
MODULE 04 · Progressive course: understand, calculate, verify.

Rockets and engines: from Newton to the
rocket equation
Understand the propulsion trade before using the equations
Starting question — How do thrust, mass flow, chamber/nozzle conditions and propellant mass interact when sizing a rocket
stage?

Intuition. Higher chamber pressure and exhaust performance can improve propulsion, but every gain creates structural,
thermal, feed-system and mass consequences. No single propulsion number is ‘best’ in isolation.

Explain the governing physical idea before calculating.

Name every symbol and unit used in the key relation.

Check the result with an independent inverse, bound or order-of-magnitude test.

From engines to autonomy: producing, storing and securing propellants is part of a complete Mars mission architecture.

A rocket does not move because it “pushes on air.” It accelerates exhaust mass backward and receives an opposite
momentum change. That is why a rocket engine works in vacuum. This module starts with that idea and builds thrust, mass
flow, specific impulse, nozzle function and the rocket equation. The goal is not formula memorisation; it is to understand
what every symbol measures and what physically changes when a value changes.

1. Force, acceleration and momentum
Force is measured in newtons, symbol N. In F = ma, force F acting on mass m produces acceleration a. A rocket engine
does not create momentum from nothing: it converts stored energy into a directed exhaust jet while total rocket-plus-exhaust
momentum is conserved.



A flying rocket also sees weight and aerodynamic forces. At vertical liftoff thrust must exceed weight to accelerate upward,
yet extremely high thrust-to-weight is not automatically ideal because structure, loads, control and consumption all matter.

Read the rocket as a force diagram
At any instant, acceleration comes from the vector sum of forces. For a simplified vertical climb, a = (F - mg - D)/m, where a
is acceleration in m/s², F thrust in newtons, m instantaneous mass in kilograms, g gravitational acceleration in m/s² and D
aerodynamic drag in newtons. Mass falls during the burn, so the same engine can produce a higher acceleration late in
flight than at ignition. This is why thrust-to-weight ratio is only a snapshot. A stage also has to remain controllable while
thrust rises, while dynamic pressure reaches its maximum and when propellant mass becomes small. A useful exercise is to
compute a at three vehicle masses and identify which constraint—structure, aerodynamics or propulsion—becomes
dominant in each phase.

2. Rocket thrust
NASA Glenn gives F = ṁVe + Ae(pe − p0). ṁ, “m-dot,” is mass flow in kg/s; Ve exhaust velocity in m/s; Ae exit area in m²; pe
exit pressure and p0 ambient pressure in pascals.

Propulsion: canonical mini-lessons
These mini-lessons form the module’s canonical quantitative reference. Numerical cases are teaching examples and must
remain distinct from mission data.

Acceleration from net force
a = (F_thrust − F_opposing) / m

1 — Concrete question
What does “a = (F_thrust − F_opposing) / m” compute in the context of “Acceleration from net force”?

2 — Intuition without symbols
Acceleration depends on the force that actually remains after opposing forces are removed, divided by the
mass being accelerated.

3 — Quantities
a: acceleration; F_thrust: useful thrust; F_opposing: sum of opposing forces; m: instantaneous mass.

4 — Formula
a = (F_thrust − F_opposing) / m

5 — Read aloud
Read “a = (F_thrust − F_opposing) / m” by naming every operation explicitly.

6 — Symbols and meaning
a: acceleration; F_thrust: useful thrust; F_opposing: sum of opposing forces; m: instantaneous mass.

7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
a in m/s²; forces in N; mass in kg.

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
Newton’s second law applies to net force, not gross thrust.

11 — Assumptions
Single axis, consistent force signs, and mass taken at the same instant.

12 — Unit check
a in m/s²; forces in N; mass in kg. Verify that units reduce to the announced output quantity.

13 — Numerical case



With F_thrust = 2.40 MN, F_opposing = 0.60 MN and m = 300,000 kg, a = (2.40−0.60)×10⁶/300,000 = 6.00
m/s².

14 — Why the calculation works
Newton’s second law applies to net force, not gross thrust.

15 — Algebraic check
The inverse check m·a + F_opposing must recover the original thrust.

16 — Mental estimate
A 1.8 MN net force on 0.3 million kilograms immediately suggests about 6 m/s².

17 — Interpretation
The result measures the instantaneous ability to change velocity along the selected axis.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
With forces fixed, lower mass increases acceleration; with mass fixed, more net force increases it
proportionally.

20 — Guided and autonomous exercises
Guided exercise. F_thrust = 2.60 MN, F_opposing = 0.70 MN and m = 300,000 kg. Compute a.

Detailed guided correction — open after trying

Net force = 1.90 MN = 1,900,000 N. a = 1,900,000/300,000 = 6.33 m/s².

Autonomous exercise. F_thrust = 2.20 MN, F_opposing = 0.50 MN and m = 250,000 kg.

Autonomous correction — open after trying

Net force = 1.70 MN. a = 1,700,000/250,000 = 6.80 m/s².

21 — Mission decision
Verify that available acceleration remains compatible with guidance, structure and trajectory.

Rocket-engine thrust
F = ṁ Vₑ + Aₑ(pₑ − p₀)

1 — Concrete question
What does “F = ṁ Vₑ + Aₑ(pₑ − p₀)” compute in the context of “Rocket-engine thrust”?

2 — Intuition without symbols
Thrust mainly comes from exhaust momentum and can receive an additional contribution from nozzle-exit
pressure difference.

3 — Quantities
F: thrust; ṁ: mass flow; Vₑ: exhaust velocity; Aₑ: exit area; pₑ: exit pressure; p₀: ambient pressure.

4 — Formula
F = ṁ Vₑ + Aₑ(pₑ − p₀)

5 — Read aloud
Read “F = ṁ Vₑ + Aₑ(pₑ − p₀)” by naming every operation explicitly.

6 — Symbols and meaning
F: thrust; ṁ: mass flow; Vₑ: exhaust velocity; Aₑ: exit area; pₑ: exit pressure; p₀: ambient pressure.

7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
F in N; ṁ in kg/s; Vₑ in m/s; Aₑ in m²; pressures in Pa.

