0.0 278.0 X [83]
Burn time [s] 64.0 63.0 264.0 388.0 X [83]
Jettison time T+[s] 86.0 132.0 272.0 666.0 X [83]
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Delta-2(7925-10L)

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [83]
Fairing length [m] 9.2 [83]
Fairing nose diameter [m] 0.2 [83]
Fairing nose length [m] 2.2 [83]
Fairing mass [kg] 1000.0 [28]
Fairing jettison time [s] 303.0 [83]
Latitude of the launch [°] 28.56 [83]
Payload mass [kg] 1039 [31] [32]

[33]
Stages Stage O Stage 1 Stage 2
Length [m] 26.0 6.0 2.0 [28]
Diameter [m] 2.4 2.4 2.4 [28]
Propulsion System P.0 (x6) P.1 (x3) P.2 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClOs | NHaClO4 Ha Aerozine NH4ClO4 [28]
50
Oxidizer Al Al (0)) N204 Al [28]
Propellant mass [tonnes] 11.767 11.775 96.12 6.004 2.01 [28] & [39]
Structure mass [tonnes] 1.237 1.356 5.68 0.95 0.206 [28] & [39]
Sea level thrust [kN] 446.0 446.0 889.644 43.65 X [28] & [84]
Vacuum thrust [kN] Thrust Thrust 1085.0 43.65 X [28] & [39]
profile profile & [84]
(Solid) (Solid)

SRM nozzle exit area [m?] 0.52 0.76 N/A N/A X [39]
SRM specific impulse [s] 274.0 283.4 N/A N/A X [39]
Beginning time T+[s] 0.0 66.0 0.0 278.0 X [83]
Burn time [s] 64.0 63.0 264.0 388.0 X [83]
Jettison time T+[s] 86.0 132.0 272.0 666.0 X [83]
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Delta-4H

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 275.0 [85]
Latitude of the launch [°] 28.56 or 34.73 [85]

Payload mass [kg]

Between 1700 and 12000

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 40.8 12.0 [85]
Diameter [m] 5.0 5.0 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)

Fuel H2 Ha H2 [85]
Oxidizer 02 02 02 [85]
Propellant mass [tonnes] 204.0 204.0 20.4 [85] & [28]
Structure mass [tonnes] 28.0 28.0 3.49 [28]

Sea level thrust [kN] 3137.0 3137.0 110.0 [85]
Vacuum thrust [kN] 3560.0 3560.0 110.0 [85] & [86] & [39]
SRM nozzle exit area [m?] N/A N/A N/A [39]

SRM specific impulse [s] N/A N/A N/A [39]
Beginning time T+[s] 0.0 0.0 247.0 [85]

Burn time [s] 242.0 328.0 721.0 [85]
Jettison time T+[s] 245.0 334.0 4528.0 [85]
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Delta-4H (upg.)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 275.0 [85]
Latitude of the launch [°] 28.56 [85]
Payload mass [kg] Between 685 and 5400 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 40.8 12.0 2.0 [85]
Diameter [m] 5.0 5.0 2.4 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1) P.0 (x1)
Fuel Ha Ha Ha NHaClO4 [85]
Oxidizer 0. 0. 0. Al [85]
Propellant mass [tonnes] 204.0 204.0 20.4 2.01 [85] & [39] & [28]
Structure mass [tonnes] 28.0 28.0 3.49 0.206 [28] & [39]
Sea level thrust [kN] 3137.0 3137.0 110.0 X [85]
Vacuum thrust [kN] 3560.0 3560.0 110.0 X [85] & [86] & [39]
SRM nozzle exit area [m?] N/A N/A N/A X [39]
SRM specific impulse [s] N/A N/A N/A X [39]
Beginning time T+[s] 0.0 0.0 247.0 X [85]
Burn time [s] 242.0 328.0 721.0 X [85]
Jettison time T+[s] 245.0 334.0 4528.0 X [85]
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Delta-4M+(4,2)

Input [Unit] Value Reference
Fairing diameter [m] 4.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter [m] 0.94 [85]
Fairing nose length [m] 4.82 [85]
Fairing mass [kg] 1677.0 [28]
Fairing jettison time [s] 275.0 [85] & [87]
Latitude of the launch [°] 28.56 or 28.52 [85]

Payload mass [kg]

Between 1470 and 3133

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 40.8 12.0 [85]
Diameter [m] 5.0 5.0 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)

Fuel NH4ClO4 Ha H2 [85]
Oxidizer Al 0. 02 [85]
Propellant mass [tonnes] 29.7 199.6 15.308 [85] & [28]
Structure mass [tonnes] 3.4 27.0 2.85 [28]

Sea level thrust [kN] 1118.476 3137.0 110.0 [85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 [85] & [86] & [39]
SRM nozzle exit area [m?] 0.94 N/A N/A [39]

SRM specific impulse [s] 274.2099898063201 N/A N/A [39]
Beginning time T+[s] 0.0 0.0 265.0 [85] & [87]
Burn time [s] 96.0 245.0 623.0 [85] & [87]
Jettison time T+[s] 100.0 251.0 888.0 [85] & [87]
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Delta-4M+(4,2) (upg.)

Input [Unit] Value Reference
Fairing diameter [m] 4.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter 0.94 [85]
[m]
Fairing nose length [m] 4.82 [85]
Fairing mass [kg] 1677.0 [28]
Fairing jettison time [s] 275.0 [85] & [87]
Latitude of the launch [°] 28.56 [85]
Payload mass [kg] 1400 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 40.8 12.0 2.0 [85]
Diameter [m] 5.0 5.0 2.4 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 H> H> NH4ClO4 [85]
Oxidizer Al 02 02 Al [85]
Propellant mass [tonnes] 29.7 199.6 15.308 2.01 [85] & [39] & [28]
Structure mass [tonnes] 3.4 27.0 2.85 0.206 [28] & [39]
Sea level thrust [kN] 1118.476 3137.0 110.0 X [85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 X [85] & [86] & [39]
SRM nozzle exit area 0.94 N/A N/A X [39]
[m?]
SRM specific impulse [s] 274.2099898063201 N/A N/A X [39]
Beginning time T+[s] 0.0 0.0 265.0 X [85] & [87]
Burn time [s] 96.0 245.0 623.0 X [85] & [87]
Jettison time T+[s] 100.0 251.0 888.0 X [85] & [87]
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Delta-4M+(5,2)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.2 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 275.0 [85]
Latitude of the launch [°] 34.73 [85]
Payload mass [kg] X
Stages Stage O Stage 1
Length [m] 40.8 12.0 [85]
Diameter [m] 5.0 5.0 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NHaClO4 H2 Ha [85]
Oxidizer Al 02 02 [85]
Propellant mass [tonnes] 29.7 204.0 20.4 [85] & [28]
Structure mass [tonnes] 3.4 28.0 3.49 [28]
Sea level thrust [kN] 1118.476 3137.0 110.0 [85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 [85] & [86] & [39]
SRM nozzle exit area [m?] 0.94 N/A N/A [39]
SRM specific impulse [s] 274.2099898063201 N/A N/A [39]
Beginning time T+[s] 0.0 0.0 265.0 [85]
Burn time [s] 96.0 246.0 691.0 [85]
Jettison time T+[s] 100.0 252.0 956.0 [85]
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Delta-4M+(5,2) (upg.)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.2 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 275.0 [85]
Latitude of the launch [°] 34.73 [85]
Payload mass [kg] X
Stages Stage O Stage 1 Stage 2
Length [m] 40.8 12.0 2.0 [85]
Diameter [m] 5.0 5.0 2.4 [85]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 H> H> NHaClO4 [85]
Oxidizer Al 02 02 Al [85]
Propellant mass [tonnes] 29.7 204.0 20.4 2.01 [85] & [39] & [28]
Structure mass [tonnes] 3.4 28.0 3.49 0.206 [28] & [39]
Sea level thrust [kN] 1118.476 3137.0 110.0 X (85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 X [85] & [86] & [39]
SRM nozzle exit area [m?] 0.94 N/A N/A X [39]
SRM specific impulse [s] 274.2099898063201 N/A N/A X [39]
Beginning time T+[s] 0.0 0.0 265.0 X [85]
Burn time [s] 96.0 246.0 691.0 X [85]
Jettison time T+[s] 100.0 252.0 956.0 X [85]
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Delta-4M+(5,4)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 204.0 [85]
Latitude of the launch [°] 28.56 [85]

Payload mass [kg]

Between 5987 and 6000

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 40.8 12.0 [85]
Diameter [m] 5.0 5.0 [85]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)

Fuel NH4ClO4 Ha H2 [85]
Oxidizer Al 02 02 [85]
Propellant mass [tonnes] 29.7 204.0 20.4 [85] & [28]
Structure mass [tonnes] 3.4 28.0 3.49 [28]

Sea level thrust [kN] 1118.476 3137.0 110.0 [85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 [85] & [86] & [39]
SRM nozzle exit area [m?] 0.94 N/A N/A [39]

SRM specific impulse [s] 274.2099898063201 N/A N/A [39]
Beginning time T+[s] 0.0 0.0 265.0 [85]

Burn time [s] 96.0 246.0 753.0 [85]
Jettison time T+[s] 100.0 252.0 5868.0 [85]
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Delta-4M+(5,4) (upg.)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [85]
Fairing length [m] 11.3 [85]
Fairing nose diameter [m] 1.026 [85]
Fairing nose length [m] 6.023 [85]
Fairing mass [kg] 2935.0 [28]
Fairing jettison time [s] 204.0 [85]
Latitude of the launch [°] 28.56 [85]
Payload mass [kg] Between 5987 and 5987 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 40.8 12.0 2.0 [85]
Diameter [m] 5.0 5.0 2.4 [85]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel NHaClO4 H> H2 NHaClO4 [85]
Oxidizer Al 02 02 Al [85]
Propellant mass [tonnes] 29.7 204.0 20.4 2.01 [85] & [39] & [28]
Structure mass [tonnes] 3.4 28.0 3.49 0.206 [28] & [39]
Sea level thrust [kN] 1118.476 3137.0 110.0 X [85]
Vacuum thrust [kN] Thrust profile (Solid) 3560.0 110.0 X [85] & [86] & [39]
SRM nozzle exit area [m?] 0.94 N/A N/A X [39]
SRM specific impulse [s] 274.2099898063201 N/A N/A X [39]
Beginning time T+[s] 0.0 0.0 265.0 X [85]
Burn time [s] 96.0 246.0 753.0 X [85]
Jettison time T+[s] 100.0 252.0 5868.0 X [85]
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Dnepr

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [28]
Fairing length [m] 5.25 [28]
Fairing nose diameter [m] 0.41 [28]
Fairing nose length [m] 3.17 [28]
Fairing mass [kg] 500.0 [88]
Fairing jettison time [s] 200.0 [89]
Latitude of the launch [°] 45.6 or 50.8 [90]

Payload mass [kg]

Between 450 and 2190

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 22.0 5.7 1.0 [28]
Diameter [m] 3.0 3.0 3.0 [90]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel UDMH UDMH UDMH [90]
Oxidizer N204 N204 N204 [90]
Propellant mass [tonnes] 147.9 36.74 1.91 [90]
Structure mass [tonnes] 13.62 3.37 2.356 [90]
Sea level thrust [kN] 4166.0 760.0 18.633 [91]
Vacuum thrust [kN] 4522.827 760.0 18.633 [90]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 98.0 278.0 [89]
Burn time [s] 98.0 174.0 709.0 [89]
Jettison time T+[s] 98.0 278.0 987.0 [89]
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Electron

Input [Unit] Value Reference
Fairing diameter [m] 1.2 [92]
Fairing length [m] 2.5 [92]
Fairing nose diameter [m] 0.278 [92]
Fairing nose length [m] 1.59 [92]
Fairing mass [kg] 44.0 [92]
Fairing jettison time [s] 187.0 [93]
Latitude of the launch [°] -39.26 [92]
Payload mass [kg] 10 [31][32] [33]
Stages Stage O Stage 1
Length [m] 12.1 2.4 [92]
Diameter [m] 1.2 1.2 [92]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 [92]
Oxidizer 02 02 [92]
Propellant mass [tonnes] 9.25 2.05 [94]
Structure mass [tonnes] 0.95 0.25 [94]
Sea level thrust [kN] 155.936 22.618 [95]
Vacuum thrust [kN] 187.522 22.618 [95]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 157.0 [93]
Burn time [s] 151.0 389.0 [93]
Jettison time T+[s] 154.0 550.0 [93]
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Electron (Curie)

