thrust formula physics

Understanding the Thrust Formula in Physics

thrust formula physics is a fundamental concept that explains the force propelling objects forward,
from the mighty rockets that launch us into space to the simple flapping of a bird's wings. At its core,
thrust is the reaction force described by Newton's Third Law of Motion, stating that for every action,
there is an equal and opposite reaction. This principle governs a vast array of phenomena, making its
understanding crucial in fields like aerospace engineering, automotive design, and even
biomechanics. This article will delve deeply into the various facets of thrust, exploring its fundamental
formula, its derivation, and its practical applications across different domains. We will dissect the
components that contribute to generating thrust, examine how engineers manipulate these elements
to achieve desired performance, and explore some real-world examples where the thrust formula
plays a pivotal role. Prepare to embark on a journey to demystify this essential force that drives so
much of our technological and natural world.
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The Fundamental Thrust Formula

The most widely recognized thrust formula in physics is derived from Newton's Second Law of Motion,
often expressed as F = ma. However, when dealing with thrust, which is essentially a force generated
by expelling mass, a more specific formulation is employed. The fundamental thrust formula
quantifies the force generated by a system that expels mass in one direction to achieve motion in the
opposite direction. This is commonly seen in jet engines and rocket propulsion. The core idea is that
the rate at which mass is ejected multiplied by the velocity at which it is ejected directly correlates to
the thrust produced.

Thrust as a Rate of Momentum Change

At its heart, thrust is a manifestation of the conservation of momentum. Momentum is defined as the
product of an object's mass and its velocity. When a system expels mass, it changes its own
momentum, and to conserve the total momentum of the system (the system and the expelled mass),
an equal and opposite change in momentum must occur for the system itself. This change in
momentum over time is precisely what we define as force, according to Newton's second law.
Therefore, thrust can be understood as the rate of change of momentum of the expelled fluid or
exhaust.

The Key Equation: Thrust = Mass Flow Rate x Exhaust Velocity

The most common and fundamental thrust formula is given by:



Thrust (T) = $\dot{m}$ x $v e$

Where:

T represents the thrust force.

$\dot{m}$ (pronounced "m-dot") is the mass flow rate of the expelled substance (e.g., air,
combustion products). This is the amount of mass ejected per unit of time, usually measured in
kilograms per second (kg/s).

$v_e$ is the effective exhaust velocity, which is the velocity at which the mass is expelled relative to
the propulsion system. This is typically measured in meters per second (m/s).

This equation elegantly captures the essence of propulsion: the faster you eject mass, and the more
mass you eject per second, the greater the resulting thrust. Think of it like a garden hose; the more
water you force out per second, and the faster it shoots out, the stronger the backward push you feel.

Pressure Thrust: An Additional Component

While the $\dot{m}$ x $v_e$ term is the dominant factor in many propulsion systems, especially
rockets, there's another component to consider, particularly in jet engines operating within an
atmosphere: pressure thrust. This arises from the difference in pressure between the exhaust gases
exiting the nozzle and the ambient atmospheric pressure.

The pressure thrust component can be expressed as:
Pressure Thrust = ($P_e$ - $P_a$) x $A e$

Where:

$P e$ is the static pressure of the exhaust gases at the nozzle exit.
$P_a$ is the ambient atmospheric pressure.

$A_e$ is the area of the nozzle exit.

When the exhaust pressure ($P_e$) is greater than the ambient pressure ($P_a$), the exhaust gases
push outwards on the nozzle exit area ($A_e$), generating an additional forward thrust. Conversely, if
$P e$ is less than $P_a$, this component can actually detract from the total thrust. In ideal conditions
for rocket engines operating in a vacuum, the ambient pressure is zero, so pressure thrust is not a
consideration. For jet engines, it's a significant factor that designers optimize.