9 — Convention



Keep the same frame, sign convention, time basis and system boundary throughout the calculation.
10 — Why this operation

The first term is momentum flow; the second converts a pressure difference acting on an area into force.
11 — Assumptions

Representative operating point with exit quantities consistent with the same environment.
12 — Unit check

F in N; ṁ in kg/s; Vₑ in m/s; Aₑ in m²; pressures in Pa. Verify that units reduce to the announced output quantity.
13 — Numerical case

With ṁ = 250 kg/s, Vₑ = 3,200 m/s, Aₑ = 1.20 m² and pₑ−p₀ = 20,000 Pa, F = 800,000 + 24,000 = 824,000 N =
824 kN.

14 — Why the calculation works
The first term is momentum flow; the second converts a pressure difference acting on an area into force.

15 — Algebraic check
Each term must be in newtons and their sum should remain positive for the engine case considered.

16 — Mental estimate
250×3,200 already gives 800 kN; a 24 kN pressure correction can only move the total by a few percent.

17 — Interpretation
The formula shows why thrust depends on both engine state and ambient pressure.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
With geometry and pressures fixed, increasing ṁ or Vₑ directly increases the momentum contribution.

20 — Guided and autonomous exercises
Guided exercise. ṁ = 240 kg/s, Vₑ = 3,300 m/s, Aₑ = 1.10 m² and pₑ−p₀ = 15,000 Pa.

Detailed guided correction — open after trying

ṁVₑ = 792,000 N; AₑΔp = 16,500 N; F = 808,500 N = 808.5 kN.

Autonomous exercise. ṁ = 200 kg/s, Vₑ = 3,400 m/s, Aₑ = 0.90 m² and pₑ−p₀ = 10,000 Pa.

Autonomous correction — open after trying

ṁVₑ = 680,000 N; AₑΔp = 9,000 N; F = 689,000 N = 689 kN.

21 — Mission decision
Evaluate thrust in the correct environment before deciding on acceleration, margin or sizing.

Propellant mass consumed
m_prop = ṁ × Δt

1 — Concrete question
What does “m_prop = ṁ × Δt” compute in the context of “Propellant mass consumed”?

2 — Intuition without symbols
A mass-flow rate becomes total mass when multiplied by the time over which it flows.

3 — Quantities
m_prop: consumed propellant mass; ṁ: average mass-flow rate; Δt: burn duration.

4 — Formula
m_prop = ṁ × Δt

5 — Read aloud
Read “m_prop = ṁ × Δt” by naming every operation explicitly.

6 — Symbols and meaning
m_prop: consumed propellant mass; ṁ: average mass-flow rate; Δt: burn duration.



7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
m_prop in kg; ṁ in kg/s; Δt in s.

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
Flow gives mass per second; multiplying by the number of seconds recovers total mass.

11 — Assumptions
Representative average flow and duration measured over the same interval.

12 — Unit check
m_prop in kg; ṁ in kg/s; Δt in s. Verify that units reduce to the announced output quantity.

13 — Numerical case
With ṁ = 250 kg/s for 150 s, m_prop = 250×150 = 37,500 kg = 37.5 t.

14 — Why the calculation works
Flow gives mass per second; multiplying by the number of seconds recovers total mass.

15 — Algebraic check
Dividing the resulting mass by duration must recover the average flow.

16 — Mental estimate
A quarter-tonne per second for 150 s should give just under 40 tonnes.

17 — Interpretation
The result sets the scale of propellant actually burned during the sequence.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
At fixed duration, consumed mass scales with flow; at fixed flow, it scales with time.

20 — Guided and autonomous exercises
Guided exercise. An engine consumes 420 kg/s for 125 s.

Detailed guided correction — open after trying

m_prop = 420×125 = 52,500 kg = 52.5 t.

Autonomous exercise. An engine consumes 300 kg/s for 90 s.

Autonomous correction — open after trying

m_prop = 300×90 = 27,000 kg = 27.0 t.

21 — Mission decision
Compare this consumption with actually usable loaded propellant, not merely geometric tank capacity.

Specific impulse from equivalent exhaust velocity
Isp = Vₑq / g₀

1 — Concrete question
What does “Isp = Vₑq / g₀” compute in the context of “Specific impulse from equivalent exhaust velocity”?

2 — Intuition without symbols
Specific impulse expresses propulsive performance as a reference time linked to equivalent exhaust velocity.

3 — Quantities
Isp: specific impulse; Vₑq: equivalent exhaust velocity; g₀: standard gravity.

4 — Formula



Isp = Vₑq / g₀
5 — Read aloud

Read “Isp = Vₑq / g₀” by naming every operation explicitly.
6 — Symbols and meaning

Isp: specific impulse; Vₑq: equivalent exhaust velocity; g₀: standard gravity.
7 — Pronunciation

Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
Isp in s; Vₑq in m/s; g₀ = 9.80665 m/s².

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
Velocity divided by acceleration gives time; this historical convention makes engines comparable.

11 — Assumptions
Equivalent exhaust velocity and g₀ expressed in consistent SI units.

12 — Unit check
Isp in s; Vₑq in m/s; g₀ = 9.80665 m/s². Verify that units reduce to the announced output quantity.

13 — Numerical case
With Vₑq = 3,200 m/s, Isp = 3,200/9.80665 = 326.31 s.

14 — Why the calculation works
Velocity divided by acceleration gives time; this historical convention makes engines comparable.

15 — Algebraic check
The product Isp×g₀ must recover Vₑq.

16 — Mental estimate
3,200 divided by about 10 gives a little over 320 s.

17 — Interpretation
A higher value means more equivalent exhaust velocity under the reference convention, not burn duration.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
Isp varies linearly with Vₑq while g₀ is fixed.

20 — Guided and autonomous exercises
Guided exercise. Vₑq = 3,400 m/s.

Detailed guided correction — open after trying

Isp = 3,400/9.80665 = 346.70 s approximately.

Autonomous exercise. Vₑq = 3,000 m/s.

Autonomous correction — open after trying

Isp = 3,000/9.80665 = 305.91 s approximately.

21 — Mission decision
Use the value corresponding to the engine and operating regime actually analysed in the mission budget.

Ideal Tsiolkovsky rocket equation
Δv = Vₑq ln(m₀ / m_f)

1 — Concrete question
What does “Δv = Vₑq ln(m₀ / m_f)” compute in the context of “Ideal Tsiolkovsky rocket equation”?



