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Rocket Propellant Chemistry, A Design-Tradeoff Space

A chemical rocket engine converts the stored chemical energy of a propellant combination into the kinetic energy of a directed exhaust jet. The magnitude of that conversion, and the tradeoffs the engineer accepts to reach it, are determined almost entirely by the chemistry of the propellant combination. Every other subsystem in a rocket vehicle, the tank, the pump, the injector, the chamber, the nozzle, the guidance and control loop, and the payload interface, is arranged around the chemistry. Understanding the design space of chemical rockets therefore starts with the propellant.

This article opens a five-part series on rocket propellant chemistry. It establishes the vocabulary that the family articles will use, sketches the three principal families of chemical rocket propellants (solid, liquid, and hybrid), and characterizes the tradeoffs that determine which family and which specific combination a given mission favors. The four articles that follow each treat one family or subfamily in depth.


	A218 covers solid propellants. Composite propellants built on ammonium perchlorate oxidizer with a hydroxyl-terminated polybutadiene binder and aluminum fuel dominate the industrial family. Double-base propellants built on nitrocellulose and nitroglycerin form the older munitions tradition. Composite modified double-base combinations, ammonium dinitramide alternatives, and hydroxyl-terminated polyether binder systems represent the current research frontier.

	A219 covers cryogenic liquid propellants. Liquid oxygen paired with liquid hydrogen produces the highest specific impulse of any practical combination. Liquid oxygen paired with methane is the current commercial choice for reusable engines. Liquid oxygen paired with kerosene remains the workhorse of high-thrust first stages. The V-2 pairing of liquid oxygen with ethanol appears for historical reference.

	A220 covers storable and hypergolic liquid propellants and monopropellants. Nitrogen tetroxide paired with monomethylhydrazine, unsymmetrical dimethylhydrazine, and Aerozine 50 dominates spacecraft propulsion. Inhibited red fuming nitric acid paired with kerosene variants appears in tactical missile applications. Hydrazine monopropellant and high-test peroxide monopropellant cover attitude control and reaction control. The green propellant LMP-103S is discussed in its current-deployment context.

	A221 covers hybrid propellants. Hydroxyl-terminated polybutadiene fuel grain paired with liquid oxygen or nitrous oxide is the classical form. Paraffin fuels with higher regression rates represent the modern research direction. Metallized hybrids, storable hybrid combinations, and specific mission niches close the article.



The historical context and the propulsion physics that underlie the design space are covered in the Introduction to Space Studies article. That article develops the rocket equation and the definition of specific impulse from first principles. This series treats those results as established and turns to the chemistry that determines the numerical values the rocket equation consumes. The vehicle-level treatment of boost propulsion in the Staged and Boosted Propulsion article frames how a rocket stage fits into a larger mission budget. The delta-V budgets that motivate transport-class chemical rockets are worked in the Off-Grid Space Colonization Transportation article. Readers new to the physics of rocket propulsion should read the Space Studies article first.


Chemical Rocket Propulsion in One Diagram

A chemical rocket engine performs three operations. First, it delivers fuel and oxidizer to a combustion chamber at controlled rates and mixture ratios. Second, it burns the mixture at high pressure, producing a hot, high-molecular-density gas. Third, it accelerates that gas through a convergent-divergent nozzle, converting thermal energy into directed kinetic energy. The chemistry determines the temperature of combustion, the molecular weight of the exhaust, the pressure the chamber can sustain, and the ratio of specific heats of the exhaust gas. These four properties, together with the geometric expansion ratio of the nozzle, determine the specific impulse the engine can deliver.

The propellant family determines how the delivery and combustion phases are implemented. A solid propellant fuses fuel and oxidizer into a single cast grain, and combustion propagates along the exposed surface of the grain inside the chamber itself. A liquid propellant separates the fuel and oxidizer into two tanks, delivers them through pumps or pressurization to injectors that spray them into the chamber, and burns them in the chamber under active control. A hybrid propellant uses a solid fuel grain and a liquid oxidizer, delivering the oxidizer through an injector into the chamber where it flows over and reacts with the fuel grain’s surface. Each arrangement carries a distinct set of engineering constraints and a distinct set of chemistry choices.



Specific Impulse and Effective Exhaust Velocity

Specific impulse is the standard measure of a rocket engine’s efficiency. It is defined as the thrust produced per unit weight flow rate of propellant.