Deriving the Thrust Formula: Newton's Laws in Action

Understanding the origins of the thrust formula requires a dive into the foundational principles of
physics, specifically Newton's laws of motion. These laws provide the bedrock upon which our
understanding of forces and their effects is built. The derivation of the thrust formula is a direct
consequence of Newton's Second and Third Laws.

Newton's Second Law: Force and Momentum
Newton's Second Law of Motion states that the net force acting on an object is equal to the rate of
change of its momentum. Mathematically, this is often written as F = dp/dt, where F is the net force, p

is momentum (mass x velocity), and dt represents the change in time.

Consider a propulsion system, like a rocket. The rocket expels mass (combustion products) at a high
velocity. Let's say the rocket expels a small mass, $\Delta m$, in a small time interval, $\Delta t$,



with an exhaust velocity of $v_e$. The momentum change of the expelled mass in the backward
direction is $\Delta m \times v_e$.

According to Newton's Third Law, for every action, there is an equal and opposite reaction. The action
here is the expulsion of mass backward. The reaction is the forward force exerted on the rocket.
Therefore, the force experienced by the rocket due to this expulsion is equal in magnitude but
opposite in direction to the rate of change of momentum of the expelled mass.

Applying the Concept to Continuous Mass Expulsion

In reality, propulsion systems expel mass continuously, not in discrete packets. To account for this
continuous process, we use calculus. We consider the rate at which mass is ejected, which is the mass
flow rate, $\dot{m}$ (the derivative of mass with respect to time, dm/dt). The momentum of the
mass ejected per unit time is $\dot{m} \times v_e$.

The rate of change of momentum of the expelled mass, in the backward direction, is $\dot{m}v_e$.
By Newton's Second Law, this is equal to the force exerted on the expelled mass. Consequently, the
force exerted by the expelled mass on the rocket (the thrust) is equal in magnitude and opposite in
direction.

Accounting for Pressure and Velocity Changes

While the $\dot{m}$ x $v_e$ term represents the momentum thrust, as mentioned earlier, it's crucial
to consider pressure effects, especially for systems operating within an atmosphere. The total thrust
is actually the sum of the momentum thrust and the pressure thrust.

Thrust (T) = ($\dot{m}$ x $v_e$) + (($P_e$ - $P_a$) x $A e$)

This comprehensive formula allows engineers to accurately predict and design propulsion systems.
The first term, $\dot{m}$ x $v_e$, is often referred to as the momentum thrust, and the second
term, (($P_e$ - $P_a$) x $A e$), is the pressure thrust. The success of a propulsion system hinges on
optimizing these components.

Factors Influencing Thrust

Several critical factors influence the amount of thrust a propulsion system can generate.
Understanding these variables is paramount for designing efficient and powerful engines. Engineers
constantly work with these parameters to achieve specific performance goals, whether it's for a small
drone or a massive intercontinental ballistic missile.

Mass Flow Rate ($\dot{m}$)

The mass flow rate is perhaps the most intuitive factor. Simply put, the more mass an engine can
expel per second, the greater the thrust it can produce. This is limited by the engine's design, its
ability to ingest or produce propellant, and the combustion process. For jet engines, this involves the
amount of air ingested and accelerated. For rockets, it's the rate at which propellant is consumed.
Increasing $\dot{m}$ requires larger engine components and more robust fuel delivery systems.

Exhaust Velocity ($v_e$)

The exhaust velocity is equally, if not more, important than the mass flow rate. A higher exhaust



velocity means that each unit of mass ejected carries more momentum, thus generating more thrust
for the same mass flow rate. This is why many advanced propulsion concepts focus on achieving
extremely high exhaust velocities. Factors influencing exhaust velocity include:

Combustion Temperature and Pressure: Higher temperatures and pressures within the combustion
chamber lead to faster-expanding exhaust gases, increasing velocity.

Nozzle Design: The shape and expansion ratio of the nozzle are critical for converting the thermal
energy of the exhaust into kinetic energy (velocity). A well-designed nozzle accelerates the gases
efficiently.