2 — Intuition without symbols
Ideal velocity change grows with exhaust performance and with the ratio of pre-burn to post-burn mass, but
mass ratio acts logarithmically.

3 — Quantities
Δv: ideal velocity change; Vₑq: equivalent exhaust velocity; m₀: initial mass; m_f: final mass; ln: natural
logarithm.

4 — Formula
Δv = Vₑq ln(m₀ / m_f)

5 — Read aloud
Read “Δv = Vₑq ln(m₀ / m_f)” by naming every operation explicitly.

6 — Symbols and meaning
Δv: ideal velocity change; Vₑq: equivalent exhaust velocity; m₀: initial mass; m_f: final mass; ln: natural
logarithm.

7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
Δv and Vₑq in m/s; m₀ and m_f in the same mass unit; their ratio is dimensionless.

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
Integrating momentum conservation for a variable-mass rocket produces the logarithmic dependence on mass
ratio.

11 — Assumptions
Ideal model: constant equivalent exhaust velocity with gravity, drag and steering losses excluded.

12 — Unit check
Δv and Vₑq in m/s; m₀ and m_f in the same mass unit; their ratio is dimensionless. Verify that units reduce to
the announced output quantity.

13 — Numerical case
With Vₑq = 3,200 m/s, m₀ = 100 t and m_f = 40 t, Δv = 3,200×ln(2.5) ≈ 2,932 m/s.

14 — Why the calculation works
Integrating momentum conservation for a variable-mass rocket produces the logarithmic dependence on mass
ratio.

15 — Algebraic check
The inverse m₀/m_f = exp(Δv/Vₑq) must recover the mass ratio.

16 — Mental estimate
ln(2.5) is a little below 1, so Δv should be slightly below 3,200 m/s.

17 — Interpretation
The result is an ideal potential; the mission must add real losses and margins.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
Increasing mass ratio helps, but with diminishing returns because of the logarithm.

20 — Guided and autonomous exercises
Guided exercise. Vₑq = 3,400 m/s, m₀ = 100 t and m_f = 50 t.

Detailed guided correction — open after trying

Ratio = 2; ln(2) = 0.6931; Δv = 3,400×0.6931 ≈ 2,357 m/s.

Autonomous exercise. Vₑq = 3,300 m/s, m₀ = 120 t and m_f = 45 t.

Autonomous correction — open after trying

Ratio = 2.6667; ln ≈ 0.9808; Δv ≈ 3,237 m/s.

21 — Mission decision



Compare ideal available Δv with the mission budget after losses and reserves.

Mixture ratio and flow split
O/F = ṁ_ox / ṁ_fuel ; ṁ_fuel = ṁ_total / (1 + O/F)

1 — Concrete question
What does “O/F = ṁ_ox / ṁ_fuel ; ṁ_fuel = ṁ_total / (1 + O/F)” compute in the context of “Mixture ratio and
flow split”?

2 — Intuition without symbols
Oxidizer-to-fuel ratio sets how total flow is split between the two propellant components.

3 — Quantities
O/F: mixture ratio; ṁ_ox: oxidizer flow; ṁ_fuel: fuel flow; ṁ_total: sum of both flows.

4 — Formula
O/F = ṁ_ox / ṁ_fuel ; ṁ_fuel = ṁ_total / (1 + O/F)

5 — Read aloud
Read “O/F = ṁ_ox / ṁ_fuel ; ṁ_fuel = ṁ_total / (1 + O/F)” by naming every operation explicitly.

6 — Symbols and meaning
O/F: mixture ratio; ṁ_ox: oxidizer flow; ṁ_fuel: fuel flow; ṁ_total: sum of both flows.

7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
Flows are in kg/s; O/F is dimensionless.

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
From ṁ_total = ṁ_fuel + ṁ_ox and ṁ_ox = (O/F)ṁ_fuel, the split follows directly.

11 — Assumptions
Clearly declared O/F convention and total flow referring to the same streams.

12 — Unit check
Flows are in kg/s; O/F is dimensionless. Verify that units reduce to the announced output quantity.

13 — Numerical case
With ṁ_total = 450 kg/s and O/F = 3.5, ṁ_fuel = 450/4.5 = 100 kg/s and ṁ_ox = 350 kg/s.

14 — Why the calculation works
From ṁ_total = ṁ_fuel + ṁ_ox and ṁ_ox = (O/F)ṁ_fuel, the split follows directly.

15 — Algebraic check
The sum 100 + 350 must recover 450 kg/s and 350/100 must recover 3.5.

16 — Mental estimate
A ratio of 3.5 means 4.5 total parts, one of which is fuel.

17 — Interpretation
The split constrains feed systems, tanks and stability of the engine operating point.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
At fixed total flow, increasing O/F lowers the fuel fraction and raises the oxidizer fraction.

20 — Guided and autonomous exercises
Guided exercise. ṁ_total = 600 kg/s and O/F = 2.5.

Detailed guided correction — open after trying

ṁ_fuel = 600/3.5 = 171.43 kg/s; ṁ_ox = 600−171.43 = 428.57 kg/s.

Autonomous exercise. ṁ_total = 500 kg/s and O/F = 4.0.



Autonomous correction — open after trying

ṁ_fuel = 500/5 = 100 kg/s; ṁ_ox = 400 kg/s.

21 — Mission decision
Verify that both feed circuits can supply their target flows with required margin.

Nozzle expansion ratio
ε = Aₑ / A*

1 — Concrete question
What does “ε = Aₑ / A*” compute in the context of “Nozzle expansion ratio”?

2 — Intuition without symbols
Expansion ratio compares nozzle exit area with throat area and measures how much the nozzle expands
downstream of the throat.

3 — Quantities
ε: expansion ratio; Aₑ: exit area; A*: throat area.

4 — Formula
ε = Aₑ / A*

5 — Read aloud
Read “ε = Aₑ / A*” by naming every operation explicitly.

6 — Symbols and meaning
ε: expansion ratio; Aₑ: exit area; A*: throat area.

7 — Pronunciation
Say subscripts, exponents, Greek letters and operations explicitly so another person can reconstruct the
relation without seeing the page.