Input [Unit] Value Reference
Fairing diameter [m] 1.2 [92]
Fairing length [m] 2.5 [92]
Fairing nose diameter 0.278 [92]
[m]

Fairing nose length [m] 1.59 [92]
Fairing mass [kg] 44.0 [92]
Fairing jettison time [s] 187.0 [93]
Latitude of the launch [°] -39.26 [92]
Payload mass [kg] Between 19 and 78 [31][32][33]
Stages Stage O Stage 1 Stage 2

Length [m] 12.1 2.4 0.0 [92]
Diameter [m] 1.2 1.2 1.2 [92]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 [92]
Oxidizer 02 02 02 [92]
Propellant mass [tonnes] 9.25 2.05 X [94]
Structure mass [tonnes] 0.95 0.25 X [94]
Sea level thrust [kN] 155.936 22.618 X [95]
Vacuum thrust [kN] 187.522 22.618 X [95]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 157.0 3000.0 [93]
Burn time [s] 151.0 389.0 90.0 [93]
Jettison time T+[s] 154.0 550.0 3360.0 [93]
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Epsilon(CLPS)

Input [Unit] Value Reference
Fairing diameter [m] 2.6 [96]
Fairing length [m] 8.8 [96]
Fairing nose diameter [m] 0.204 [96]
Fairing nose length [m] 2.358 [96]
Fairing mass [kg] 1000.0 [96]
Fairing jettison time [s] 150.0 [97]
Latitude of the launch [°] 31.25 [96]
Payload mass [kg] 348 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 11.7 4.3 2.3 1.2 [96]
Diameter [m] 2.6 2.6 2.6 2.6 [96]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NHaClO4 NH4ClO4 UDMH [96]
Oxidizer Al Al Al N204 [96]
Propellant mass [tonnes] 66.3 15.0 2.5 0.1 [96]
Structure mass [tonnes] 8.7 2.0 0.8 0.155 [96] [98]
Sea level thrust [kN] 2271.0 372.0 99.8 04 [96]
Vacuum thrust [kN] Thrust Thrust X 04 [96] & [99]
profile profile
(Solid) (Solid)
SRM nozzle exit area [m?] 3.14 3.14 X N/A [99]
SRM specific impulse [s] 283.0 299.9 X N/A [99]
Beginning time T+[s] 0.0 165.0 402.0 X [97]
Burn time [s] 109.0 128.0 89.0 X [97]
Jettison time T+[s] 161.0 398.0 807.0 X [97]
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Epsilon-Enhanced

Input [Unit] Value Reference
Fairing diameter [m] 2.6 [96]
Fairing length [m] 8.8 [96]
Fairing nose diameter [m] 0.204 [96]
Fairing nose length [m] 2.358 [96]
Fairing mass [kg] 1000.0 [96]
Fairing jettison time [s] 150.0 [97]
Latitude of the launch [°] 31.25 [96]
Payload mass [kg] 365 [31][32][33]
Stages Stage O Stage 1 Stage 2
Length [m] 11.7 4.3 2.3 [96]
Diameter [m] 2.6 2.6 2.6 [96]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NH4ClO4 NHaClO4 [96]
Oxidizer Al Al Al [96]
Propellant mass [tonnes] 66.3 15.0 2.5 [96]
Structure mass [tonnes] 8.7 2.0 0.8 [96]
Sea level thrust [kN] 2271.0 372.0 99.8 [96]
Vacuum thrust [kN] Thrust profile Thrust profile X [96] & [99]

(Solid) (Solid)

SRM nozzle exit area [m?] 3.14 3.14 X [99]
SRM specific impulse [s] 283.0 299.9 X [99]
Beginning time T+[s] 0.0 165.0 402.0 [97]
Burn time [s] 109.0 128.0 89.0 [97]
Jettison time T+[s] 161.0 398.0 807.0 [97]
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Epsilon-Enhanced(CLPS)

Input [Unit] Value Reference
Fairing diameter [m] 2.6 [96]
Fairing length [m] 8.8 [96]
Fairing nose diameter [m] 0.204 [96]
Fairing nose length [m] 2.358 [96]
Fairing mass [kg] 1000.0 [96]
Fairing jettison time [s] 150.0 [97]
Latitude of the launch [°] 31.25 [96]
Payload mass [kg] 570 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 11.7 4.3 2.3 1.2 [96]
Diameter [m] 2.6 2.6 2.6 2.6 [96]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NH4ClO4 NH4ClO4 UDMH [96]
Oxidizer Al Al Al N204 [96]
Propellant mass [tonnes] 66.3 15.0 2.5 0.1 [96]
Structure mass [tonnes] 8.7 2.0 0.8 0.155 [96] [98]
Sea level thrust [kN] 2271.0 372.0 99.8 0.4 [96]
Vacuum thrust [kN] Thrust Thrust X 0.4 [96] & [99]
profile profile
(Solid) (Solid)
SRM nozzle exit area [m?] 3.14 3.14 X N/A [99]
SRM specific impulse [s] 283.0 299.9 X N/A [99]
Beginning time T+[s] 0.0 165.0 402.0 X [97]
Burn time [s] 109.0 128.0 89.0 X [97]
Jettison time T+[s] 161.0 398.0 807.0 X [97]
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Falcon-1

Input [Unit] Value Reference
Fairing diameter [m] 1.52 [100]
Fairing length [m] 3.5 [100]
Fairing nose diameter [m] 0.35 [100]
Fairing nose length [m] 2.0 [100]
Fairing mass [kg] 145.0 [100]
Fairing jettison time [s] 197.0 [100]
Latitude of the launch [°] 9.05 [100]
Payload mass [kg] 200 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 15.0 2.7 [101]
Diameter [m] 1.54 1.54 [100]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 [100]
Oxidizer 02 02 [100]
Propellant mass [tonnes] 21.491 4,037 [100]
Structure mass [tonnes] 1.361 0.544 [100]
Sea level thrust [kN] 347.0 30.7 [100]
Vacuum thrust [kN] 409.106 30.7 [100] & [101]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 174.0 [100]
Burn time [s] 170.0 368.0 [100]
Jettison time T+[s] 172.0 560.0 [100]
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Falcon-9 v1.0

Input [Unit] Value Reference
Fairing diameter [m] 5.2 [102]
Fairing length [m] 13.9 [102]
Fairing nose diameter [m] 1.3 [103]
Fairing nose length [m] 5.9 [103]
Fairing mass [kg] 2000.0 [102]
Fairing jettison time [s] 199.0 [103]
Latitude of the launch [°] 28.56 [102]
Payload mass [kg] Between 4225 and 6668 [31][32][33]
Stages Stage O Stage 1
Length [m] 29.0 10.5 [103]
Diameter [m] 3.66 3.66 [103]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 [102]
Oxidizer 0. 02 [102]
Propellant mass [tonnes] 254.2 54.65 [103]
Structure mass [tonnes] 15.3 2.15 [103]
Sea level thrust [kN] 3803.3 520.4 [103]
Vacuum thrust [kN] 4344.0 520.4 [102] & [103]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 176.0 [103]
Burn time [s] 175.0 346.0 [103]
Jettison time T+[s] 175.0 522.0 [103]

111




Falcon-9 v1.1

Input [Unit] Value Reference
Fairing diameter [m] 5.2 [13]
Fairing length [m] 13.0 [13]
Fairing nose diameter [m] 1.45 [13]
Fairing nose length [m] 4.8 [13]
Fairing mass [kg] 1900.0 [104]
Fairing jettison time [s] 199.0 [103]
Latitude of the launch [°] 28.56 or 34.73 [102]

Payload mass [kg]

Between 553 and 7930

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 41.5 14.0 [103]
Diameter [m] 3.66 3.66 [103]
Propulsion System P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 [102]
Oxidizer 0. 02 [102]
Propellant mass [tonnes] 393.96 88.95 [103]
Structure mass [tonnes] 19.74 3.1 [103]
Sea level thrust [kN] 5889.1 805.1 [103]
Vacuum thrust [kN] 6672.0 805.1 [102] & [103]
SRM nozzle exit area [m?] N/A N/A

SRM specific impulse [s] N/A N/A

Beginning time T+[s] 0.0 185.0 [103]
Burn time [s] 185.0 376.0 [103]
Jettison time T+[s] 185.0 561.0 [103]
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Falcon-9 v1.1(ex)

Input [Unit] Value Reference
Fairing diameter [m] 5.2 [13]
Fairing length [m] 13.0 [13]
Fairing nose diameter [m] 1.45 [13]
Fairing nose length [m] 4.8 [13]
Fairing mass [kg] 1900.0 [104]
Fairing jettison time [s] 199.0 [103]
Latitude of the launch [°] 34.73 or 28.56 [102]

Payload mass [kg]

Between 600 and 7829

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 41.5 14.0 [103]
Diameter [m] 3.66 3.66 [103]
Propulsion System P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 [102]
Oxidizer 0. 02 [102]
Propellant mass [tonnes] 393.96 88.95 [103]
Structure mass [tonnes] 19.74 3.1 [103]
Sea level thrust [kN] 5889.1 805.1 [103]
Vacuum thrust [kN] 6672.0 805.1 [102] & [103]
SRM nozzle exit area [m?] N/A N/A

SRM specific impulse [s] N/A N/A

Beginning time T+[s] 0.0 185.0 [103]
Burn time [s] 185.0 376.0 [103]
Jettison time T+[s] 185.0 561.0 [103]

« Ex » stands for expandable :

the first stage that is flying is reused from another flight.
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Falcon-9 v1.2

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [13]

Fairing length [m] 13.9 [13]

Fairing nose diameter [m] 2.2 [13]

Fairing nose length [m] 5.3 [13]

Fairing mass [kg] 5613.0 [104]

Fairing jettison time [s] 1000.0 [105] (CRS-8) [106]
(Formosat)

Latitude of the launch [°] 28.56 or 34.73 or 28.52 [13]

Payload mass [kg] Between 350 and 8749 [31][32] [33]

Stages Stage O Stage 1

Length [m] 47.7 8.15 [103]

Diameter [m] 3.66 3.66 [13]

Propulsion System P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 [13]

Oxidizer 02 02 [13]

Propellant mass [tonnes] 386.34 105.35 [104] & [107]

Structure mass [tonnes] 46.86 6.15 [104] & [107]

Sea level thrust [kN] 6806.0 934.0 [102]

Vacuum thrust [kN] 7426.0 934.0 [102]

SRM nozzle exit area [m?] N/A N/A

SRM specific impulse [s] N/A N/A

Beginning time T+[s] 0.0 165.0 [105] (CRS-8) [106]
(Formosat)

Burn time [s] 154.0 431.0 [105] (CRS-8) [106]
(Formosat)

Jettison time T+[s] 155.0 597.0 [105] (CRS-8) [106]
(Formosat)

The Falcon 9 v1.2 version has been using three different variants in the years of interest: Block 3 (Full
Thrust FT), Block 4 and Block 5. Block 5 performances have since increased, but we do not take it into
account here except for the crewed Dragon mission of 2020.