Propellant Properties: The type of fuel and oxidizer used in a rocket or the working fluid in other
propulsion systems can significantly impact the achievable exhaust velocity.

Ambient Pressure ($P_a$)

The ambient pressure plays a crucial role, especially for engines operating within an atmosphere, like
jet engines. A higher ambient pressure can reduce the effectiveness of the pressure thrust
component. This is why jet engines are most efficient at high altitudes where atmospheric pressure is
lower. For rockets operating in space, ambient pressure is virtually zero, making pressure thrust
negligible and the momentum thrust the sole contributor.

Nozzle Exit Area ($A_e$)

The nozzle exit area is directly linked to the pressure thrust component. A larger exit area, when
combined with a sufficient pressure difference ($P_e$ - $P_a$), can contribute significantly to overall
thrust. However, nozzle area also affects exhaust velocity. There's an optimal nozzle design for
specific operating conditions, balancing momentum and pressure thrust.

Propellant Specific Impulse ($1_{sp}$)
While not directly in the basic thrust formula, specific impulse is a crucial metric in rocket propulsion
that is closely related. It represents how efficiently a rocket engine uses propellant. It's often defined
as the total impulse (thrust multiplied by time) delivered per unit of propellant weight. A higher
$1 {sp}$ implies a higher effective exhaust velocity for a given propellant mass, leading to greater
thrust efficiency and range.
Types of Thrust
Thrust is not a monolithic concept; it manifests in various forms depending on the underlying physical
principles and the intended application. Understanding these different types helps us appreciate the
diversity of propulsion systems that exist and are being developed.
Reaction Thrust
This is the most common type of thrust, based directly on Newton's Third Law. It involves expelling
some form of matter backward to propel an object forward.

* Rocket Propulsion: Rockets expel hot combustion gases at high speeds. This is the classic

example of reaction thrust, enabling spaceflight.

* Jet Propulsion: Jet engines, like those on airplanes, ingest air, compress it, mix it with fuel,



combust it, and expel the hot gases at high velocity. The thrust generated allows aircraft to
overcome drag and achieve flight.

¢ Propeller Thrust: While often visualized differently, propellers also generate thrust through
reaction. They move a large volume of air or water backward, creating an equal and opposite
force that pushes the vehicle forward.

Aerodynamic Thrust

This type of thrust is generated by the interaction of a moving object with a fluid (like air or water),
exploiting differences in pressure or velocity.

* Wings of an Aircraft: While wings are primarily for lift, the airfoil shape creates lower
pressure on the upper surface and higher pressure on the lower surface, resulting in a net
upward force. In some contexts, particularly with angled wings, this can contribute to forward
motion.

» Sails of a Boat: Sails use the wind to generate a force that propels a boat. The wind flowing
over the curved sail creates a pressure difference, similar to how an airfoil works, resulting in
forward thrust.

Other Forms of Thrust

Beyond the primary categories, there are more specialized or emerging methods of generating thrust.

* lon Thrusters: These electric propulsion systems use electric fields to accelerate ions to very
high speeds. They produce very low thrust but are extremely efficient, making them ideal for
long-duration space missions.

e Solar Sails: These are large, thin sheets that use the pressure of sunlight (photons) to
generate a very small but continuous thrust, allowing spacecraft to travel without expending
propellant.

* Gravitational Slingshot: While not generating thrust in the traditional sense, planetary

gravity assists can be used to increase a spacecraft's velocity by drawing energy from a
planet's orbit, effectively imparting a significant "boost."

Applications of Thrust Formulas

The principles governing the thrust formula are not confined to academic exercises; they are the
bedrock of countless real-world technologies and engineering marvels. From the earliest flying
machines to cutting-edge spacecraft, understanding and applying thrust calculations is indispensable.

Aerospace Engineering



This is perhaps the most obvious field where thrust formulas are critical.