8 — Units
Areas in the same unit, typically m²; ε is dimensionless.

9 — Convention
Keep the same frame, sign convention, time basis and system boundary throughout the calculation.

10 — Why this operation
The quotient of two areas directly describes relative geometric expansion.

11 — Assumptions
Areas taken from effective sections of the same nozzle.

12 — Unit check
Areas in the same unit, typically m²; ε is dimensionless. Verify that units reduce to the announced output
quantity.

13 — Numerical case
With Aₑ = 1.50 m² and A* = 0.10 m², ε = 1.50/0.10 = 15.

14 — Why the calculation works
The quotient of two areas directly describes relative geometric expansion.

15 — Algebraic check
Aₑ = εA* must recover 1.50 m².

16 — Mental estimate
An exit fifteen times the throat area gives an expansion ratio of 15.

17 — Interpretation
The ratio helps explain nozzle adaptation to pressure conditions, without by itself predicting performance.

18 — What the result does not prove
This result proves neither universal validity of the model nor quality of the inputs; it applies only to the stated
scenario and assumptions.

19 — Sensitivity
With throat area fixed, increasing exit area increases ε linearly.

20 — Guided and autonomous exercises
Guided exercise. Aₑ = 2.40 m² and A* = 0.12 m².



Detailed guided correction — open after trying

ε = 2.40/0.12 = 20.

Autonomous exercise. Aₑ = 1.80 m² and A* = 0.15 m².

Autonomous correction — open after trying

ε = 1.80/0.15 = 12.

21 — Mission decision
Match expansion ratio to the intended pressure regime before validating nozzle geometry.

Guided exercise A
An engine exhausts 250 kg/s at an equivalent 3,200 m/s. Neglecting pressure thrust, find F.

F = 250 × 3,200 = 800,000 N = 800 kN. The prefix k means one thousand.

3. Throat and nozzle
Hot high-pressure gas accelerates through the nozzle. At the minimum-area throat the flow can choke at Mach 1; the
divergent section then accelerates supersonic flow and converts thermal/pressure energy into directed velocity. Area ratio
influences exit pressure and velocity, so sea-level and vacuum engines can use very different nozzle geometry.

Nozzle expansion connects chamber conditions to the environment
The throat can choke the flow, fixing a mass-flow relationship for given upstream conditions, while the divergent nozzle
converts pressure and thermal energy into exhaust velocity. Exit area therefore matters together with ambient pressure.
Define expansion ratio ε = Aₑ/A*, where Aₑ is nozzle exit area and A* throat area; both are measured in m², so ε has no unit.
A larger ratio is not automatically better. At sea level an over-expanded nozzle can suffer flow separation and side loads,
whereas an upper-stage engine can exploit a much larger expansion ratio in near-vacuum. That single trade connects
thermodynamics, structure and vehicle architecture. It also explains why engines optimised for different flight phases can
look very different even when their propellants are similar.

4. Specific impulse is efficiency, not power
Specific impulse Isp is measured in seconds. NASA Glenn relates it to equivalent exhaust velocity: Isp = Veq/g₀, with g₀ ≈
9.80665 m/s². Higher Isp means more impulse per unit propellant weight; it does not guarantee high thrust.

Guided exercise B
For Veq = 3,200 m/s, estimate Isp.

Isp = 3,200 ÷ 9.80665 ≈ 326 s. This is a propulsion-performance quantity, not engine burn duration.

Specific impulse belongs with exhaust velocity and flow
Specific impulse Isp is measured in seconds and relates effective exhaust velocity to standard gravity through vₑ = Isp g₀,
where g₀ ≈ 9.80665 m/s². An engine with Isp = 350 s therefore has vₑ ≈ 3,432 m/s. Isp describes propellant efficiency, not
thrust or power. Two engines can share the same Isp while producing very different thrust because mass flow differs. For a
rough momentum-thrust estimate F ≈ ṁvₑ, 100 kg/s at 3,432 m/s gives about 343 kN, while 300 kg/s gives about 1.03 MN.
This distinction prevents a common mistake: selecting an engine by Isp alone without checking acceleration, burn time, tank
size, thermal limits and mission duration.



5. The rocket equation and mass ratio
The ideal Tsiolkovsky equation is Δv = Veq ln(m₀/mf). Δv is ideal velocity increment in m/s, Veq equivalent exhaust velocity,
m₀ initial mass, mf final mass, and ln the natural logarithm. The logarithm explains why extra velocity becomes progressively
expensive in propellant.

Guided exercise C
m₀ = 100 t, mf = 40 t, Veq = 3,200 m/s. Find ideal Δv.

Mass ratio = 2.5; ln(2.5) ≈ 0.916; Δv ≈ 2,930 m/s. Gravity, drag, steering, reserves and residuals are not included.

Tsiolkovsky exposes the exponential penalty
The ideal rocket equation is Δv = vₑ ln(m₀/m₁). Δv is the ideal velocity change in m/s, vₑ effective exhaust velocity in m/s, m₀
mass before the burn and m₁ mass after the burn in kilograms. The logarithm acts on the dimensionless ratio m₀/m₁. With vₑ
= 3,400 m/s and a required ideal Δv of 3,000 m/s, m₀/m₁ = exp(3000/3400) ≈ 2.42. The initial mass must therefore be about
2.42 times the final mass even before gravity and aerodynamic losses are included. Staging exists because discarding
tanks, engines and structure that no longer contribute lets the mission start a new mass ratio instead of carrying every
empty component through the remaining Δv.

6. From equation to real engine
Real engines add injectors, chamber, ignition, turbopumps or pressure-fed systems, cooling, valves, mixture control and
thrust-vector hardware. Engine cycle, chamber pressure, propellants, reuse and restart requirements are coupled choices.
Failures include cavitation, combustion instability, leaks, wall overtemperature, valve faults and bad sensor data.

7. End-of-module check
Explain why rockets work in vacuum.

State the units of ṁ, Ve, pressure and thrust.

Explain thrust versus Isp.

Repeat exercise C for mf = 50 t.

Explain why a large vacuum nozzle is awkward at sea level.