Block 4 is an intermediate version between Block 3 and 5. At first, only the second stage was modified to
Block 4 standards, flying on top of a "Block 3" first stage. The only important difference with Block 3
seems to be an increase in engine thrust, so that is what we assessed. [108]
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Falcon-9 v1.2(ex)

Input [Unit] Value Reference

Fairing diameter [m] 3.7 [13]

Fairing length [m] 13.9 [13]

Fairing nose diameter [m] 2.2 [13]

Fairing nose length [m] 5.3 [13]

Fairing mass [kg] 5613.0 [104]

Fairing jettison time [s] 1000.0 [105] (CRS-8) [106]
(Formosat)

Latitude of the launch [°] 28.52 or 34.73 or 28.56 [13]

Payload mass [kg] Between 2141 and 8600 [31][32][33]

Stages Stage O Stage 1

Length [m] 47.7 8.15 [103]

Diameter [m] 3.66 3.66 [13]

Propulsion System P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 [13]

Oxidizer 02 02 [13]

Propellant mass [tonnes] 386.34 105.35 [104] & [107]

Structure mass [tonnes] 46.86 6.15 [104] & [107]

Sea level thrust [kN] 6806.0 934.0 [102]

Vacuum thrust [kN] 7426.0 934.0 [102]

SRM nozzle exit area [m?] N/A N/A

SRM specific impulse [s] N/A N/A

Beginning time T+[s] 0.0 165.0 [105] (CRS-8) [106]
(Formosat)

Burn time [s] 154.0 431.0 [105] (CRS-8) [106]
(Formosat)

Jettison time T+[s] 155.0 597.0 [105] (CRS-8) [106]
(Formosat)
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Falcon-9 v1.2 Block 5

Input [Unit] Value Reference
Fairing diameter [m] 3.7 [13]
Fairing length [m] 13.9 [13]
Fairing nose diameter [m] 2.2 [13]
Fairing nose length [m] 5.3 [13]
Fairing mass [kg] 5613.0 [104]
Fairing jettison time [s] 1000.0 [105]
Latitude of the launch [°] 28.56 [13]
Payload mass [kg] 12500 [31][32][33]
Stages Stage O Stage 1
Length [m] 47.7 8.15 [103]
Diameter [m] 3.66 3.66 [13]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 [13]
Oxidizer 02 02 [13]
Propellant mass [tonnes] 395.0 105.35 [102]
Structure mass [tonnes] 46.86 6.46 [102]
Sea level thrust [kN] 7606.0 980.0 [102]
Vacuum thrust [kN] 8296.0 980.0 [102]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 165.0 [105]
Burn time [s] 154.0 431.0 [105]
Jettison time T+[s] 155.0 597.0 [105]
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Falcon-Heavy

Input [Unit] Value Reference
Fairing diameter [m] 5.2 [13]
Fairing length [m] 13.2 [13]
Fairing nose diameter [m] 1.45 [13]
Fairing nose length [m] 4.8 [13]
Fairing mass [kg] 1900.0 [104]
Fairing jettison time [s] 229.0 [109]
Latitude of the launch [°] 28.52 [13]
Payload mass [kg] 1300 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 47.7 8.15 [103]
Diameter [m] 3.66 3.66 [13]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 [13]
Oxidizer 02 02 02 [13]
Propellant mass [tonnes] 395.0 395.0 105.35 [102]
Structure mass [tonnes] 46.86 46.86 6.46 [102]
Sea level thrust [kN] 7606.0 7606.0 980.0 [102]
Vacuum thrust [kN] 8296.0 8296.0 980.0 [102]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 0.0 187.0 [109]
Burn time [s] 149.0 184.0 324.0 [109]
Jettison time T+[s] 153.0 187.0 1732.0 [109]
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GSLV Mk.2

Input [Unit] Value Reference
Fairing diameter [m] 3.4 [28]
Fairing length [m] 7.84 [28]
Fairing nose diameter [m] 1.7 [28]
Fairing nose length [m] 3.6 [28]
Fairing mass [kg] 1250.0 [28]
Fairing jettison time [s] 226.0 [110]
Latitude of the launch [°] 13.72 [111]

Payload mass [kg]

Between 1982 and 2250

[31] [32] [33]

Stages Stage O Stage 1 Stage 2
Length [m] 21.25 11.57 8.47 [110]
Diameter [m] 3.4 3.4 3.4 [110]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel UDMH NH4ClO4 UDMH H2 [110]
Oxidizer N204 Al N204 02 [110]
Propellant mass [tonnes] 42.7 138.11 39.48 12.84 [110]
Structure mass [tonnes] 5.0 23.0 5.1 2.5 [110]
Sea level thrust [kN] X X X X
Vacuum thrust [kN] 759.4 Thrust 846.8 73.55 [110] & [112]
profile
(Solid)
SRM nozzle exit area [m?] N/A 4.52 N/A N/A [113]
SRM specific impulse [s] N/A 270.0 N/A N/A [113]
Beginning time T+[s] 0.0 0.0 150.0 287.0 [110]
Burn time [s] 149.0 150.0 132.0 765.0 [110]
Jettison time T+[s] 151.0 151.0 286.0 1067.0 [110]
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GSLV Mk.3

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [28]
Fairing length [m] 8.63 [28]
Fairing nose diameter [m] 1.87 [28]
Fairing nose length [m] 4.37 [28]
Fairing mass [kg] 1250.0 [28]
Fairing jettison time [s] 225.0 [114]
Latitude of the launch [°] 13.72 [111]
Payload mass [kg] 3136 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 21.39 13.545 [114]
Diameter [m] 4.0 4.0 [114]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 UDMH H2 [114]
Oxidizer Al N204 02 [114]
Propellant mass [tonnes] 205.0 116.0 28.0 [114]
Structure mass [tonnes] 31.0 9.0 5.0 [114]
Sea level thrust [kN] X X X
Vacuum thrust [kN] Thrust 1598.0 186.0 [115]& [112]
profile
(Solid)
SRM nozzle exit area [m?] 13.85 N/A N/A [113]
SRM specific impulse [s] 275.0 N/A N/A [113]
Beginning time T+[s] 0.0 114.0 322.0 [114]
Burn time [s] 139.0 203.0 643.0 [114]
Jettison time T+[s] 140.0 320.0 980.0 [114]
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GSLV Mk.3 (HTVE)

Input [Unit] Value Reference
Fairing diameter [m] 5.0 [28]
Fairing length [m] 8.63 [28]
Fairing nose diameter [m] 1.87 [28]
Fairing nose length [m] 4.37 [28]
Fairing mass [kg] 1250.0 [28]
Fairing jettison time [s] 225.0 [114]
Latitude of the launch [°] 13.72 [111]
Payload mass [kg] 3400 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 21.39 13.545 [114]
Diameter [m] 4.0 4.0 [114]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 UDMH H2 [114]
Oxidizer Al N204 02 [114]
Propellant mass [tonnes] 205.0 116.0 28.0 [114]
Structure mass [tonnes] 31.0 9.0 5.0 [114]
Sea level thrust [kN] 4541.935 X 186.0
Vacuum thrust [kN] Thrust profile 1693.98 186.0 From [115] & [116]

(Solid) P.0:[112]

SRM nozzle exit area [m?] 13.85 N/A N/A [113]
SRM specific impulse [s] 275.0 N/A N/A [113]
Beginning time T+([s] 0.0 114.0 322.0 [114]
Burn time [s] 139.0 203.0 643.0 [114]
Jettison time T+[s] 140.0 320.0 980.0 [114]

HTVE stands for “ High Thrust Vikas Engine ”, an upgrade of the Vikas engine.
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H-2A-202

Input [Unit] Value Reference
Fairing diameter [m] 5.1 [117]
Fairing length [m] 7.414 [117]
Fairing nose diameter [m] 1.6 [117]
Fairing nose length [m] 5.0 [117]
Fairing mass [kg] 1500.0 [118]
Fairing jettison time [s] 245.0 [117]
Latitude of the launch [°] 30.4 [117]

Payload mass [kg]

Between 710 and 4100

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 37.2 0.0 [118]

Diameter [m] 4.0 4.0 [117]

Propulsion System P.0 (x2) P.1(x1) P.0 (x1)

Fuel NHaClO4 H2 Ha [118]

Oxidizer Al 02 02 [118]

Propellant mass [tonnes] 65.0 100.0 16.6 [117]

Structure mass [tonnes] 10.5 14.0 3.4 [118]

Sea level thrust [kN] 2346.357 854.0 [119]

Vacuum thrust [kN] Thrust profile 1098.0 [117] (Estimation for

(Solid) thrust profile of SRB-A)

SRM nozzle exit area [m?] 3.8 N/A N/A [120]

SRM specific impulse [s] 283.0 N/A N/A [117]

Beginning time T+([s] 0.0 0.0 X [117]

Burn time [s] 99.0 396.0 X [117]

Jettison time T+[s] 110.0 404.0 X [117]
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H-2A-204

Input [Unit] Value Reference
Fairing diameter [m] 5.1 [117]
Fairing length [m] 7.414 [117]
Fairing nose diameter [m] 1.6 [117]
Fairing nose length [m] 5.0 [117]
Fairing mass [kg] 1500.0 [118]
Fairing jettison time [s] 245.0 [117]
Latitude of the launch [°] 30.4 [117]
Payload mass [kg] Between 4700 and 4900 [31][32][33]
Stages Stage O Stage 1
Length [m] 37.2 0.0 [118]
Diameter [m] 4.0 4.0 [117]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)
Fuel NH4ClO4 Ha Ha [118]
Oxidizer Al 0. 02 [118]
Propellant mass [tonnes] 66.0 100.0 16.6 [117]
Structure mass [tonnes] 10.5 14.0 3.4 [118]
Sea level thrust [kN] 2059.75 854.0 [119]
Vacuum thrust [kN] Thrust 1098.0 [117] & [99]
profile
(Solid)
SRM nozzle exit area [m?] 3.14 N/A N/A Estimated from [121]
SRM specific impulse [s] 283.0 N/A N/A [117]
Beginning time T+[s] 0.0 0.0 X [117]
Burn time [s] 117.0 396.0 X [117]
Jettison time T+[s] 128.0 404.0 X [117]
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H-2B-304

Input [Unit] Value Reference
Fairing diameter [m] 4.07 [117]
Fairing length [m] 7.414 [117]
Fairing nose diameter [m] 1.233 [117]
Fairing nose length [m] 4.69 [117]
Fairing mass [kg] 1500.0 [118]
Fairing jettison time [s] 245.0 [117]
Latitude of the launch [°] 30.4 [117]

Payload mass [kg]

Between 15000 and 16500

[31] [32] [33]

Stages Stage O Stage 1
Length [m] 38.2 11.0 [122]
Diameter [m] 5.2 5.2 [122]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)
Fuel NH4ClO4 Ha Ha [118]
Oxidizer Al 0. 02 [118]
Propellant mass [tonnes] 66.0 177.8 16.6 [122]
Structure mass [tonnes] 10.5 24.2 3.4 [123]
Sea level thrust [kN] 2059.75 1677.0 [119]
Vacuum thrust [kN] Thrust 2196.0 [122] & [99]
profile
(Solid)
SRM nozzle exit area [m?] 3.14 N/A N/A Estimated from [121]
SRM specific impulse [s] 283.0 N/A N/A [117]
Beginning time T+[s] 0.0 0.0 X [117]
Burn time [s] 117.0 440.0 X [117]
Jettison time T+[s] 128.0 440.0 X [117]
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Kosmos-3 V]

Input [Unit] Value Reference
Fairing diameter [m] 2.4 [28]
Fairing length [m] 5.72 [28]
Fairing nose diameter [m] 0.209 [28]
Fairing nose length [m] 2.704 [28]
Fairing mass [kg] 348.0 [28]
Fairing jettison time [s] 147.0 [28]
Latitude of the launch [°] 62.92 or 28.25 [28]

Payload mass [kg]

Between 820 and 980

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 22.4 6.0 [28]
Diameter [m] 2.4 2.4 [28]
Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.2 (x1)

Fuel UDMH UDMH UDMH UDMH [28]
Oxidizer N204 N204 N204 N204 [28]
Propellant mass [tonnes] 81.9 18.7 0.0 0.0 [28]
Structure mass [tonnes] 5.3 1.435 0.0 0.0 [28]
Sea level thrust [kN] 1485.0 157.0 6.0 6.0 [28]
Vacuum thrust [kN] 1745.0 157.0 6.0 6.0 [28]
SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 135.0 131.0 1728.0 [28]
Burn time [s] 130.0 342.0 357.0 15.0 [28]
Jettison time T+[s] 132.0 1763.0 1763.0 1763.0 [28]
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Minotaur-1