Isp=Fṁg0
I_{sp} = \frac{F}{\dot{m} \, g_0}


The variable FF is the thrust in newtons. The variable ṁ\dot{m} is the mass flow rate of propellant in kilograms per second. The constant g0g_0 is the standard gravitational acceleration, 9.806659.80665 meters per second squared. The resulting quantity carries units of seconds. Higher specific impulse indicates more thrust per unit weight of propellant expended per second, and therefore more delta-V per unit propellant mass expended.

The specific impulse relates directly to the effective exhaust velocity of the propellant.

ve=Ispg0
v_e = I_{sp} \, g_0


An engine with specific impulse of 300300 seconds produces an effective exhaust velocity of 29422942 meters per second. An engine with specific impulse of 450450 seconds produces an effective exhaust velocity of 44134413 meters per second. Both quantities describe the same physical property and convert between each other through multiplication by g0g_0.

Chemical rockets typically achieve specific impulse values between approximately 220220 seconds for solid propellants at the low end and approximately 450450 seconds for hydrogen-oxygen liquid propellants at the high end. Nuclear thermal rockets can exceed 900900 seconds. Electric propulsion systems reach 20002000 seconds to more than 1000010000 seconds. The chemical rocket ceiling is set by the maximum energy content of chemical bonds and by the practical constraints on chamber temperature and molecular weight. This series concerns itself with the chemical range.


Vacuum Specific Impulse and Sea-Level Specific Impulse

Rocket engines are quoted with two specific impulse values. The vacuum specific impulse, denoted Isp,vacI_{sp,vac}, is the value achieved when the exhaust exits into a vacuum with zero back pressure. The sea-level specific impulse, denoted Isp,SLI_{sp,SL}, is the value achieved when the exhaust exits against one standard atmosphere of back pressure. The vacuum value is higher because the pressure difference across the nozzle exit contributes positively to thrust when the back pressure is zero.

The two values are related by the pressure thrust term in the general thrust equation.

F=ṁve+(pe−p0)Ae
F = \dot{m} v_e + (p_e - p_0) A_e


The variable pep_e is the pressure of the exhaust at the nozzle exit. The variable p0p_0 is the ambient back pressure. The variable AeA_e is the nozzle exit area. In vacuum operation, p0p_0 is zero and the pressure thrust term contributes the full peAep_e A_e to thrust. At sea level, p0p_0 is one atmosphere and the pressure thrust term is smaller or, for an underexpanded exit, negative.

Upper-stage engines are quoted in vacuum specific impulse because they operate primarily in vacuum. First-stage engines are quoted in sea-level specific impulse because they operate against nontrivial atmospheric back pressure for much of their burn. A vacuum-optimized nozzle used at sea level performs badly because it is overexpanded and produces flow-separation losses. A sea-level-optimized nozzle used in vacuum performs badly because it is underexpanded and loses potential exit pressure thrust.



Theoretical and Delivered Specific Impulse

The specific impulse a propellant combination could achieve under ideal conditions is called theoretical specific impulse or shifting-equilibrium specific impulse. The value the engine actually delivers is called delivered specific impulse. The gap between the two is typically five to fifteen percent depending on chamber design, injector performance, combustion completeness, nozzle geometry, and boundary-layer losses. This series quotes delivered specific impulse where measured values are available and theoretical specific impulse where only calculation is possible. The distinction matters because a propellant that has never been flown in a production engine may show attractive theoretical numbers that are not achievable in practice for reasons the propellant developers have not yet identified.




The Determinants of Specific Impulse

The theoretical specific impulse of a chemical propellant combination is determined by four properties of the combustion and exhaust process. Chamber temperature, exhaust molecular weight, ratio of specific heats, and the pressure ratio across the nozzle. The first three are properties of the propellant chemistry. The fourth is a property of the engine design and the operating environment.

The idealized specific impulse of a rocket engine follows from the one-dimensional isentropic-nozzle-flow equations.

Isp=1g02γγ−1RTcM[1−(pepc)(γ−1)/γ]
I_{sp} = \frac{1}{g_0}
        \sqrt{ \frac{2 \gamma}{\gamma - 1}
               \, \frac{R T_c}{M}
               \left[ 1 - \left( \frac{p_e}{p_c} \right)^{(\gamma - 1)/\gamma} \right] }


The variable γ\gamma is the ratio of specific heats of the exhaust gas at the chamber conditions, typically between 1.151.15 and 1.301.30 for hot combustion products. The variable RR is the universal gas constant. The variable TcT_c is the chamber temperature in kelvin. The variable MM is the average molecular weight of the exhaust gas mixture. The ratio pe/pcp_e/p_c is the exit pressure divided by the chamber pressure.