Associated calculators
Apply this module with:

Delta-v calculator — ideal rocket equation

8. Chamber pressure, flow and sizing: read the causal chain
Higher chamber pressure can improve nozzle performance and reduce some dimensions for a given thrust, but it also raises
structural stress, thermal load and feed-system power. No pressure value is “better” in isolation. Ask how tanks, turbopumps,
injectors, chamber, cooling and nozzle survive together.

Mass flow connects engine and tanks. If ṁ = 250 kg/s for 150 s, propellant consumed is m = ṁΔt = 37,500 kg = 37.5 t,
assuming constant flow. This simple check quickly exposes implausible tank or burn-duration numbers.

Exercise D
A stage burns propellant at 420 kg/s for 125 s. Only 97% of the loaded propellant is available for the planned burn because
the remainder is reserved or unusable. Determine (1) propellant consumed during the burn, (2) minimum loaded propellant
mass, and (3) the corresponding unavailable/reserve mass. Show units at every step.



Detailed correction — Exercise D
Step 1 — burn consumption. 420 kg/s × 125 s = 52,500 kg.

Step 2 — loaded mass. If 97% is usable, loaded mass = 52,500 kg ÷ 0.97 ≈ 54,124 kg.

Step 3 — reserve/unavailable mass. 54,124 − 52,500 ≈ 1,624 kg. The check is that 0.97 × 54,124 ≈ 52,500 kg.

Chamber pressure changes more than thrust
Raising chamber pressure can reduce some nozzle dimensions or improve performance, but it also raises pump discharge
pressure, injector pressure drop, structural stress and heat-transfer demand. The gain must therefore be evaluated at
system level. If higher pressure requires heavier turbomachinery or thicker walls, part of the propulsion benefit returns as dry
mass. A design review should trace the change through thrust, Isp, engine mass, cooling, start transients and test capability.
Pressure is a powerful design variable precisely because it connects so many subsystems; it is not a free performance
knob.

9. Mixture ratio: two tanks that should finish by design
If oxidizer-to-fuel ratio O/F = 3.5 and total flow is 450 kg/s, fuel flow is 450/(1+3.5) = 100 kg/s and oxidizer flow 350 kg/s.
Densities then convert those masses into tank volumes. Mixture-ratio drift also changes flame temperature, gas properties
and margin.

Mixture ratio closes two propellant inventories
Mixture ratio can be defined as O/F = ṁox/ṁfuel, oxidiser mass flow divided by fuel mass flow. Both flows use kg/s, so O/F
is dimensionless. If total flow is 600 kg/s at O/F = 2.5, fuel flow is 600/(1+2.5) ≈ 171.4 kg/s and oxidiser flow about 428.6
kg/s. Over 180 s, ideal consumption is roughly 30.9 t of fuel and 77.1 t of oxidiser. Tank sizing must then add unusable
residuals, guidance reserve, start and shutdown transients and any propellant used for cooling or conditioning. Poor
inventory closure can leave tonnes of one propellant aboard after the other has become the true limiting resource.

10. Cooling a chamber that could destroy itself
Combustion gas can be hotter than wall materials tolerate. Regenerative cooling circulates propellant through wall channels;
film cooling protects selected regions; ablative approaches intentionally consume material. Reuse turns one-time survival
into fatigue, cracking, erosion and inspection problems across many cycles.

11. Recognise engine cycles by energy flow
A gas-generator cycle burns some propellant separately to drive pumps. Staged combustion routes preburner products into
the main chamber. An expander cycle uses propellant heated in cooling passages to power a turbine. Instead of memorising
names, ask: where does pump power come from, where do turbine gases go, and what limits the cycle?

Cooling is a heat-flux problem, not a material slogan
Combustion gas temperature can exceed the allowable temperature of the chamber wall material. The wall survives
because heat transfer to it is limited and because heat is removed by regenerative coolant, film cooling, radiation or a
combination of methods. Engineers often reason in heat flux q'', measured in W/m², watts per square metre. A region
receiving twice the heat flux does not simply require twice the metal: conductivity, wall thickness, coolant temperature and
mechanical stress interact. Post-test inspection therefore looks for erosion, cracks, hot spots and flow changes. Reusable
engines add fatigue and life consumption; surviving one burn does not demonstrate that the same wall can survive hundreds
of thermal cycles without changing its margin.

12. Diagnostic workshop: thrust is 5% low
Possible causes include low mass flow, lower effective exhaust velocity, abnormal chamber pressure, mixture-ratio shift or
bad measurement. Engineering compares independent sensors and mass/pressure budgets before declaring a cause. A
low-thrust reading is a symptom, not a diagnosis.



Diagnose thrust loss before changing hardware
A measured 5% thrust loss is compatible with several causes: reduced mass flow, lower effective exhaust velocity, abnormal
chamber pressure, mixture-ratio error or a miscalibrated force measurement. Diagnosis begins with independent evidence.
Propellant-flow measurements can be checked against tank mass change, while chamber pressure and temperature
provide additional constraints. From F ≈ ṁvₑ, a 3% mass-flow reduction combined with roughly 2% lower effective exhaust
velocity gives about a 5% first-order thrust reduction. That agreement is still not proof of root cause. A useful test stand
records enough raw telemetry to reconstruct the event and to challenge the sensor chain before engineers alter injector,
turbomachinery or control settings.

13. Mini-project — size an ideal stage
Choose final mass 20 t, Veq = 3,400 m/s and ideal Δv = 3,000 m/s. Invert Tsiolkovsky: m₀/mf = exp(Δv/Veq). Compute mass
ratio, initial mass and ideal propellant. Then add 10% Δv margin and observe how initial mass grows. Real sizing must later
add gravity/drag losses, residuals, reserves, structure and trajectory constraints.

Turn the mini-project into a closed stage budget
The rocket equation is only the first line of a stage design. Add dry mass, payload, propellant reserve and realistic loss
allowances. If an ideal stage needs 3.5 km/s with vₑ = 3.4 km/s, mass ratio is exp(3.5/3.4) ≈ 2.80. With a 40 t final mass after
the burn, ideal initial mass is about 112 t and propellant about 72 t. If tanks, engine and structure already consume 18 t of
the final mass, only 22 t remains for payload and other equipment. The exercise should then vary dry mass by ±10% and Isp
by a few percent. Because mass ratio is exponential, seemingly small performance or structural changes can move payload
by tonnes.