Input [Unit] Value Reference
Fairing diameter [m] 1.27 [28]
Fairing length [m] 4.42 [28]
Fairing nose diameter [m] 0.787 [28]
Fairing nose length [m] 3.22 [28]
Fairing mass [kg] 194.0 [28]
Fairing jettison time [s] 123.0 [124]
Latitude of the launch [°] 37.94 or 34.73 [28]
Payload mass [kg] Between 335 and 431 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 7.49 4.12 3.58 1.34 [28]
Diameter [m] 1.3 1.3 1.3 1.3 [28]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NHaClO4 NH4ClO4 NHaClO4 [28]
Oxidizer Al Al Al Al [28]
Propellant mass [tonnes] 10.785 6.237 3.915 0.771 [28]
Structure mass [tonnes] 2.248 0.691 0.416 0.126 [28]
Sea level thrust [kN] 792.0 268.0 154.0 32.0 From [125]
Vacuum thrust [kN] X X Thrust Thrust [125]
profile profile
(Solid) (Solid)
SRM nozzle exit area [m?] X X 0.58 0.22 [125]
SRM specific impulse [s] X X 290.65 286.97 [125]
Beginning time T+[s] 0.0 62.0 130.0 635.0 [124]
Burn time [s] 62.0 66.0 74.0 128.0 [124]
Jettison time T+[s] 62.0 128.0 623.0 763.0 [124]
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Minotaur-4

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [126]
Fairing length [m] 6.38 [126]
Fairing nose diameter [m] 0.488 [126] (image)
Fairing nose length [m] 2.984 [126] (image)
Fairing mass [kg] 400.0 [126]
Fairing jettison time [s] 156.0
Latitude of the launch [°] 34.73 [28]
Payload mass [kg] 1031 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 8.39 7.88 2.33 0.97 [126]
Diameter [m] 2.34 2.34 2.34 2.34 [126]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NHaClO4 NH4ClO4 NH4ClO4 NH4ClO4 [126]
Oxidizer Al Al Al Al [126]
Propellant mass [tonnes] 45.37 24.49 7.07 0.771 [126]
Structure mass [tonnes] 3.62 3.18 0.64 0.126 [126]
Sea level thrust [kN] 2049.454 2224.0 1223.0 32.0 [126]
Vacuum thrust [kN] X X X Thrust [125]

profile

(Solid)
SRM nozzle exit area [m?] X X X 0.22 [125]
SRM specific impulse [s] X X X 286.97 [125]
Beginning time T+[s] 0.0 58.0 133.0 646.0 [126]
Burn time [s] 58.0 60.0 74.0 69.0 [126]
Jettison time T+[s] 58.0 133.0 695.0 715.0 [126]
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Minotaur-4(HAPS)

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [126]
Fairing length [m] 6.38 [126]
Fairing nose diameter 0.488 [126] (image)
[m]
Fairing nose length [m] 2.984 [126] (image)
Fairing mass [kg] 400.0 [126]
Fairing jettison time [s] 130.0 [127]
Latitude of the launch [°] 57.44 [28]
Payload mass [kg] 550 [31][32][33]
Stages Stage O Stage 1 Stage 2 Stage 3 Stage 4
Length [m] 8.39 7.88 2.33 0.97 0.71 [126]
Diameter [m] 2.34 2.34 2.34 2.34 2.34 [126]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 | [126]
Oxidizer Al Al Al Al Al [126]
Propellant mass [tonnes] 45.37 24.49 7.07 0.771 0.059 [126]
Structure mass [tonnes] 3.62 3.18 0.64 0.126 0.022 [126]
Sea level thrust [kN] 2049.454 2224.0 1223.0 32.0 X [126]
Vacuum thrust [kN] X X X Thrust X [125]

profile

(Solid)
SRM nozzle exit area X X X 0.22 X [125]
[m?]
SRM specific impulse [s] X X X 286.97 X [125]
Beginning time T+[s] 0.0 58.0 133.0 646.0 X [127]
Burn time [s] 58.0 60.0 74.0 69.0 X [127]
Jettison time T+[s] 58.0 133.0 695.0 715.0 X [127]
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Minotaur-4(QOrion 38)

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [126]
Fairing length [m] 6.38 [126]
Fairing nose diameter [m] 0.488 [126] (image)
Fairing nose length [m] 2.984 [126] (image)
Fairing mass [kg] 400.0 [126]
Fairing jettison time [s] 130.0 [127]
Latitude of the launch [°] 28.56 [28]
Payload mass [kg] 140 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3 Stage 4
Length [m] 8.39 7.88 2.33 0.97 1.34 [126]
Diameter [m] 2.34 2.34 2.34 2.34 1.2 [126]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NHaClO4 NH4ClO4 NH4ClO4 NHaClO4 NH4ClOs | [126]
Oxidizer Al Al Al Al Al [126]
Propellant mass [tonnes] 45.37 24.49 7.07 0.771 0.77 [126]
Structure mass [tonnes] 3.62 3.18 0.64 0.126 0.093 [126]
Sea level thrust [kN] 2049.454 2224.0 1223.0 32.0 32.23 [126]
Vacuum thrust [kN] X X X Thrust Thrust [125]

profile profile

(Solid) (Solid)
SRM nozzle exit area [m?] X X 0.22 0.22 [125]
SRM specific impulse [s] X X X 286.97 286.97 [125]
Beginning time T+[s] 0.0 58.0 133.0 646.0 X [127]
Burn time [s] 58.0 60.0 74.0 69.0 X [127]
Jettison time T+[s] 58.0 133.0 695.0 715.0 X [127]
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Minotaur-4+

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [126]
Fairing length [m] 6.38 [126]
Fairing nose diameter [m] 0.488 [126] (image)
Fairing nose length [m] 2.984 [126] (image)
Fairing mass [kg] 400.0 [126]
Fairing jettison time [s] 130.0 [127]
Latitude of the launch [°] 57.44 [28]
Payload mass [kg] 450 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 8.39 7.88 2.33 1.245 [126]
Diameter [m] 2.34 2.34 2.34 2.34 [126]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NHaClO4 NH4ClO4 NH4ClO4 NH4ClO4 [126]
Oxidizer Al Al Al Al [126]
Propellant mass [tonnes] 45.37 24.49 7.07 2.014 [126]
Structure mass [tonnes] 3.62 3.18 0.64 0.157 [126]
Sea level thrust [kN] 2049.454 2224.0 1223.0 68.63 [126]
Vacuum thrust [kN] X X X Thrust [125]

profile

(Solid)
SRM nozzle exit area [m?] X X 0.32 [125]
SRM specific impulse [s] X X X 292.1 [125]
Beginning time T+[s] 0.0 58.0 133.0 1379.0 [127][126]
Burn time [s] 58.0 60.0 74.0 82.0 [127] [126]
Jettison time T+[s] 58.0 133.0 695.0 1661.0 [127] [126]
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Minotaur-5

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [126]
Fairing length [m] 6.38 [126]
Fairing nose diameter 0.488 [126] (image)
[m]
Fairing nose length [m] 2.984 [126] (image)
Fairing mass [kg] 400.0 [126]
Fairing jettison time [s] 130.0 [127]
Latitude of the launch [°] 37.94 [28]
Payload mass [kg] 383 [31][32][33]
Stages Stage O Stage 1 Stage 2 Stage 3 Stage 4
Length [m] 8.39 7.88 2.33 1.245 0.0 [126]
Diameter [m] 2.34 2.34 2.34 2.34 2.34 [126]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1) [126]
Fuel NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 | [126]
Oxidizer Al Al Al Al Al [126]
Propellant mass [tonnes] 45.37 24.49 7.07 2.014 1.068 [126]
Structure mass [tonnes] 3.62 3.18 0.64 0.157 0.082 [126]
Sea level thrust [kN] 2049.454 2224.0 1223.0 68.63 48.13 [126]
Vacuum thrust [kN] X X X Thrust Thrust [125]

profile profile

(Solid) (Solid)
SRM nozzle exit area X X X 0.32 0.32 [125]
[m?]
SRM specific impulse [s] X X X 292.1 289.8 [125]
Beginning time T+[s] 0.0 58.0 133.0 1379.0 1661.0 [126] [127]
Burn time [s] 58.0 60.0 74.0 82.0 63.0 [126] [127]
Jettison time T+[s] 58.0 133.0 695.0 1661.0 1724.0 [126] [127]
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Minotaur-C-XL-3110

Input [Unit] Value Reference

Fairing diameter [m] 1.6 [28]
Fairing length [m] 5.5 [28]
Fairing nose diameter [m] 0.762 [28]
Fairing nose length [m] 1.61 [28]
Fairing mass [kg] 360.0 [28]
Fairing jettison time [s] 178.0 [128]
Latitude of the launch [°] 34.73 [28]
Payload mass [kg] Between 407 and 538 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 12.0 9.88 3.09 1.34 [39] & [129]
Diameter [m] 1.2 1.2 1.2 1.2 [28]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 [39]
Oxidizer Al Al Al Al [39]
Propellant mass [tonnes] 48.949 15.034 3.915 0.77 [39]
Structure mass [tonnes] 4.126 1.121 0.366 0.093 [39]
Sea level thrust [kN] 1685.79 614.8 160.55 32.23 [39]
Vacuum thrust [kN] Thrust Thrust Thrust Thrust [39]

profile profile profile profile

(Solid) (Solid) (Solid) (Solid)
SRM nozzle exit area [m?] 1.81 1.15 0.58 0.22 [39]
SRM specific impulse [s] 280.0 284.61 290.65 286.97 [39]
Beginning time T+[s] 0.0 85.0 172.0 598.0 [128]
Burn time [s] 85.0 85.0 79.0 72.0 [128]
Jettison time T+[s] 85.0 170.0 315.0 670.0 [128]

131




Minotaur-C-XL-3210

Input [Unit] Value Reference

Fairing diameter [m] 2.34 [28]
Fairing length [m] 7.0 [28]
Fairing nose diameter [m] 0.441 [28]
Fairing nose length [m] 2.9 [28]
Fairing mass [kg] 400.0 [28]
Fairing jettison time [s] 178.0 [128]
Latitude of the launch [°] 34.73 [28]
Payload mass [kg] 676 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 12.0 9.88 3.09 1.34 [39] & [129]
Diameter [m] 1.2 1.2 1.2 1.2 [28]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 NH4ClO4 NH4ClO4 NH4ClO4 [39]
Oxidizer Al Al Al Al [39]
Propellant mass [tonnes] 48.949 15.034 3.915 0.77 [39]
Structure mass [tonnes] 4.126 1.121 0.366 0.093 [39]
Sea level thrust [kN] 1685.79 614.8 160.55 32.23 [39]
Vacuum thrust [kN] Thrust Thrust Thrust Thrust [39]

profile profile profile profile

(Solid) (Solid) (Solid) (Solid)
SRM nozzle exit area [m?] 1.81 1.15 0.58 0.22 [39]
SRM specific impulse [s] 280.0 284.61 290.65 286.97 [39]
Beginning time T+[s] 0.0 85.0 172.0 598.0 [128]
Burn time [s] 85.0 85.0 79.0 72.0 [128]
Jettison time T+[s] 85.0 170.0 315.0 670.0 [128]
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Molniya-M (Blok-2BL)

Input [Unit] Value Reference
Fairing diameter [m] 2.7 [28]
Fairing length [m] 7.8 [28]
Fairing nose diameter [m] 0.24 [28]
Fairing nose length [m] 3.01 [28]
Fairing mass [kg] 1000.0 [28]
Fairing jettison time [s] 187.0 [130]
Latitude of the launch [°] 62.92 [130]
Payload mass [kg] 2400 [31][32][33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 2.6 [130]
Diameter [m] 2.6 2.6 2.6 [130]
Propulsion System P.0 (x1) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 RP-1 [130]
Oxidizer 02 02 02 02 [130]
Propellant mass [tonnes] 158.4 92.95 22.59 4.35 [130]
Structure mass [tonnes] 15.2 6.55 2.71 1.05 [130]
Sea level thrust [kN] 3255.808 745.305 298.024 66.68 [131]
Vacuum thrust [kN] 3966.984 941.438 298.024 66.68 [131]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 280.0 520.0 [130]
Burn time [s] 118.0 280.0 240.0 192.0 [130]
Jettison time T+[s] 118.0 280.0 520.0 712.0 [130]
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Naro-1

Input [Unit] Value Reference
Fairing diameter [m] 2.0 [132]
Fairing length [m] 5.0 [132]
Fairing nose diameter [m] 0.35 [133]
Fairing nose length [m] 3.43 [133]
Fairing mass [kg] 200.0 [132]
Fairing jettison time [s] 216.0 [134]
Latitude of the launch [°] 34.43 [135]

Payload mass [kg]

Between 99 and 100

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 25.8 2.7 [132]
Diameter [m] 2.9 2.9 [132]
Propulsion System P.0 (x1) P.0 (x1)