The formula makes the design tradeoffs quantitative. Higher chamber temperature produces higher specific impulse, but chamber materials limit how hot the walls can safely sit. Lower exhaust molecular weight produces higher specific impulse, which favors propellants that release light combustion products such as water vapor and hydrogen. A larger pressure ratio across the nozzle produces higher specific impulse, which motivates higher chamber pressure and larger expansion ratios in vacuum-operating engines.


Chamber Temperature

Chamber temperature is set by the heat of combustion of the propellant combination and by the specific heats of the combustion products. For the same mass of propellant, a combination that releases more energy per kilogram burned produces a higher chamber temperature. Liquid hydrogen and liquid oxygen burning at a stoichiometric mixture ratio produce a chamber temperature of approximately 35503550 kelvin. Kerosene with liquid oxygen at stoichiometric ratio produces approximately 36703670 kelvin. Nitrogen tetroxide with monomethylhydrazine produces approximately 34003400 kelvin. These values move by hundreds of kelvin as mixture ratio departs from stoichiometric, as chamber pressure changes, and as dissociation consumes energy at very high temperatures.

Chamber materials constrain the temperature the engine can operate at safely. Uncooled steel or nickel alloy walls tolerate less than 12001200 kelvin sustained. Regeneratively cooled nickel or copper alloy walls, with propellant flowing through cooling passages before entering the injector, tolerate several thousand kelvin at the wall interface because the fluid carries the heat away. Film cooling and boundary-layer curtains, in which a thin layer of relatively cold fuel-rich mixture flows along the chamber wall, protect the wall from the peak gas temperature. Ablatively cooled chambers, in which the chamber wall progressively loses mass to the flow, tolerate very high gas temperatures at the cost of a finite firing duration. Each cooling strategy carries a chemistry constraint. Cooling imposes a maximum temperature at the wall interface and thereby caps the useful chamber temperature.



Exhaust Molecular Weight

Exhaust molecular weight is set by the identity of the combustion products. Water vapor has molecular weight 1818. Carbon dioxide has molecular weight 4444. Carbon monoxide has molecular weight 2828. Nitrogen has molecular weight 2828. Hydrogen chloride has molecular weight 36.536.5. Aluminum oxide has molecular weight 102102 and appears as condensed liquid or solid particles in the exhaust because the melting and boiling points of aluminum oxide exceed the typical exhaust temperature.

The exhaust of liquid oxygen and liquid hydrogen is nearly pure water vapor with a small amount of unburned hydrogen at fuel-rich operation. Average molecular weight is approximately 1212 to 1818 depending on mixture ratio. This exceptionally low molecular weight is why hydrogen-oxygen achieves the highest specific impulse of any practical combination.

The exhaust of a solid composite propellant contains water vapor, hydrogen chloride from the perchlorate oxidizer, nitrogen, and aluminum oxide condensed particles. Average gas-phase molecular weight is approximately 2424 to 2828. The condensed aluminum oxide particles reduce delivered specific impulse below the ideal value by imposing a two-phase-flow loss.

The exhaust of nitrogen-tetroxide and hydrazine variants contains water vapor, nitrogen, and hydrogen. Average molecular weight is approximately 2020 to 2525.



Ratio of Specific Heats

The ratio of specific heats, γ\gamma, sets how efficiently the isentropic nozzle expansion converts thermal energy into directed kinetic energy. Cold diatomic gases have γ\gamma near 1.41.4. Hot combustion products, whose polyatomic and dissociated species increase the vibrational-mode heat capacity, have γ\gamma in the range 1.151.15 to 1.301.30. Lower γ\gamma values produce higher specific impulse for the same chamber temperature and molecular weight. The dependence is weaker than the dependence on temperature or molecular weight but is not negligible.