14. Turning a performance number into a system question
Suppose two engines advertise different Isp values. The higher number does not end the trade. Ask whether both provide
required thrust, restart count, throttle range, storage life, thermal margin and packaging. An engine can be efficient in
propellant yet unsuitable because its thrust is too low or its propellant system is too heavy for the mission.

Likewise, chamber pressure should never be compared without feed-system mass and reliability. Raising pressure can
reduce some dimensions while increasing pump power, bearing load, seal demands and test difficulty. Spacecraft
engineering is full of such coupled trades.

15. Propellant density changes tank volume
Mass ratio is not the whole vehicle. Two propellant combinations with similar performance can have different densities,
changing tank volume, structural surface area and insulation. If 50 t of propellant has average density 1,000 kg/m³, ideal
fluid volume is 50 m³. At 500 kg/m³ it is 100 m³. Real tanks also need ullage and structure.

Cycle choice is a system trade, not a ranking
Gas-generator, staged-combustion and expander-type cycles organise turbomachinery and energy flow differently. No cycle
is universally “best.” A higher chamber pressure can improve performance or reduce some dimensions, but it raises pump
work, thermal loading, sealing difficulty and development demands. An expander cycle uses heat absorbed by the fuel to
drive machinery and is therefore linked to available heat-transfer area and propellant properties. A gas-generator cycle can
be mechanically simpler at the cost of exhausting some propellant outside the main chamber. Staged combustion routes
turbine exhaust into the chamber and can achieve high performance while increasing pressure and integration complexity.
The engineering comparison should therefore include thrust class, restart requirement, throttling, reuse, manufacturability
and test evidence rather than only Isp.

16. A reusable engine is a life-cycle problem
Repeated starts, thermal cycles, vibration and transients accumulate damage. Inspection intervals and acceptance criteria
therefore belong to engine architecture. “It survived one burn” is different evidence from “it can repeat the mission profile
with known life margin.”



Reusable propulsion adds inspection and life limits
A reusable engine is not defined by the fact that it can be ignited twice. Components accumulate thermal fatigue, bearing
cycles, erosion, seal wear and contamination. A life model therefore associates each hot-fire duration, start and transient
with inspection or retirement criteria. Some limits are measured directly, such as erosion or crack length; others are inferred
from cycle count and validated models. Reuse also changes operations: turnaround time, access to components, test
equipment and the cost of replacing a marginal part matter as much as peak performance. Reliability growth comes from
recording configuration and evidence after every firing so that a later anomaly can be related to actual hardware history
rather than an average engine description.

17. Final challenge
Design a notional stage by choosing thrust, mass flow and Isp. Check that F ≈ ṁg₀Isp is consistent, estimate propellant for a
burn time, then use the rocket equation to test whether the resulting mass ratio can deliver the intended ideal Δv. If the three
calculations disagree, revise the design rather than forcing the numbers.

Final challenge: separate model, measurement and requirement
For the final review, label every number as a requirement, measured value, derived value or assumption. A chamber
pressure measured on a test stand is evidence for that hardware and configuration; a mission acceleration limit is a
requirement; exhaust velocity calculated from Isp is derived; a future Mars ascent burn duration may be an assumption. The
distinction matters because each category changes differently when the design evolves. Then identify at least three
independent checks: thrust from load measurement versus flow and pressure, propellant use from flowmeters versus tank
mass, and predicted thermal margin versus post-test inspection. The goal is to show that a propulsion decision survives
more than one way of looking at the system.

Engineering studio — close a propulsion budget
Take a stage that must provide 3,200 m/s of Δv with a specific impulse Isp of 360 s. Tsiolkovsky’s equation gives the mass
ratio R = exp(Δv/(g0·Isp)). Here g0 = 9.80665 m/s² is standard gravity, Δv = 3,200 m/s and Isp = 360 s, so R ≈
exp(3200/(9.80665×360)) ≈ 2.48. If final mass after the burn is 8.0 t, ideal initial mass is therefore about 19.8 t and ideal
propellant mass about 11.8 t. This is not a vehicle estimate: it omits reserves, gravity loss, aerodynamic loss and unusable
residuals. Its purpose is to show why a few hundred extra metres per second can carry a large mass penalty.

The capstone then introduces a fault: measured thrust is 5% below prediction. The student separates quantities that change
immediately — acceleration and burn duration — from quantities that do not necessarily change — specific impulse if the
fault is a proportional flow restriction. The diagnosis must identify evidence to collect: chamber pressure, propellant flows,
mixture ratio, temperatures and valve positions, then define a stop criterion before landing or separation margin is
consumed.

A final propulsion check separates uncertainty in performance from uncertainty in mission demand. If chamber performance
is slightly below prediction while the required Δv is simultaneously revised upward, both effects must be propagated through
mass ratio before deciding whether reserve is still adequate. The student should report the nominal case, the combined
worst credible case and the measurement that would justify returning to the nominal estimate.

Sensitivity exercise — why a small change in specific impulse can change the whole
vehicle
The rocket equation is exponential in the velocity increment divided by exhaust velocity. That means a modest improvement
in specific impulse does not translate into the same percentage reduction of propellant for every mission. Recalculate a fixed
Δv first with one exhaust velocity and then with a value 5% higher; compare mass ratios rather than only propellant
percentages. The exercise teaches the most important habit in propulsion trades: sensitivity depends on where the design
sits on the exponential curve.

Then reverse the question. Keep the mass ratio fixed and ask how much additional Δv the higher specific impulse buys. This
shows why engine performance, tank fraction and staging must be evaluated together. No single “best Isp” exists if the
higher-performance engine also adds dry mass, cooling hardware or operational constraints.



Calculation laboratory — certified formula reasoning
This laboratory adds the zero-prerequisite reasoning chain used by the certified French Academy: read the formula, define
every symbol and unit, calculate step by step, then verify the result independently.

Mission reasoning lab — size a methane-oxygen departure stage
Scenario. A notional upper stage has a mass of 120,000 kg at ignition. Its engine cluster produces 2.40 MN of useful axial
thrust while gravity and other opposing forces total 0.60 MN at the instant considered. The stage expels 520 kg/s of
propellant with an equivalent exhaust velocity of 3,650 m/s. The purpose of this exercise is not to design a flight-ready
engine from three numbers; it is to practice the chain from force balance to acceleration, propellant consumption and ideal
delta-v without mixing concepts.