* Rocket Design: The thrust formula is fundamental for calculating the required thrust to
overcome gravity and atmospheric drag for launch vehicles. Engineers use it to size engines,
determine fuel requirements, and predict ascent trajectories. The specific impulse and exhaust
velocity are key parameters derived from the thrust equation.

* Jet Engine Performance: For aircraft, the thrust generated by jet engines must be sufficient
to overcome drag at various speeds and altitudes. The thrust formula helps engineers optimize
engine design for fuel efficiency, speed, and operational range.

 Aircraft Design: Understanding the interplay of lift, drag, and thrust is essential for
aerodynamicists. The thrust generated by the engines directly counteracts drag and allows the
aircraft to achieve the speed necessary for lift generation.

Automotive Industry

While cars don't typically expel mass to move, the principles of force and motion are still relevant.

e Performance Vehicles: The concept of thrust can be indirectly applied to understand the
acceleration capabilities of high-performance cars. While the force is generated by the tires'
grip on the road, the engine's power output and torque are analogous to the factors
contributing to thrust.

» Electric Vehicle Powertrains: In electric vehicles, the torque produced by the electric motor
and transferred to the wheels generates the driving force. While not a direct thrust formula
application, the power delivery and acceleration characteristics can be analyzed using similar
physics principles.

Marine and Submersible Vehicles
The propulsion of ships and submarines also relies on principles related to thrust.

e Ship Propellers: The thrust generated by ship propellers, which push water backward, is
calculated based on the same fundamental momentum exchange principles as aircraft
propellers.

e Submarine Propulsion: Submarines use various methods, from traditional propellers to

pump-jets, to generate the thrust needed for underwater movement, all governed by the laws
of motion and fluid dynamics.

Biomedical Applications



Even in the realm of biology, the concept of thrust can be observed.

e Locomotion: The way animals move, whether through flapping wings, kicking legs, or expelling
water (like squid), involves generating a reaction force. While not always described by a direct
mathematical formula, the underlying physics of action and reaction is the same.

The Future of Thrust Generation

The pursuit of more efficient, powerful, and sustainable propulsion systems continues to drive
innovation in the field of thrust generation. Scientists and engineers are constantly exploring new
frontiers, pushing the boundaries of what's possible.

Advanced Rocket Propulsion

The dream of interstellar travel necessitates advancements in rocket technology that go far beyond
current capabilities.

¢ Nuclear Thermal Propulsion: This technology uses a nuclear reactor to heat a propellant (like
hydrogen) to extremely high temperatures, expelling it at very high velocities. It promises
significantly higher exhaust velocities and specific impulse compared to chemical rockets.

e Fusion Propulsion: Harnessing the power of nuclear fusion, a staple of science fiction, could
provide an almost limitless energy source for propulsion. While still in its nascent stages of
research, fusion rockets could achieve unprecedented speeds and efficiencies.

e Antimatter Propulsion: The annihilation of matter and antimatter releases an immense
amount of energy, offering the theoretical potential for the most efficient propulsion known.
However, the challenges of producing and storing antimatter are immense.

Electric and Advanced Propulsion Systems

Beyond chemical rockets, electric and other advanced propulsion methods are evolving rapidly.

e Higher Power lon and Hall Thrusters: Ongoing research focuses on increasing the power
output and thrust density of electric propulsion systems, making them viable for a wider range
of missions, including faster transit times within the solar system.

e Magnetoplasmadynamic (MPD) Thrusters: These thrusters use electromagnetic forces to
accelerate plasma, offering a potential pathway to higher thrust levels than conventional ion
thrusters.

e Laser-Propelled Beamed Energy Propulsion: This concept involves beaming energy from a
powerful laser to a spacecraft, heating a propellant or directly pushing a sail. It could enable
high speeds without the need for the spacecraft to carry its own fuel.