Fuel RP-1 NH4ClO4 [132]
Oxidizer 0. Al [132]
Propellant mass [tonnes] 127.5 1.3 [132]
Structure mass [tonnes] 10.5 0.2 [132]

Sea level thrust [kN] 1667.0 78.448 [132]
Vacuum thrust [kN] 1741.5 X [132]

SRM nozzle exit area [m?] N/A X

SRM specific impulse [s] N/A X

Beginning time T+[s] 0.0 395.0 [132] & [134]
Burn time [s] 228.0 58.0 [132] & [134]
Jettison time T+[s] 228.0 540.0 [132] & [134]
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Pegasus-XL

Input [Unit] Value Reference
Fairing diameter [m] 4.42 [28]
Fairing length [m] 4.42 [28]
Fairing nose diameter [m] 0.72 [28]
Fairing nose length [m] 1.36 [28]
Fairing mass [kg] 170.0 [28]
Fairing jettison time [s] 132.0 [136]
Latitude of the launch [°] 8.72 or 34.73 or 28.56 [137]

Payload mass [kg]

Between 181 and 350

[31] [32] [33]

Stages Stage O Stage 1 Stage 2
Length [m] 10.3 3.11 1.34 [137]
Diameter [m] 1.28 1.28 1.28 [137]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NHaClO4 NH4ClO4 NHaClO4 [137]
Oxidizer Al Al Al [137]
Propellant mass [tonnes] 15.032 3.923 0.77 [137]
Structure mass [tonnes] 1.386 0.416 0.108 [137]
Sea level thrust [kN] 462.6 160.5 32.231 From [125]
Vacuum thrust [kN] Thrust profile Thrust profile Thrust profile | [125]
(Solid) (Solid) (Solid)
SRM nozzle exit area [m?] 1.59 0.58 0.22 [125]
SRM specific impulse [s] 292.78 290.65 286.97 [125]
Beginning time T+[s] 5.0 94.0 408.0 [136]
Burn time [s] 77.0 74.0 68.0 [136]
Jettison time T+[s] 93.0 397.0 776.0 [136]
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Proton-K(Blok-DM-2)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [28]
Fairing length [m] 6.28 [28]
Fairing nose diameter 0.262 [28]
[m]

Fairing nose length [m] 4.417 [28]
Fairing mass [kg] 1500.0 [138]
Fairing jettison time [s] 344.0 [139]
Latitude of the launch [°] 45.6 [139]
Payload mass [kg] Between 2320 and 2600 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 21.2 17.0 6.9 6.28 [28]
Diameter [m] 4.1 4.1 4.1 4.1 [28]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH RP-1 [139]
Oxidizer N204 N204 N204 N204 0. [139]
Propellant mass [tonnes] | 419.41 156.113 46.562 0.0 15.05 [139]
Structure mass [tonnes] 31.0 11.75 4.15 0.0 3.13 [139]
Sea level thrust [kN] 9500.0 2300.0 583.0 31.0 83.5 [139]
Vacuum thrust [kN] 10493.0 2300.0 583.0 31.0 83.5 [139]
SRM nozzle exit area N/A N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 117.0 336.0 330.0 X [139]
Burn time [s] 117.0 216.0 231.0 247.0 X [139]
Jettison time T+[s] 121.0 333.0 582.0 582.0 X [139]
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Proton-M(Blok-DM-03)

Input [Unit] Value Reference

Fairing diameter [m] 4.1 [28]

Fairing length [m] 6.28 [28]

Fairing nose diameter 0.262 [28]

[m]

Fairing nose length [m] 4.417 [28]

Fairing mass [kg] 1500.0 [138]

Fairing jettison time [s] 344.0 [140]

Latitude of the launch [°] 45.6 [140]

Payload mass [kg]

Between 2100 and 4245

[31] [32] [33]

Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 21.2 17.0 6.75 6.28 [141]
Diameter [m] 41 4.1 4.1 4.1 [141]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.1 (x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH RP-1 [141]
Oxidizer N204 N204 N204 N204 (0)) [141]
Propellant mass [tonnes] 428.3 157.3 43.854 2.708 18.7 [141] [142]
Structure mass [tonnes] 30.6 11.0 3.5 0.0 2.9 [141] [142]
Sea level thrust [kN] 10000.0 2400.0 583.0 31.0 X [141]
Vacuum thrust [kN] 11000.0 2400.0 583.0 31.0 X [141]

SRM nozzle exit area N/A N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 124.0 338.0 338.0 [140]

Burn time [s] 119.0 203.0 239.0 251.0 [140]
Jettison time T+[s] 124.0 327.0 589.0 589.0 [140]
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Proton-M(Blok-DM-2)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [28]
Fairing length [m] 6.28 [28]
Fairing nose diameter [m] 0.262 [28]
Fairing nose length [m] 4.417 [28]
Fairing mass [kg] 1500.0 [138]
Fairing jettison time [s] 344.0 [140]
Latitude of the launch [°] 45.6 [140]
Payload mass [kg] Between 4245 and 4245 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 21.2 17.0 6.75 6.28 [141]
Diameter [m] 41 4.1 4.1 4.1 [141]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)
Fuel UDMH UDMH UDMH UDMH RP-1 [141]
Oxidizer N204 N204 N204 N204 02 [141]
Propellant mass [tonnes] 428.3 157.3 43.854 2.708 15.05 [141] & estimated

from [139]

Structure mass [tonnes] 30.6 11.0 35 0.0 3.13 [141] & [139]
Sea level thrust [kN] 10000.0 2400.0 583.0 31.0 83.5 [141] & [139]
Vacuum thrust [kN] 11000.0 2400.0 583.0 31.0 83.5 [141] & [139]
SRM nozzle exit area [m?] N/A N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A N/A
Beginning time T+([s] 0.0 124.0 338.0 338.0 X [140]
Burn time [s] 119.0 203.0 239.0 251.0 X [140]
Jettison time T+[s] 124.0 327.0 589.0 589.0 X [140]
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Proton-M(Briz-M)

Input [Unit] Value Reference

Fairing diameter [m] 4.35 [28]

Fairing length [m] 15.2 [28]

Fairing nose diameter 0.3 [28]

[m]

Fairing nose length [m] 6.1 [28]

Fairing mass [kg] 3000.0 [143]

Fairing jettison time [s] 349.0 [140]

Latitude of the launch [°] 45.6 [140]

Payload mass [kg]

Between 2056 and 6871

[31] [32] [33]

Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 21.2 17.0 6.75 2.65 [141]
Diameter [m] 4.1 4.1 41 4.1 [141]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)

Fuel UDMH UDMH UDMH UDMH UDMH [141]
Oxidizer N204 N204 N204 N204 N204 [141]
Propellant mass [tonnes] 428.3 157.3 43.854 2.708 19.8 [141]
Structure mass [tonnes] 30.6 11.0 3.5 0.0 2.5 [141]
Sea level thrust [kN] 10000.0 2400.0 583.0 31.0 X [141]
Vacuum thrust [kN] 11000.0 2400.0 583.0 31.0 X [141]
SRM nozzle exit area N/A N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A N/A

Beginning time T+[s] 0.0 124.0 338.0 338.0 [140]
Burn time [s] 119.0 203.0 239.0 251.0 [140]
Jettison time T+[s] 124.0 327.0 589.0 589.0 [140]
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PSLV-CA

Input [Unit] Value Reference
Fairing diameter [m] 3.2 [28]
Fairing length [m] 8.3 [28]
Fairing nose diameter 1.3 [28]
[m]
Fairing nose length [m] 2.9 [28]
Fairing mass [kg] 110.0 [28]
Fairing jettison time [s] 188.0 [144] [145]
Latitude of the launch [°] 13.72 [111]
Payload mass [kg] Between 350 and 1047 [31] [32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 20.0 12.8 0.0 0.0 [144]
Diameter [m] 1.3 1.3 1.3 1.3 [144]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 UH25 NH4ClO4 MMH [144]
Oxidizer Al N204 Al MON 3 [144]
Propellant mass [tonnes] 138.0 41.0 7.6 2.5 [144]
Structure mass [tonnes] 30.0 53 0.7 0.42 [146]
Sea level thrust [kN] 3823.0 804.0 109.274 14.6 [28]
Vacuum thrust [kN] Thrust 804.0 X 14.6 [28] [112] [113]
profile
(Solid)
SRM nozzle exit area 4.52 N/A X N/A [113]
[m?]
SRM specific impulse [s] 269.0 N/A X N/A [113]
Beginning time T+[s] 0.0 112.0 264.0 [144] [145]
Burn time [s] 102.0 148.0 112.0 [144] [145]
Jettison time T+[s] 111.0 262.0 587.0 [144] [145]
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PSLV-G

Input [Unit] Value Reference

Fairing diameter [m] 3.2 [28]

Fairing length [m] 8.3 [28]

Fairing nose diameter 1.0 [28]

[m]

Fairing nose length [m] 2.9 [28]

Fairing mass [kg] 1100.0 [28]

Fairing jettison time [s] 161.0 [147]
Latitude of the launch 13.72 [111]

(]

Payload mass [kg]

Between 675 and 1404

[31] [32] [33]

Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 20.0 12.8 3.6 2.4 [147]
Diameter [m] 13 13 13 13 [147]
Propulsion System P.0 (x4) | P.1(x2) P.2 (x1) | P.0(x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 | NH4ClOs | NH4ClO4 UH25 NH4ClO4 MMH | [147]
Oxidizer Al Al Al N204 Al MON 3 | [147]
Propellant mass 8.9 8.9 138.0 42.0 7.6 1.6 [147]
[tonnes]
Structure mass 2.01 2.01 30.0 5.0 0.84 0.42 [147]
[tonnes]
Sea level thrust [kN] 386.682 | 386.682 | 3823.0 804.0 109.274 14.6 [28][112] [113]
Vacuum thrust [kN] Thrust Thrust Thrust 804.0 X 14.6 [28] [112] [113]
profile profile profile
(Solid) (Solid) (Solid)
SRM nozzle exit area 4.52 4.52 4.52 N/A X N/A [113]
[m?]
SRM specific impulse 265.0 265.0 269.0 N/A X N/A [113]
[s]
Beginning time T+[s] 0.0 25.0 0.0 113.0 264.0 [147]
Burn time [s] 68.0 68.0 102.0 151.0 112.0 [147]
Jettison time T+[s] 68.0 90.0 111.0 264.0 587.0 [147]
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PSLV-XL

Input [Unit] Value Reference
Fairing diameter [m] 3.2 [28]
Fairing length [m] 8.3 [28]
Fairing nose diameter 1.0 [28]
[m]
Fairing nose length [m] 29 [28]
Fairing mass [kg] 1100.0 [28]
Fairing jettison time [s] 170.0 [148] [149]
Latitude of the launch 13.72 [111]

(]

Payload mass [kg]

Between 613 and 1858

[31] [32] [33]

Stages Stage O Stage 1 Stage 2 Stage 3
Length [m] 20.0 12.8 0.0 0.0 [148]
Diameter [m] 13 13 13 13 [148]
Propulsion System P.0 (x4) P.1(x2) P.2 (x1) | P.0(x1) P.0 (x1) P.0 (x1)
Fuel NH4ClO4 | NH4ClOs | NH4ClO4 UH25 NH4ClO4 MMH | [148]
Oxidizer Al Al Al N204 Al MON 3 | [148]
Propellant mass 12.2 12.2 138.2 41.3 7.6 2.5 [148]
[tonnes]
Structure mass [tonnes] 2.7 2.7 30.0 5.3 0.84 0.42 [146]
Sea level thrust [kN] 4275.252 | 4275.252 | 3823.0 800.0 109.274 14.6 [28]
Vacuum thrust [kN] Thrust Thrust Thrust 800.0 X 14.6 [28] [112] [113]
profile profile profile
(Solid) (Solid) (Solid)
SRM nozzle exit area 0.77 0.77 4.52 N/A X N/A [113]
[m?]
SRM specific impulse [s] 265.0 265.0 270.0 N/A X N/A [113]
Beginning time T+[s] 0.0 25.0 0.0 114.0 264.0 [148] [149]
Burn time [s] 54.0 54.0 105.0 147.0 112.0 [148] [149]
Jettison time T+[s] 70.0 92.0 112.0 262.0 587.0 [148] [149]
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Rokot-KM