Chamber Pressure and Expansion Ratio

Chamber pressure sets the potential specific impulse the nozzle can extract. Higher chamber pressure means the expansion ratio pc/pep_c / p_e can be larger for the same exit pressure, and larger expansion ratios extract more of the chamber’s thermal energy as directed kinetic energy. First-stage kerosene-oxygen engines typically operate at 7070 to 300300 bar chamber pressure. Upper-stage hydrogen-oxygen engines operate at 5050 to 200200 bar chamber pressure. Solid rocket motors operate at 3030 to 7070 bar. Hybrid motors operate at 3030 to 5050 bar.

Expansion ratio is the ratio of nozzle exit area to nozzle throat area. Sea-level engines use expansion ratios of 1010 to 3030. Vacuum-optimized upper-stage engines use expansion ratios of 6060 to 200200. The RL10A-4-2 upper stage engine uses an expansion ratio of 8484, and the RL10B-2 uses 285285 with an extendable nozzle. The J-2X design used 9292. The RS-25 engine, developed for the Space Shuttle and now flown on the Space Launch System, uses approximately 7878. The expansion-ratio choice is constrained by the ambient back pressure the engine must operate against and by the mass of the nozzle at large expansion ratios.




Characteristic Velocity and Thrust Coefficient

Specific impulse decomposes into two more fundamental parameters, characteristic velocity and thrust coefficient. The characteristic velocity, denoted c*c^*, characterizes the combustion process independent of the nozzle. The thrust coefficient, denoted CFC_F, characterizes the nozzle expansion process independent of the combustion.

c*=RTcMf(γ)
c^* = \sqrt{ \frac{R T_c}{M} } \, f(\gamma)


CF=2γ2γ−1(2γ+1)(γ+1)/(γ−1)[1−(pepc)(γ−1)/γ]+(pe−p0)pcAeAt
C_F = \sqrt{ \frac{2 \gamma^2}{\gamma - 1}
             \left( \frac{2}{\gamma + 1} \right)^{(\gamma + 1)/(\gamma - 1)}
             \left[ 1 - \left( \frac{p_e}{p_c} \right)^{(\gamma - 1)/\gamma} \right] }
    + \frac{(p_e - p_0)}{p_c} \frac{A_e}{A_t}


The relationship Ispg0=c*CFI_{sp} \, g_0 = c^* \, C_F decomposes specific impulse into a combustion contribution and a nozzle contribution. This decomposition matters for engine development because the two contributions can be measured separately. The characteristic velocity is measured with a sonic-throat plenum at the chamber conditions and requires no nozzle. The thrust coefficient can be measured against a fixed reference chamber. A new engine that delivers below expected specific impulse can be diagnosed by measuring which of the two parameters is deficient.

The characteristic velocity depends only on the propellant chemistry and the chamber conditions. Its value for hydrogen-oxygen at typical chamber conditions is approximately 24002400 meters per second. For kerosene-oxygen it is approximately 18401840 meters per second. For nitrogen-tetroxide with monomethylhydrazine it is approximately 17501750 meters per second. For a typical composite solid propellant it is approximately 15201520 meters per second.

The thrust coefficient depends on the nozzle expansion and the back pressure. Typical vacuum values range from 1.71.7 to 2.02.0 for chemical rockets. Typical sea-level values range from 1.41.4 to 1.71.7.



Oxidizer-to-Fuel Ratio

The oxidizer-to-fuel mass ratio, denoted O/FO/F or rr, determines the mixture that combusts and therefore the chamber temperature and exhaust composition. Each propellant combination has an O/FO/F ratio that maximizes specific impulse. That optimum is generally slightly fuel-rich rather than stoichiometric, because a small excess of fuel reduces exhaust molecular weight enough to more than compensate for the reduction in flame temperature.

The optimum O/FO/F ratio for liquid oxygen and liquid hydrogen is approximately 4.04.0 to 6.06.0 depending on chamber pressure and expansion ratio. Stoichiometric is 8.08.0. Engines run substantially fuel-rich to minimize exhaust molecular weight, at the cost of chamber temperature and carrying some unburned hydrogen through the nozzle. The RS-25 shuttle main engine ran at 6.06.0.

The optimum O/FO/F ratio for liquid oxygen and kerosene is approximately 2.32.3 to 2.62.6. Stoichiometric is 3.43.4. Engines run modestly fuel-rich. The Merlin engine runs at 2.362.36. The RD-180 runs at 2.722.72.

The optimum O/FO/F ratio for nitrogen tetroxide and monomethylhydrazine is approximately 1.61.6 to 2.22.2. Stoichiometric is 2.62.6. Engines run substantially fuel-rich.