1. Start with force, not with a performance slogan
The net axial force is 2.40 MN − 0.60 MN = 1.80 MN. Converting meganewtons before dividing is essential: 1.80 MN =
1,800,000 N. The acceleration is therefore 1,800,000/120,000 = 15 m/s². Dividing by standard Earth gravity gives roughly
1.53 g of net acceleration. This number belongs to this instant and this axis. As propellant is consumed, mass falls and the
same thrust would produce a larger acceleration; changing attitude or flight conditions would also change the opposing-force
term.

2. Connect mass flow to burn duration
If the engines remain at 520 kg/s for 100 s, they consume 52,000 kg. That simple product is a powerful order-of-magnitude
guardrail. A claimed 100-second burn consuming only a few tonnes would be incompatible with the stated mass flow.
Conversely, a claimed consumption of hundreds of tonnes would exceed the stage’s starting mass. Always perform this
stock-versus-rate check before trusting a detailed simulation.

3. Separate thrust from propellant efficiency
Thrust answers “how hard is the engine pushing now?” Equivalent exhaust velocity answers a different question: “how much
momentum change is obtained per unit of expelled mass?” A stage can have high thrust and mediocre propellant efficiency,
or modest thrust and excellent efficiency. This distinction matters when comparing launch engines, vacuum engines and
electric propulsion. Do not rank propulsion systems by one number while ignoring mission duration, power, propellant
density, restart requirements or thermal limits.

4. Use the rocket equation only after defining the masses
Suppose an idealized burn begins at m₀ = 120,000 kg and ends at m_f = 70,000 kg. The mass ratio is 120,000/70,000 ≈
1.714. The natural logarithm is about 0.539. Multiplying by 3,650 m/s gives an ideal Δv of about 1,970 m/s. The inverse
check is exp(1,970/3,650) ≈ 1.714. This is an ideal velocity increment, not the actual increase in inertial speed after gravity,
drag and steering losses.

5. Inverse problem — how much final mass can remain?
If the required ideal Δv were 2,500 m/s with Vₑq = 3,650 m/s, the required mass ratio would be exp(2,500/3,650) ≈ 1.984.
Starting from 120,000 kg, the final mass would need to be about 60,500 kg. That final mass must still contain tanks,
engines, structure, payload, residuals and reserves. The calculation therefore turns a propulsion requirement into a mass-
budget question. If the resulting dry-plus-payload allowance is physically impossible, the answer is not “add more propellant
forever”; the architecture must change.

6. Decision check
Before accepting a propulsion sizing result, ask six questions: Are all forces expressed in the same axis? Are masses
defined at the correct burn instants? Is mass flow consistent with propellant inventory and burn time? Is exhaust
performance appropriate to the engine regime? Are pressure-thrust effects included or intentionally neglected? And is the
quoted delta-v ideal or already burdened by mission losses? A calculation that cannot answer those questions is not yet an
engineering result.



Failure modes and design judgement
Feed-system coupling. Increasing chamber pressure can improve nozzle performance, but pumps, valves, injectors, tanks
and thermal protection must then survive higher stresses and power demand. A propulsion trade is therefore a coupled
system trade. If a calculation improves ideal exhaust performance while silently exceeding turbopump power or chamber-
wall temperature limits, the propulsion result is not feasible.

Mixture ratio and synchronized depletion. A bipropellant engine is constrained by two propellant inventories. If oxidizer
and fuel tanks do not deplete in the intended ratio, usable propellant can remain stranded in one tank when the other is
exhausted. For a commanded burn, check both mass-flow components, not only total ṁ. The correct question is whether the
fuel and oxidizer reserves reach their required residuals at compatible times.

Transient operation. Start-up, shutdown, throttling and restart are not captured by steady thrust equations. Transients can
create mixture excursions, thermal shocks and pressure overshoot. Mission planning must therefore separate steady-state
performance from qualification limits for ignition cycles and throttling envelopes.

Architecture decision. When a stage fails the delta-v requirement, there are several levers: improve exhaust velocity,
reduce dry mass, increase propellant fraction, add staging, change trajectory or reduce payload. The rocket equation
exposes the trade but does not choose among them. The preferred solution is the one that closes mass, structural, thermal,
reliability and operational budgets together.

Zero-prerequisite concepts
These concept cards define the vocabulary that a first-time learner must master before using it operationally.

force
Definition. A force is an interaction that can change an object’s motion or deform it. Its SI unit is the newton (N).

Example. Rocket thrust is a force, while gravity and aerodynamic forces act in other directions.

Pitfall. A large force does not guarantee large acceleration if the accelerated mass is also large.

Mental check. For the same mass, a larger acceleration requires a larger net force.

Guided exercise — force
Situation to recognize. A force is an interaction that can change an object’s motion or deform it. Its SI unit is the newton
(N).

Check requested. For the same mass, a larger acceleration requires a larger net force.

Error to reject. A large force does not guarantee large acceleration if the accelerated mass is also large.

Reasoned solution

Precise meaning
A force is an interaction that can change an object’s motion or deform it. Its SI unit is the newton (N).

Case test
For the same mass, a larger acceleration requires a larger net force.

Excluded pitfall
A large force does not guarantee large acceleration if the accelerated mass is also large.

Operational consequence
Use this check before accepting a result in mission design: For the same mass, a larger acceleration requires a
larger net force.

Quantification
force: use the unit or dimension defined by the physical quantity; if the concept is qualitative, do not invent a
numerical unit.

Verification
force: compare the conclusion with the mental check and the stated pitfall.



thrust
Definition. Thrust is the propulsive force produced by an engine, mainly through expelled momentum plus any nozzle
pressure contribution.

Example. A launch engine may produce meganewtons of thrust, while an electric thruster produces tiny thrust for a very
long time.

Pitfall. Thrust and efficiency or specific impulse are different properties.

Mental check. At liftoff, total upward thrust must exceed weight before the vehicle can accelerate upward.

Guided exercise — thrust
Situation to recognize. Thrust is the propulsive force produced by an engine, mainly through expelled momentum plus any
nozzle pressure contribution.