Input [Unit] Value Reference
Fairing diameter [m] 2.5 [150]
Fairing length [m] 6.7 [150]
Fairing nose diameter [m] 0.313 [150]
Fairing nose length [m] 3.024 [150]
Fairing mass [kg] 800.0 [150]
Fairing jettison time [s] 171.0 [150]
Latitude of the launch [°] 62.92 [150]
Payload mass [kg] Between 560 and 1419 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 17.2 3.9 3.0 [150]
Diameter [m] 2.5 2.5 2.5 [150]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel UDMH UDMH UDMH [150]
Oxidizer N204 N204 N204 [150]
Propellant mass [tonnes] 71.45 10.71 4,975 Assumed from [150]
Structure mass [tonnes] 5.7 1.485 1.32 [150] (Upper stage)
[151] [152]
Sea level thrust [kN] 1870.0 240.0 20.0 [150]
Vacuum thrust [kN] 2070.0 240.0 20.0 [150]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 122.0 305.0 [150]
Burn time [s] 121.0 183.0 577.0 [150]
Jettison time T+[s] 122.0 305.0 882.0 [150]
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Safir-1

Input [Unit] Value Reference
Fairing diameter [m] 1.35 [153] (image)
Fairing length [m] 2.0 [153]
Fairing nose diameter [m] 0.45 [153]
Fairing nose length [m] 0.93 [153]
Fairing mass [kg] 100.0 [154]
Fairing jettison time [s] 150.0 [154]
Latitude of the launch [°] 35.24 [155]
Payload mass [kg] 27 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 17.0 3.0 [60]
Diameter [m] 1.35 1.35 [153]
Propulsion System P.0 (x1) P.0 (x1)
Fuel UDMH UDMH [60]
Oxidizer AK AK [60]
Propellant mass [tonnes] 21.4 2.7 [60]
Structure mass [tonnes] 2.6 0.3 From total mass [60]
Sea level thrust [kN] 284.4 19.6 [154]
Vacuum thrust [kN] 302.0 19.6 [60] & estimated
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 155.0 [154]
Burn time [s] 155.0 245.0 [154]
Jettison time T+[s] 155.0 400.0 [154]

Note: alternative values can be found but they represent calculated estimations. [156]
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Safir-1A

Input [Unit] Value Reference
Fairing diameter [m] 1.35 [153] (image)
Fairing length [m] 2.0 [153]
Fairing nose diameter [m] 0.45 [153]
Fairing nose length [m] 0.93 [153]
Fairing mass [kg] 100.0 [154]
Fairing jettison time [s] 150.0 [154]
Latitude of the launch [°] 35.24 [155]
Payload mass [kg] 15.3 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 17.0 3.0 [60]
Diameter [m] 1.35 1.35 [153]
Propulsion System P.0 (x1) P.0 (x1)
Fuel UDMH UDMH [60]
Oxidizer AK AK [60]
Propellant mass [tonnes] 21.4 2.7 [60]
Structure mass [tonnes] 2.6 0.3 From total mass [60]
Sea level thrust [kN] 284.4 19.6 [154]
Vacuum thrust [kN] 302.0 19.6 [60] & estimated
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 155.0 [154]
Burn time [s] 155.0 245.0 [154]
Jettison time T+[s] 155.0 400.0 [154]
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Safir-1B

Input [Unit] Value Reference
Fairing diameter [m] 1.35 [153] (image)
Fairing length [m] 2.0 [153]
Fairing nose diameter [m] 0.45 [153]
Fairing nose length [m] 0.93 [153]
Fairing mass [kg] 100.0 [154]
Fairing jettison time [s] 150.0 [154]
Latitude of the launch [°] 35.24 [155]
Payload mass [kg] Between 50 and 52 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 17.0 3.0 [60]
Diameter [m] 1.35 1.35 [153]
Propulsion System P.0 (x1) P.0 (x1)
Fuel UDMH UDMH [60]
Oxidizer AK AK [60]
Propellant mass [tonnes] 21.4 2.7 [60]
Structure mass [tonnes] 2.6 0.3 From total mass [60]
Sea level thrust [kN] 3334 19.6 [60]
Vacuum thrust [kN] 355.0 19.6 [60] & estimated
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 155.0 [154]
Burn time [s] 155.0 245.0 [154]
Jettison time T+[s] 155.0 400.0 [154]

The Safir launch vehicle has different variants: Safir-1, Safir-1A and Safir-1B that are not different
alternatives but upgrades of each other. Since the data is already pretty scarce on the Iranian rocket,
this increases uncertainty on the values. We target specifically the Safir-1B version.

Alternative values can be found but they represent calculated estimations. [156]
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Shavit-2

Input [Unit] Value Reference

Fairing diameter [m] 1.35 [60]

Fairing length [m] 3.86 [60]

Fairing nose diameter [m] 0.281 [157]
Fairing nose length [m] 1.5 [157]
Fairing mass [kg] 57.0 [158]
Fairing jettison time [s] 120.0 [159]
Latitude of the launch [°] 31.8 [160]

Payload mass [kg]

Between 100 and 370

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 7.5 7.5 2.6 [159] [60]
Diameter [m] 2.3 2.3 2.3 [159]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel NHaClO4 NH4ClO4 NHaClO4 [159]
Oxidizer Al Al Al [159]
Propellant mass [tonnes] 12.75 12.75 1.878 [159] [60]
Structure mass [tonnes] 1.24 1.38 0.17 [159]

Sea level thrust [kN] 564.0 564.0 60.4 [159] [60]
Vacuum thrust [kN] X X X

SRM nozzle exit area [m?] X X X

SRM specific impulse [s] X X X

Beginning time T+[s] 0.0 56.0 X [159]
Burn time [s] 56.0 56.0 X [159]
Jettison time T+[s] 56.0 112.0 X [159]
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Soyuz-2.1a

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 45.6 or 62.92 [130]
Payload mass [kg] Between 4000 and 7419 [31][32][33]
Stages Stage O Stage 1
Length [m] 27.1 6.7 [130]
Diameter [m] 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 [130]
Oxidizer 02 0. 02 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 [130]
Structure mass [tonnes] 3.8 6.55 2.41 [130]
Sea level thrust [kN] 782.5 680.5 297.9 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 [130]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 [161]
Burn time [s] 118.0 288.0 240.0 [161]
Jettison time T+[s] 118.0 288.0 528.0 [161]

Differences between the Soyuz-2.1. a and the Soyuz-FG include conversion from analogue to digital
flight control system.
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Soyuz-2.1a(Fregat)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 62.92 or 5.23 [130]
Payload mass [kg] Between 2000 and 3713 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 1.5 [130]
Diameter [m] 2.95 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [130]
Oxidizer 0. 02 0. N204 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 5.35 [130]
Structure mass [tonnes] 3.8 6.55 2.41 1.0 [130]
Sea level thrust [kN] 782.5 680.5 297.9 19.614 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 19.614 [130]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 X [161]
Burn time [s] 118.0 288.0 240.0 X [161]
Jettison time T+[s] 118.0 288.0 528.0 X [161]
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Soyuz-2.1a(Fregat-M)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 45.6 or 62.92 or 51.88 [130]
Payload mass [kg] Between 840 and 4900 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 1.55 [130] [162]
Diameter [m] 2.95 2.95 2.95 [130]
Propulsion System P.0 P.1(x1) P.0 (x1) P.0 (x1)

(x4)

Fuel RP-1 RP-1 RP-1 UDMH [130] [162]
Oxidizer 02 02 02 N204 [130] [162]
Propellant mass [tonnes] 39.6 92.95 22.89 5.25 [130] [162]
Structure mass [tonnes] 3.8 6.55 2.41 0.92 [130] [162]
Sea level thrust [kN] 782.5 680.5 297.9 20.01 [130] [162]
Vacuum thrust [kN] 951.3 850.2 297.9 20.01 [130] [162]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+([s] 0.0 0.0 288.0 X [161]
Burn time [s] 118.0 288.0 240.0 X [161]
Jettison time T+[s] 118.0 288.0 528.0 X [161]
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Soyuz-2.1a(Volga)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 51.88 [130]
Payload mass [kg] 949 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 1.025 [130] [163]
Diameter [m] 2.95 2.95 3.2 [130] [163]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [130] [163]
Oxidizer 0. 0. 0. N204 [130] [163]
Propellant mass [tonnes] 39.6 92.95 22.89 0.6 [130] [163]
Structure mass [tonnes] 3.8 6.55 2.41 0.84 [130] [163]
Sea level thrust [kN] 782.5 680.5 297.9 2.99 [130] [163]
Vacuum thrust [kN] 951.3 850.2 297.9 2.99 [130] [163]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 X [161]
Burn time [s] 118.0 288.0 240.0 X [161]
Jettison time T+[s] 118.0 288.0 528.0 X [161]
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Soyuz-2.1a/ST(Fregat)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [164]
Fairing length [m] 114 [164]
Fairing nose diameter [m] 1.6 [164]
Fairing nose length [m] 4.255 [164]
Fairing mass [kg] 1700.0 [164]
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 5.23 [164]

Payload mass [kg]

Between 1070 and 2191

[31] [32] [33]

Stages Stage O Stage 1 Stage 2
Length [m] 27.1 27.1 1.5 [164] [130]
Diameter [m] 2.95 2.95 2.95 [164]
Propulsion System P.0 P.1(x1) P.0 (x1) P.0 (x1)

(x4)
Fuel RP-1 RP-1 RP-1 UDMH [164] [130]
Oxidizer 02 0> 0> N204 [164] [130]
Propellant mass [tonnes] 39.16 90.1 22.89 5.35 [164] [130]
Structure mass [tonnes] 3.784 6.545 2.41 1.0 [164] [130]
Sea level thrust [kN] 782.5 680.5 297.9 19.614 [164] [130]
Vacuum thrust [kN] 951.3 850.2 297.9 19.614 [164] [130]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+([s] 0.0 0.0 288.0 X [164] [161]
Burn time [s] 118.0 288.0 270.0 X [164] [161]
Jettison time T+[s] 118.0 288.0 558.0 X [164] [161]
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Soyuz-2.1a/ST(Fregat-M)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [164]
Fairing length [m] 114 [164]
Fairing nose diameter [m] 1.6 [164]
Fairing nose length [m] 4.255 [164]
Fairing mass [kg] 1700.0 [164]
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 5.23 [164]
Payload mass [kg] Between 2272 and 3099 [31][32][33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 1.55 [164] [162]
Diameter [m] 2.95 2.95 2.95 [164]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [164] [162]
Oxidizer 02 02 02 N204 [164] [162]
Propellant mass [tonnes] 39.16 90.1 22.89 5.25 [164] [162]
Structure mass [tonnes] 3.784 6.545 2.41 0.92 [164] [162]
Sea level thrust [kN] 782.5 680.5 297.9 20.01 [164] [162]
Vacuum thrust [kN] 951.3 850.2 297.9 20.01 [164] [162]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 X [164] [161]
Burn time [s] 118.0 288.0 270.0 X [164] [161]
Jettison time T+[s] 118.0 288.0 558.0 X [164] [161]
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Soyuz-2.1b

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 62.92 or 45.6 [130]
Payload mass [kg] Between 5920 and 7142 [31][32][33]
Stages Stage O Stage 1
Length [m] 27.1 27.1 [130]
Diameter [m] 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 [130]
Oxidizer 02 0. 02 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 [130]
Structure mass [tonnes] 3.8 6.55 2.41 [130]
Sea level thrust [kN] 782.5 680.5 297.9 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 [130]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 [161] [164]
Burn time [s] 118.0 288.0 270.0 [161] [164]
Jettison time T+[s] 118.0 288.0 558.0 [161] [164]

For Stage 1, the RD-0110 engine is replaced by the RD-0124. RD-0124 has the same thrust as RD-0110
but higher specific impulse thus smaller mass flow rate. [165] We assume that the propellant mass is not
changed from Soyuz-2.1. a. The burn time is taken from [164].
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Soyuz-2.1b(Fregat)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 45.6 [130]
Payload mass [kg] 3300 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 27.1 1.5 [130]
Diameter [m] 2.95 2.95 2.95 [130]
Propulsion System P.0 P.1(x1) P.0 (x1) P.0 (x1)

(x4)