The optimum O/FO/F ratio for a solid composite propellant is set by the formulator at the time of casting because the fuel and oxidizer are fused into a single grain. The grain composition, typically 6565 to 7070 percent ammonium perchlorate oxidizer, 1515 to 1818 percent aluminum fuel, and 1212 to 1818 percent hydroxyl-terminated polybutadiene binder, defines the O/FO/F ratio and cannot be changed during operation.

The optimum O/FO/F ratio for a hybrid propellant shifts during the burn as the fuel grain regresses and the port area changes. This oxidizer-to-fuel ratio shift is a distinctive characteristic of hybrid propellants and is discussed at length in A221.



Density Specific Impulse

Density specific impulse is the product of specific impulse and the average bulk density of the propellant combination. It measures the delta-V per unit tank volume rather than per unit propellant mass.

Isp,d=ρavgIsp
I_{sp,d} = \rho_{avg} \, I_{sp}


Density specific impulse matters for volume-limited vehicles and for first-stage applications where the mass of tankage is a significant fraction of dry mass. Liquid hydrogen has extremely low density, approximately 7171 kilograms per cubic meter, which means an oxygen-hydrogen combination that achieves 450450 seconds of specific impulse also requires large tanks per unit of onboard propellant mass. Kerosene at 810810 kilograms per cubic meter and liquid oxygen at 11411141 kilograms per cubic meter combine to a mixture density of approximately 10201020 kilograms per cubic meter. Oxygen-hydrogen at O/FO/F of 6.06.0 combines to a mixture density of approximately 360360 kilograms per cubic meter.

Density specific impulse for oxygen-kerosene is approximately 29002900 seconds times kilograms per cubic meter. For oxygen-hydrogen it is approximately 16201620. For nitrogen-tetroxide with monomethylhydrazine it is approximately 35503550. For a solid composite propellant with average density 17801780 it is approximately 470000470000 seconds times kilograms per cubic meter.

The high density specific impulse of solid propellants is one reason first-stage boost systems and tactical missiles favor solids despite their lower specific impulse. The low density specific impulse of oxygen-hydrogen is one reason first-stage vehicles pair hydrogen-oxygen upper stages with denser first-stage fuels.



The Three Families in Overview

The three principal families of chemical rocket propellants divide by the physical state of the fuel and oxidizer at the point of combustion.


Solid Propellants

Solid propellants combine fuel and oxidizer into a single cast grain that burns from an exposed surface into the chamber volume. The composite family, dominated by ammonium perchlorate oxidizer with hydroxyl-terminated polybutadiene binder and aluminum fuel, delivers specific impulse in the range 240240 to 270270 seconds at sea level. The double-base family, dominated by nitrocellulose plasticized with nitroglycerin, delivers 220220 to 240240 seconds and is found primarily in tactical munitions and sounding rockets. Composite modified double-base combinations reach 250250 to 270270 seconds. Advanced formulations using ammonium dinitramide oxidizer and hydroxyl-terminated polyether binder are in development at the research frontier.

Solid propellants offer excellent storability, high thrust-to-weight, high density specific impulse, and mechanical simplicity. They cannot be throttled after ignition, cannot be shut down and restarted, and produce exhaust with hydrogen chloride and aluminum oxide particulates that carry environmental and materials-compatibility constraints.



Liquid Propellants

Liquid propellants store fuel and oxidizer in separate tanks, deliver them through pumps or pressurization to injectors, and burn them under active control. The cryogenic subfamily (liquid oxygen paired with liquid hydrogen, methane, kerosene, or ethanol) requires refrigerated storage and delivers specific impulse in the range 300300 to 460460 seconds vacuum. The storable subfamily (nitrogen tetroxide with hydrazine variants, inhibited red fuming nitric acid with kerosene) can be stored at ambient temperature for extended periods and delivers 270270 to 340340 seconds vacuum. Monopropellants (hydrazine, high-test peroxide, LMP-103S) operate through catalytic or thermal decomposition rather than combustion and deliver 150150 to 250250 seconds vacuum.

Liquid propellants offer the highest specific impulse of any chemical propellant family, throttleability, restart capability, and precise thrust control. They require complex delivery systems, active thermal management for cryogenic propellants, and hazard management for toxic or reactive propellants.