Sustainable Propulsion

As environmental concerns grow, the development of greener propulsion solutions is becoming
increasingly important.

e Sustainable Aviation Fuels (SAFs): While still relying on jet engines, the development and
widespread adoption of SAFs aim to reduce the carbon footprint of air travel.

e Hybrid-Electric and Electric Aircraft: Research is actively underway to develop hybrid-
electric and fully electric aircraft, which would significantly reduce or eliminate emissions from
aviation.

The exploration of these future thrust generation methods highlights the ongoing quest to overcome
the limitations of current technology and unlock new possibilities for exploration, transportation, and
scientific discovery.

Questions and Answers

Q: What is the primary force that the thrust formula in physics describes?

A: The primary force that the thrust formula in physics describes is the propulsive force generated by
expelling mass in one direction to create motion in the opposite direction. This is a direct application
of Newton's Third Law of Motion.

Q: How does the mass flow rate affect thrust according to the thrust formula?

A: According to the thrust formula (T = $\dot{m}$ x $v_e$), the mass flow rate ($\dot{m}$) has a
direct and linear relationship with thrust. This means that if you increase the mass flow rate (the
amount of mass expelled per second) while keeping the exhaust velocity constant, the thrust
generated will also increase proportionally.

Q: Why is exhaust velocity a critical component in the thrust formula?

A: Exhaust velocity ($v_e$) is a critical component because it determines how much momentum is
imparted to the expelled mass per unit time. A higher exhaust velocity means each unit of mass
carries more momentum, resulting in a greater reaction force (thrust) on the propulsion system, even
with the same mass flow rate.

Q: In the context of the thrust formula, what is "pressure thrust"?

A: Pressure thrust is an additional component of the total thrust, particularly relevant for propulsion
systems operating within an atmosphere, like jet engines. It arises from the difference between the
pressure of the exhaust gases at the nozzle exit ($P_e$) and the ambient atmospheric pressure
($P_a$), multiplied by the nozzle exit area ($A_e$). This term, (($P_e$ - $P_a$) x $A e$), contributes
to the overall propulsive force.

Q: How does the thrust formula apply to rocket engines operating in a vacuum?

A: For rocket engines operating in a vacuum, the ambient atmospheric pressure ($P_a$) is effectively
zero. Therefore, the pressure thrust component becomes negligible. The total thrust is primarily
determined by the momentum thrust, calculated as the mass flow rate ($\dot{m}$) multiplied by the
exhaust velocity ($v_e$).



Q: Can the thrust formula be used to compare different types of engines, such as jet engines and
rocket engines?

A: Yes, the fundamental thrust formula can be used to compare the propulsive capabilities of different
engine types. While the underlying mechanisms for generating mass flow and exhaust velocity differ
(e.g., jet engines use atmospheric air, rockets carry their own propellant), the core equation T =
$\dot{m}$ x $v_e$ + (($P_e$ - $P_a$) x $A e$) allows for a quantitative comparison of the forces
they produce under specific operating conditions.

Q: What role does nozzle design play in optimizing thrust, as indicated by the thrust formula?

A: Nozzle design is crucial for optimizing thrust because it directly influences the exhaust velocity
($v_e$) and, in some cases, the pressure at the nozzle exit ($P_e$). A well-designed nozzle expands
the hot, high-pressure gases from the combustion chamber, converting thermal energy into kinetic
energy, thus maximizing $v_e$. It also influences the exit pressure, affecting the pressure thrust
component.

Q: Is the thrust formula the same for propellers as it is for jet engines?

A: The underlying physics principles of thrust generation are the same, rooted in Newton's laws and
momentum exchange. However, the specific application of the thrust formula can differ. For
propellers, the "expelled mass" is a large volume of air or water moved backward, and calculating the
effective mass flow rate and exhaust velocity can be more complex than for a rocket or jet engine.
Nevertheless, the fundamental concept of thrust being related to mass moved and its velocity holds
true.
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