Fuel RP-1 RP-1 RP-1 UDMH [130]
Oxidizer 02 02 02 N204 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 5.35 [130]
Structure mass [tonnes] 3.8 6.55 2.41 1.0 [130]
Sea level thrust [kN] 782.5 680.5 297.9 19.614 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 19.614 [130]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+([s] 0.0 0.0 288.0 X [161] [164]
Burn time [s] 118.0 288.0 270.0 X [161] [164]
Jettison time T+[s] 118.0 288.0 558.0 X [161] [164]
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Soyuz-2.1b(Fregat-M)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 62.92 or 45.6 or 51.88 [130]

Payload mass [kg]

Between 935 and 3200

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 27.1 27.1 1.55 [130] [162]
Diameter [m] 2.95 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 UDMH [130] [162]
Oxidizer 0. 0. 0. N204 [130] [162]
Propellant mass [tonnes] 39.6 92.95 22.89 5.25 [130] [162]
Structure mass [tonnes] 3.8 6.55 2.41 0.92 [130] [162]
Sea level thrust [kN] 782.5 680.5 297.9 20.01 [130] [162]
Vacuum thrust [kN] 951.3 850.2 297.9 20.01 [130] [162]
SRM nozzle exit area [m?] N/A N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 288.0 X [161] [164]
Burn time [s] 118.0 288.0 270.0 X [161] [164]
Jettison time T+[s] 118.0 288.0 558.0 X [161] [164]
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Soyuz-2.1b/ST(Fregat-M)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [164]
Fairing length [m] 11.4 [164]
Fairing nose diameter 1.6 [164]

[m]

Fairing nose length [m] 4.255 [164]
Fairing mass [kg] 1700.0 [164]
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 5.23 [164]
Payload mass [kg] 4212 [31] [32] [33]
Stages Stage O Stage 1 Stage 2

Length [m] 27.1 27.1 1.55 [164] [162]
Diameter [m] 2.95 2.95 2.95 [164]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 UDMH [164] [162]
Oxidizer 02 02 02 N204 [164] [162]
Propellant mass [tonnes] 39.16 90.1 22.89 5.25 [164] [162]
Structure mass [tonnes] 3.784 6.545 2.41 0.92 [164] [162]
Sea level thrust [kN] 782.5 680.5 297.9 20.01 [164] [162]
Vacuum thrust [kN] 951.3 850.2 297.9 20.01 [164] [162]
SRM nozzle exit area N/A N/A N/A N/A

[m?]

SRM specific impulse [s] N/A N/A N/A N/A

Beginning time T+[s] 0.0 0.0 288.0 X [164] [161]
Burn time [s] 118.0 288.0 270.0 X [164] [161]
Jettison time T+[s] 118.0 288.0 558.0 X [164] [161]
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Soyuz-2.1b/ST(Fregat-MT)

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [164]
Fairing length [m] 114 [164]
Fairing nose diameter [m] 1.6 [164]
Fairing nose length [m] 4.255 [164]
Fairing mass [kg] 1700.0 [164]
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 5.23 [164]
Payload mass [kg] Between 1580 and 3343 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 27.1 1.55 [164] [162]
Diameter [m] 2.95 2.95 2.95 [164]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [164] [162]
Oxidizer 0. 0. 0. N204 [164] [162]
Propellant mass [tonnes] 39.16 90.1 22.89 6.55 [164] [162]
Structure mass [tonnes] 3.784 6.545 2.41 1.03 [164] [162]
Sea level thrust [kN] 782.5 680.5 297.9 20.01 [164] [162]
Vacuum thrust [kN] 951.3 850.2 297.9 20.01 [164] [162]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 X [164] [161]
Burn time [s] 118.0 288.0 270.0 X [164] [161]
Jettison time T+[s] 118.0 288.0 558.0 X [164] [161]
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Soyuz-2.1v

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [130]
Latitude of the launch [°] 62.92 [130]
Payload mass [kg] 150 [31][32][33]
Stages Stage O Stage 1
Length [m] 27.7 6.7 [130] [166]
Diameter [m] 2.95 2.95 [130]
Propulsion System P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 [131]
Oxidizer 0. 02 [131]
Propellant mass [tonnes] 119.0 22.89 [131] [130]
Structure mass [tonnes] 10.0 2.41 [131] [130]
Sea level thrust [kN] 1748.8 297.9 [131]
Vacuum thrust [kN] 1911.0 297.9 [131]
SRM nozzle exit area [m?] N/A N/A
SRM specific impulse [s] N/A N/A
Beginning time T+[s] 0.0 210.0 [131]
Burn time [s] 210.0 270.0 [131]
Jettison time T+([s] 210.0 480.0 [131]
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Soyuz-2.1v(Volga)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [130]
Latitude of the launch [°] 62.92 [130]
Payload mass [kg] Between 143 and 441 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.7 6.7 1.025 [130] [166] [163]
Diameter [m] 2.95 2.95 3.2 [130] [163]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 UDMH [131] [163]
Oxidizer 0. 0. N204 [131] [163]
Propellant mass [tonnes] 119.0 22.89 0.6 [131] [130] [163]
Structure mass [tonnes] 10.0 2.41 0.84 [131] [130] [163]
Sea level thrust [kN] 1748.8 297.9 2.99 [131]
Vacuum thrust [kN] 1911.0 297.9 2.99 [131]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 210.0 X [131]
Burn time [s] 210.0 270.0 X [131]
Jettison time T+([s] 210.0 480.0 X [131]
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Soyuz-FG

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 45.6 [130]

Payload mass [kg]

Between 7380 and 7520

[31] [32] [33]

Stages Stage O Stage 1

Length [m] 27.1 6.7 [130]
Diameter [m] 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 [130]
Oxidizer 02 0. 02 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 [130]
Structure mass [tonnes] 3.8 6.55 2.41 [130]
Sea level thrust [kN] 782.5 680.5 297.9 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 [130]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 0.0 288.0 [161]
Burn time [s] 118.0 288.0 240.0 [161]
Jettison time T+[s] 118.0 288.0 528.0 [161]
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Soyuz-FG(Fregat)

Input [Unit] Value Reference
Fairing diameter [m] 3.715 [130]
Fairing length [m] 11.433 [130]
Fairing nose diameter [m] 1.1 [130]
Fairing nose length [m] 7.7 [130]
Fairing mass [kg] 1000.0 Estimated
Fairing jettison time [s] 158.0 [161]
Latitude of the launch [°] 45.6 [130]
Payload mass [kg] 1423 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 27.1 6.7 1.5 [130]
Diameter [m] 2.95 2.95 2.95 [130]
Propulsion System P.0 (x4) P.1(x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 UDMH [130]
Oxidizer 0. 02 0. N204 [130]
Propellant mass [tonnes] 39.6 92.95 22.89 5.35 [130]
Structure mass [tonnes] 3.8 6.55 2.41 1.0 [130]
Sea level thrust [kN] 782.5 680.5 297.9 19.614 [130]
Vacuum thrust [kN] 951.3 850.2 297.9 19.614 [130]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 0.0 288.0 X [161]
Burn time [s] 118.0 288.0 240.0 X [161]
Jettison time T+[s] 118.0 288.0 528.0 X [161]
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Soyuz-U

Input [Unit] Value Reference
Fairing diameter [m] 3.0 [28]
Fairing length [m] 7.9 [28]
Fairing nose diameter [m] 0.3 [28]
Fairing nose length [m] 3.44 [28]
Fairing mass [kg] 4500.0 [28]
Fairing jettison time [s] 187.0 [130]
Latitude of the launch [°] 45.6 or 62.92 [130]
Payload mass [kg] Between 1050 and 7450 [31] [32] [33]
Stages Stage O Stage 1
Length [m] 27.1 6.7 [130]
Diameter [m] 2.6 2.6 [130]
Propulsion System P.0 (x1) P.1(x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 [130]
Oxidizer 0. 02 02 [130]
Propellant mass [tonnes] 158.4 92.95 22.59 [130]
Structure mass [tonnes] 15.2 6.55 2.71 [130]
Sea level thrust [kN] 3255.808 745.305 298.024 [131]
Vacuum thrust [kN] 3966.984 941.438 298.024 [131]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 0.0 280.0 [130]
Burn time [s] 118.0 280.0 240.0 [130]
Jettison time T+[s] 118.0 280.0 520.0 [130]
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Space Shuttle-Atlantis

Input [Unit] Value Reference
Fairing diameter [m] 8.4 [28]
Fairing length [m] 10.8 [28]
Fairing nose diameter [m] 1.12 [28]
Fairing nose length [m] 10.8 [28]
Fairing mass [kg] N/A
Fairing jettison time [s] N/A
Latitude of the launch [°] 28.52 [28]
Payload mass [kg] Between 10000 and 16027 [31][32] [33]
Stages Stage O Stage 1
Length [m] 49.0 0.0 [28]
Diameter [m] 8.4 8.4 [28]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 H2 MMH [28]
Oxidizer Al 0. N204 [28]
Propellant mass [tonnes] 502.0 721.0 14.2 [28]
Structure mass [tonnes] 88.0 27.0 78.4 [28]
Sea level thrust [kN] 12450.0 5004.0 26.7 [167]
Vacuum thrust [kN] Thrust profile 6271.992 26.7 [167] [168]

(Solid)

SRM nozzle exit area [m?] 11.35 N/A N/A [169]
SRM specific impulse [s] 268.0 N/A N/A [12]
Beginning time T+([s] 6.0 0.0 2638.0 [170]
Burn time [s] 123.0 512.0 96.0 [170]
Jettison time T+[s] 130.0 530.0 2734.0 [170]
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Space Shuttle-Discovery

Input [Unit] Value Reference
Fairing diameter [m] 8.4 [28]
Fairing length [m] 10.8 [28]
Fairing nose diameter [m] 1.12 [28]
Fairing nose length [m] 10.8 [28]
Fairing mass [kg] N/A
Fairing jettison time [s] N/A
Latitude of the launch [°] 28.52 [28]
Payload mass [kg] Between 14120 and 16600 [31][32] [33]
Stages Stage O Stage 1
Length [m] 49.0 0.0 [28]
Diameter [m] 8.4 8.4 [28]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 H2 MMH [28]
Oxidizer Al 0. N204 [28]
Propellant mass [tonnes] 502.0 721.0 14.2 [28]
Structure mass [tonnes] 88.0 27.0 78.7 [28]
Sea level thrust [kN] 12450.0 5004.0 26.7 [167]
Vacuum thrust [kN] Thrust profile 6271.992 26.7 [167] [168]

(Solid)

SRM nozzle exit area [m?] 11.35 N/A N/A [169]
SRM specific impulse [s] 268.0 N/A N/A [12]
Beginning time T+([s] 6.0 0.0 2638.0 [170]
Burn time [s] 123.0 512.0 96.0 [170]
Jettison time T+[s] 130.0 530.0 2734.0 [170]
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Space Shuttle-Endeavour

Input [Unit] Value Reference
Fairing diameter [m] 8.4 [28]
Fairing length [m] 10.8 [28]
Fairing nose diameter [m] 1.12 [28]
Fairing nose length [m] 10.8 [28]
Fairing mass [kg] N/A
Fairing jettison time [s] N/A
Latitude of the launch [°] 28.52 [28]
Payload mass [kg] Between 13645 and 16500 [31][32] [33]
Stages Stage O Stage 1
Length [m] 49.0 0.0 [28]
Diameter [m] 8.4 8.4 [28]
Propulsion System P.0 (x2) P.1(x1) P.0 (x1)
Fuel NH4ClO4 H2 MMH [28]
Oxidizer Al 0. N204 [28]
Propellant mass [tonnes] 502.0 721.0 14.2 [28]
Structure mass [tonnes] 88.0 27.0 78.8 [28]
Sea level thrust [kN] 12450.0 5004.0 26.7 [167]
Vacuum thrust [kN] Thrust 6271.992 26.7 [167] [168]
profile
(Solid)
SRM nozzle exit area [m?] 11.35 N/A N/A [169]
SRM specific impulse [s] 268.0 N/A N/A [12]
Beginning time T+[s] 6.0 0.0 2638.0 [170]
Burn time [s] 123.0 512.0 96.0 [170]
Jettison time T+[s] 130.0 530.0 2734.0 [170]
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55-520