Hybrid Propellants

Hybrid propellants combine a solid fuel grain with a liquid or gaseous oxidizer. The oxidizer, typically liquid oxygen or nitrous oxide, is injected into the chamber through an axial port in the fuel grain, and combustion occurs at the flame front established over the port surface. Delivered specific impulse ranges from 230230 to 350350 seconds depending on the specific combination and chamber conditions.

Hybrid propellants offer intermediate specific impulse, throttleability through oxidizer flow control, restart capability, and substantially better inert-storage safety than either solids or liquids because the fuel grain does not contain oxidizer and the oxidizer tank does not contain fuel. They are limited by the regression rate of the fuel grain, which constrains how much thrust the engine can produce for a given fuel-grain diameter, and by the oxidizer-to-fuel-ratio shift that occurs as the port enlarges during the burn.




Cross-Cutting Design Tradeoffs

Beyond the specific-impulse and density-specific-impulse considerations that the previous sections develop, several other properties differ between propellant families and drive family selection for specific missions.

Storability. A propellant’s ability to sit in a sealed tank for extended periods without loss, decomposition, or hazardous incidents constrains which propellants are usable for missions with long dormant phases. Cryogenic propellants boil off and require topping or venting. Some hypergolic propellants are toxic and corrosive to common tank materials. Solid propellants sit stably for decades in well-designed cases. Monopropellants sit stably with catalyst separation. Storability drives tactical missile and spacecraft propulsion toward solids and storable liquids over cryogenics.

Toxicity. Hydrazine variants are acutely toxic and carcinogenic. Nitrogen tetroxide is corrosive and toxic. Fluorine-based oxidizers are extremely toxic and reactive. Hydrogen chloride in solid rocket exhaust is corrosive. These considerations drive ground-handling costs, launch site restrictions, and public-perception concerns.

Throttleability. Liquid engines can throttle across ratios of 2:12:1 to 10:110:1 depending on injector and pump design. Hybrid engines throttle across ratios of 2:12:1 to 5:15:1 through oxidizer flow control. Solid motors cannot throttle after ignition, though grain shape can be tailored for a specific thrust profile.

Restart capability. Liquid and hybrid engines can be shut down and restarted. Solid motors cannot be shut down before propellant is consumed and cannot be restarted after burnout.

Safety. Solid propellants can detonate under impact or heating and carry substantial casualty-radius hazards during transport and handling. Liquid propellants segregate fuel and oxidizer during transport and handling. Hybrid propellants segregate the two during storage and produce combustion only when both are present in the chamber.

Cost. Solid propellants are the least expensive per unit specific impulse for tactical and boost applications because the delivery system is mechanically simple. Cryogenic liquid propellants are the most expensive per unit vehicle mass because the ground infrastructure, tankage insulation, and pumping systems are elaborate. Storable liquid propellants occupy the middle range. Hybrid propellants remain more expensive per unit of achieved performance than either solids or storable liquids at current production volumes.

Historical inertia. Propulsion architectures embed substantial institutional knowledge in the flight-history records of specific combinations. A propellant combination that has flown thousands of times in a specific engine class carries lower development risk than a higher-performance combination that has never flown. This consideration often overrides theoretical performance advantages in mission selection.



What This Series Is Not

This series treats propellant chemistry as a design-tradeoff space and covers the specific chemistries, performance characteristics, and tradeoffs of each family. It does not treat the mechanical design of turbopumps, injectors, valves, or nozzles beyond the constraints those components impose on chemistry. It does not treat combustion instability in engine chambers, which is a rich engineering subject in its own right. It does not treat the industrial and regulatory context of propellant manufacturing beyond noting where those constraints affect chemistry choices. It does not treat nuclear thermal, electric, or exotic propulsion because the underlying physics is not chemical combustion.

The Introduction to Space Studies article develops the rocket equation and specific impulse from first principles. This series treats those results as established and turns to the chemistry that determines the numerical values the rocket equation consumes.



Conclusion

Chemical rocket propulsion is a design-tradeoff space in which propellant choice largely determines vehicle capability. The three principal families (solid, liquid, and hybrid) each occupy a distinct region of that space defined by specific impulse, density specific impulse, storability, throttleability, restart capability, safety, and cost. Within each family, specific fuel and oxidizer combinations further subdivide the tradespace with their own chemistry constraints and performance characteristics.

The next four articles in this series treat one family or subfamily each in the depth required to make informed engine-level design choices. The next article, A218, covers solid propellants.
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