Check requested. At liftoff, total upward thrust must exceed weight before the vehicle can accelerate upward.

Error to reject. Thrust and efficiency or specific impulse are different properties.

Reasoned solution

Precise meaning
Thrust is the propulsive force produced by an engine, mainly through expelled momentum plus any nozzle pressure
contribution.

Case test
At liftoff, total upward thrust must exceed weight before the vehicle can accelerate upward.

Excluded pitfall
Thrust and efficiency or specific impulse are different properties.

Operational consequence
Use this check before accepting a result in mission design: At liftoff, total upward thrust must exceed weight before
the vehicle can accelerate upward.

Quantification
thrust: use the unit or dimension defined by the physical quantity; if the concept is qualitative, do not invent a
numerical unit.

Verification
thrust: compare the conclusion with the mental check and the stated pitfall.

specific impulse
Definition. Specific impulse is a propulsion performance measure related to how effectively propellant produces thrust; it is
commonly expressed in seconds.

Example. Two engines can have similar thrust but very different propellant consumption because their specific impulses
differ.

Pitfall. Specific impulse is not a force and should not be confused with total impulse.

Mental check. At equal thrust, higher specific impulse generally means lower propellant mass-flow rate.

Guided exercise — specific impulse
Situation to recognize. Specific impulse is a propulsion performance measure related to how effectively propellant
produces thrust; it is commonly expressed in seconds.

Check requested. At equal thrust, higher specific impulse generally means lower propellant mass-flow rate.

Error to reject. Specific impulse is not a force and should not be confused with total impulse.

Reasoned solution

Precise meaning
Specific impulse is a propulsion performance measure related to how effectively propellant produces thrust; it is
commonly expressed in seconds.



Case test
At equal thrust, higher specific impulse generally means lower propellant mass-flow rate.

Excluded pitfall
Specific impulse is not a force and should not be confused with total impulse.

Operational consequence
Use this check before accepting a result in mission design: At equal thrust, higher specific impulse generally means
lower propellant mass-flow rate.

Quantification
specific impulse: use the unit or dimension defined by the physical quantity; if the concept is qualitative, do not invent
a numerical unit.

Verification
specific impulse: compare the conclusion with the mental check and the stated pitfall.

thrust-to-weight ratio
Definition. Thrust-to-weight ratio compares thrust force with the vehicle’s weight force under the stated gravity.

Example. A launch vehicle needs a ratio above 1 at liftoff to accelerate upward.

Pitfall. Using mass instead of weight in the denominator creates a dimensional mistake.

Mental check. If thrust stays constant while vehicle mass falls during the burn, thrust-to-weight ratio should rise.

Guided exercise — thrust-to-weight ratio
Situation to recognize. Thrust-to-weight ratio compares thrust force with the vehicle’s weight force under the stated gravity.

Check requested. If thrust stays constant while vehicle mass falls during the burn, thrust-to-weight ratio should rise.

Error to reject. Using mass instead of weight in the denominator creates a dimensional mistake.

Reasoned solution

Precise meaning
Thrust-to-weight ratio compares thrust force with the vehicle’s weight force under the stated gravity.

Case test
If thrust stays constant while vehicle mass falls during the burn, thrust-to-weight ratio should rise.

Excluded pitfall
Using mass instead of weight in the denominator creates a dimensional mistake.

Operational consequence
Use this check before accepting a result in mission design: If thrust stays constant while vehicle mass falls during the
burn, thrust-to-weight ratio should rise.

Quantification
thrust-to-weight ratio: use the unit or dimension defined by the physical quantity; if the concept is qualitative, do not
invent a numerical unit.

Verification
thrust-to-weight ratio: compare the conclusion with the mental check and the stated pitfall.

Beginner vocabulary checkpoint
These terms are intentionally interactive: focus or tap a term for its definition, then return to the surrounding calculation or
mission decision.

force — A push or pull quantified in newtons; net force changes motion.

acceleration — Rate at which velocity changes, measured in metres per second squared.

momentum — Mass multiplied by velocity; rocket thrust changes momentum by ejecting propellant.

mass flow — Mass passing through the engine each second, usually written ṁ and measured in kg/s.

exhaust velocity — Speed of exhaust relative to the engine; higher values can improve propellant efficiency.



nozzle exit area — Cross-sectional area at the nozzle exit, used in the pressure-thrust term.

ambient pressure — Pressure of the surrounding environment outside the nozzle.

exit pressure — Static pressure of the exhaust at the nozzle exit plane.

mass ratio — Initial mass divided by final mass for a burn or stage.

delta-v — Ideal or planned change in velocity available to perform a manoeuvre.

specific impulse — Propulsion performance measure commonly expressed in seconds.

propellant — Material consumed by a propulsion system, including fuel and oxidiser where applicable.

oxidiser — Chemical reactant that allows a fuel to release energy without relying on atmospheric oxygen.

mixture ratio — Relative propellant flow of oxidiser and fuel through a chemical rocket engine.

throttle — Commanded engine operating level between allowed minimum and maximum thrust.

staging — Discarding hardware or separating propulsion stages to improve mass efficiency.

gravity loss — Delta-v spent supporting or climbing in a gravitational field rather than changing useful trajectory
energy.

thrust-to-weight ratio — Thrust divided by vehicle weight; above one is required for vertical liftoff acceleration.

Sources and references
NASA Glenn — Rocket Thrust Equation · NASA Glenn — Specific Impulse · NASA — Rockets Rock Module.

FR↔EN competency matrix

# Français English Status

01 Accélération à partir de la force nette Acceleration from net force PASS

02 Poussée d’un moteur-fusée Rocket-engine thrust PASS

03 Masse de propergol consommée Propellant mass consumed PASS

04 Impulsion spécifique à partir de la vitesse équivalente Specific impulse from equivalent exhaust velocity PASS

05 Équation idéale de Tsiolkovski Ideal Tsiolkovsky rocket equation PASS

06 Rapport de mélange et partage des débits Mixture ratio and flow split PASS

07 Rapport d’expansion de la tuyère Nozzle expansion ratio PASS

https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/rocket-thrust-equation/
https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/specific-impulse/
https://www.nasa.gov/stem-content/rockets-rock-module/