Input [Unit] Value Reference

Fairing diameter [m] 0.52 [171]
Fairing length [m] 1.0 [171]
Fairing nose diameter [m] 0.12 [171]
Fairing nose length [m] 0.8 [171]
Fairing mass [kg] 1.6 [172]
Fairing jettison time [s] 67.0 [173]
Latitude of the launch [°] 31.25 [96]

Payload mass [kg]

Between 3 and 3

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 7.0 1.7 0.0 [174] (Estimated)
Diameter [m] 0.52 0.52 0.52 [174]

Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel NH4ClO4 NHaClO4 NHaClO4 [60]

Oxidizer Al Al Al [60]

Propellant mass [tonnes] 1.587 0.325 0.078 [60]

Structure mass [tonnes] 0.57 0.028 0.008 From [60] [174] and [171]
Sea level thrust [kN] 176.5 X X [172]

Vacuum thrust [kN] X X X [175]

SRM nozzle exit area [m?] X X X

SRM specific impulse [s] X X X

Beginning time T+[s] 0.0 180.0 238.0 [173]

Burn time [s] 32.0 25.0 26.0 [173]

Jettison time T+[s] 68.0 235.0 450.0 [173]
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Strela

Input [Unit] Value Reference
Fairing diameter [m] 1.55 [28]
Fairing length [m] 5.4 [28]
Fairing nose diameter [m] 0.298 [176] (Picture)
Fairing nose length [m] 1.94 [176]
Fairing mass [kg] 400.0 [177]
Fairing jettison time [s] 164.0 [176]
Latitude of the launch [°] 45.6 [28]
Payload mass [kg] Between 1150 and 1150 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 17.2 3.9 0.5 [176]
Diameter [m] 2.5 2.5 2.5 [176]
Propulsion System P.0 (x1) P.0 (x1) P.1(x1) P.0 (x1)
Fuel UDMH UDMH UDMH UDMH [176]
Oxidizer N204 N204 N204 N204 [176]
Propellant mass [tonnes] 71.5 10.71 0.0 0.375 [176]
Structure mass [tonnes] 5.7 1.485 0.0 0.725 [176]
Sea level thrust [kN] 1870.0 240.0 15.76 4.9 [176]
Vacuum thrust [kN] 2070.0 240.0 15.76 4.9 [176]
SRM nozzle exit area [m?] N/A N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A N/A
Beginning time T+[s] 0.0 127.0 127.0 1575.0 [176]
Burn time [s] 126.0 183.0 183.0 185.0 [176]
Jettison time T+[s] 126.0 310.0 310.0 1760.0 [176]
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Tsiklon-3

Input [Unit] Value Reference
Fairing diameter [m] 2.7 [28]
Fairing length [m] 9.54 [28]
Fairing nose diameter [m] 0.4 [28]
Fairing nose length [m] 3.58 [28]
Fairing mass [kg] 1000.0 [178]
Fairing jettison time [s] 200.0 [28]
Latitude of the launch [°] 62.92 [28]
Payload mass [kg] 1900 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 18.9 10.0 2.72 [28]
Diameter [m] 3.0 3.0 3.0 [28]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel UDMH UDMH UDMH [28]
Oxidizer N204 N204 N204 [28]
Propellant mass [tonnes] 121.0 49.0 3.2 [28]
Structure mass [tonnes] 6.3 3.5 1.4 [28]
Sea level thrust [kN] 2745.0 995.0 78.7 [28]
Vacuum thrust [kN] 3032.0 995.0 78.7 [28] [179]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 120.0 280.0 [28]
Burn time [s] 120.0 160.0 125.0 [28]
Jettison time T+[s] 120.0 280.0 405.0 [28]

169




Unha-2

Input [Unit] Value Reference
Fairing diameter [m] 1.3 [60]
Fairing length [m] 2.0 [60]
Fairing nose diameter [m] 0.22 [60]
Fairing nose length [m] 1.34 [60]
Fairing mass [kg] 100.0 [180]
Fairing jettison time [s] 200.0 Estimated
Latitude of the launch [°] 40.85 [181]
Payload mass [kg] 250 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 15.0 9.3 3.7 [60]
Diameter [m] 2.4 2.4 2.4 [182]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel UDMH UDMH RP-1 [182]
Oxidizer N204 N204 02 [182]
Propellant mass [tonnes] 65.0 10.0 3.2 [182]
Structure mass [tonnes] 10.0 2.0 0.3 [182]
Sea level thrust [kN] 1100.0 250.0 54.0 [60]
Vacuum thrust [kN] X 250.0 54.0 [60]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 135.0 365.0 [182]
Burn time [s] 135.0 230.0 200.0 [182]
Jettison time T+[s] 135.0 365.0 565.0 [182]

There are two versions during the time period we are looking at: Unha-2 and Unha-3. Unha-2 uses a solid
upper stage. However, Unha-2 was launched only once, in 2009, and its upper stage that was above 100
km of altitude did not ignite [183]. Since we have little information on this North-Korean launch vehicle,
we target mostly the data we have from Unha-3.
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Unha-3

Input [Unit] Value Reference
Fairing diameter [m] 1.3 [60]
Fairing length [m] 2.0 [60]
Fairing nose diameter [m] 0.22 [60]
Fairing nose length [m] 1.34 [60]
Fairing mass [kg] 100.0 [180]
Fairing jettison time [s] 200.0 Estimated
Latitude of the launch [°] 39.66 [181]
Payload mass [kg] Between 100 and 200 [31][32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 15.0 9.3 3.7 [60]
Diameter [m] 2.4 2.4 2.4 [182]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel UDMH UDMH RP-1 [182]
Oxidizer N204 N204 02 [182]
Propellant mass [tonnes] 65.0 10.0 3.2 [182]
Structure mass [tonnes] 10.0 2.0 0.3 [182]
Sea level thrust [kN] 1100.0 250.0 54.0 [60]
Vacuum thrust [kN] X 250.0 54.0 [60]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 135.0 365.0 [182]
Burn time [s] 135.0 230.0 200.0 [182]
Jettison time T+[s] 135.0 365.0 565.0 [182]
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Vega

Input [Unit] Value Reference

Fairing diameter [m] 2.6 [184]

Fairing length [m] 7.88 [184]

Fairing nose diameter [m] 0.536 [184]

Fairing nose length [m] 2.632 [184]

Fairing mass [kg] 540.0 [184]

Fairing jettison time [s] 231.0 [184]
Latitude of the launch [°] 5.23 [184]
Payload mass [kg] Between 638 and 1932 [31][32] [33]
Stages Stage O Stage 1 Stage 2 Stage 3

Length [m] 11.2 8.39 4.12 2.04 [184]
Diameter [m] 1.9 1.9 1.9 1.9 [184]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1) P.0 (x1)

Fuel NH4ClO4 NH4ClO4 NH4ClO4 UDMH [184]
Oxidizer Al Al Al N204 [184]
Propellant mass [tonnes] 87.71 23.814 10.567 0.577 [184]
Structure mass [tonnes] 8.533 2.486 1.433 0.111 [184]

Sea level thrust [kN] 3015.0 1120.0 317.0 2.45 [184] [185]
Vacuum thrust [kN] Thrust Thrust Thrust 2.45 [184] [185]
profile profile profile
(Solid) (Solid) (Solid)

SRM nozzle exit area [m?] 7.07 2.88 2.88 N/A [186]
SRM specific impulse [s] 280.0 287.5 295.9 N/A [184]
Beginning time T+[s] 0.0 115.0 226.0 354.0 [184]
Burn time [s] 115.0 87.0 128.0 520.0 [184]
Jettison time T+[s] 115.0 202.0 354.0 X [184]
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Zenit-2SLB(Fregat-SB)

Input [Unit] Value Reference
Fairing diameter [m] 3.9 [187]
Fairing length [m] 13.7 [187]
Fairing nose diameter [m] 0.6 [187]
Fairing nose length [m] 45 [187]
Fairing mass [kg] 8367.0 [188]
Fairing jettison time [s] 291.0 [187]
Latitude of the launch [°] 45.6 [187]
Payload mass [kg] 2000 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 32.9 10.4 2.5 [187]
Diameter [m] 3.9 3.9 3.9 [187]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 UDMH [187]
Oxidizer 0. 02 N204 [187]
Propellant mass [tonnes] 326.78 82.4 10.15 [187]
Structure mass [tonnes] 27.564 8.367 1.41 [187]
Sea level thrust [kN] 7256.921 991.452 79.463 [187]
Vacuum thrust [kN] 7908.083 991.452 79.463 [187]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 151.0 X [187]
Burn time [s] 143.0 242.0 X [187]
Jettison time T+([s] 145.0 890.0 X [187]
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Zenit-3F

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [187]
Fairing length [m] 104 [187]
Fairing nose diameter [m] 0.7 [187]
Fairing nose length [m] 3.9 [187]
Fairing mass [kg] 1800.0 [188]
Fairing jettison time [s] 315.0 [187]
Latitude of the launch [°] 45.6 [187]

Payload mass [kg]

Between 1647 and 3660

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 32.9 10.4 2.5 [187]
Diameter [m] 3.9 3.9 3.9 [187]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 UDMH [187]
Oxidizer 0. 0. N204 [187]
Propellant mass [tonnes] 326.78 82.4 10.15 [187]
Structure mass [tonnes] 27.564 8.307 1.41 [187]
Sea level thrust [kN] 7256.921 7256.921 79.463 [187]
Vacuum thrust [kN] 7908.083 7908.083 79.463 [187]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 150.0 X [187]
Burn time [s] 143.0 278.0 X [187]
Jettison time T+([s] 145.0 504.0 X [187]
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/enit-3SL

Input [Unit] Value Reference
Fairing diameter [m] 3.9 [187]
Fairing length [m] 11.39 [189]
Fairing nose diameter [m] 1.7 [189]
Fairing nose length [m] 4.69 [189]
Fairing mass [kg] 1800.0 [188]
Fairing jettison time [s] 206.0 [189]
Latitude of the launch [°] 0.0 [189]
Payload mass [kg] Between 3038 and 6241 [31] [32] [33]
Stages Stage O Stage 1 Stage 2
Length [m] 32.9 10.4 1.1 [187]
Diameter [m] 3.9 3.9 3.9 [187]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)
Fuel RP-1 RP-1 RP-1 [187]
Oxidizer 0. 02 02 [187]
Propellant mass [tonnes] 325.401 81.854 14.6 [187] [189]
Structure mass [tonnes] 28.469 10.619 4.0 [187] [189]
Sea level thrust [kN] 7234.365 932.612 78.453 [189]
Vacuum thrust [kN] 7883.566 932.612 78.453 [189]
SRM nozzle exit area [m?] N/A N/A N/A
SRM specific impulse [s] N/A N/A N/A
Beginning time T+[s] 0.0 151.0 527.0 [189]
Burn time [s] 143.0 291.0 642.0 [189]
Jettison time T+[s] 146.0 517.0 1669.0 [189]
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/enit-3SLB

Input [Unit] Value Reference
Fairing diameter [m] 4.1 [187]
Fairing length [m] 104 [187]
Fairing nose diameter [m] 0.7 [187]
Fairing nose length [m] 3.9 [187]
Fairing mass [kg] 1800.0 [188]
Fairing jettison time [s] 315.0 [187]
Latitude of the launch [°] 45.6 [187]

Payload mass [kg]

Between 2370 and 4012

[31] [32] [33]

Stages Stage O Stage 1 Stage 2

Length [m] 32.9 10.4 1.03 [187]
Diameter [m] 3.9 3.9 3.9 [187]
Propulsion System P.0 (x1) P.0 (x1) P.0 (x1)

Fuel RP-1 RP-1 RP-1 [187]
Oxidizer 0. 02 02 [187]
Propellant mass [tonnes] 326.78 82.4 17.8 [187]
Structure mass [tonnes] 27.564 8.307 3.22 [187]
Sea level thrust [kN] 7256.921 7256.921 991.452 [187]
Vacuum thrust [kN] 7908.083 7908.083 991.452 [187]
SRM nozzle exit area [m?] N/A N/A N/A

SRM specific impulse [s] N/A N/A N/A

Beginning time T+[s] 0.0 150.0 513.0 [187]
Burn time [s] 143.0 278.0 190.0 [187]
Jettison time T+([s] 145.0 504.0 X [187]
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