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Introduction – Modern State of Rocket Technologies 
 Since the beginnings of national space programs in the mid 1950s, all spaceflight 

components have been delivered by chemical rockets. The seeds of these space-faring rockets 

were planted by military programs. In the United States, large scale solid rocket engines were 

first implemented in the Jet Assisted Take Off (JATO) program to augment the engines of 

heavily loaded B-47s. With the launch of Sputnik in 1957, the United States established NASA 

and furnished it with immense funding to develop large scale rockets which could propel ballistic 

missiles across the world, and later to develop payload vehicles to put spy satellites in orbit. 

These large scale engines can be categorized as liquid and solid fueled rockets. (Caveny, 1039) 

 

Liquid Fueled Rocket Engines 

 The first Liquid Propelled Rocket Engines (LPREs) were developed by Goddard in the 

early 1920s for atmospheric studies. His initial engines achieved thrusts on the order of 40-100 

lbf. The most powerful LPRE developed was the F1-A first tested in 1968 which achieved 8 MN 

of thrust on the test stand. In actuality, it was never fielded. Its predecessor, the Saturn V booster, 

was actually the most powerful LPRE to have flown at 6.7MN. In order to provide sufficient 

thrust for the NASA Skylab and Apollo missions, 5 of these engines were clustered around a 

single payload vehicle. Since the implementation of the Saturn V in the late 1960s, no heavier lift 

capacity has been required. (Sutton) 

 In his original LPRE designs, Goddard used gasoline fuel with a liquid oxygen (LOX) 

oxidizer. As the development of LPRE matured, RP1 (CH1.96) supplanted gasoline as the 

hydrocarbon fuel of choice. For high performance launch vehicles, like the Space Shuttle and 

Saturn V, liquid hydrogen has been selected as the fuel of choice. Though it requires large 

insulated tanks due to its low density and boiling point near 20K, liquid hydrogen has the highest 

specific impulse of any liquid fuel. Though specific impulse, the ratio of impulse to weight  
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is largely dependent on specific rocket design parameters, ideal values have been tabulated for 

common fuel oxidizer combinations. Sample values determined by Rocketdyne are listed in the 

table below. (Hill, 571) 

 
Table 1: Specific Impulse from 6.94 MPa to 1 atm 

Oxidizer Fuel Density (kg/m
3
) Isp(s) 

O2 H2 290 389 

O2 RP1 1030 300 

F2 H2 460 411 

 

 Goddard’s original sounding rockets typically achieved combustion chamber pressures of 

350-700 kP. The NASA Space Shuttle, first flown in 1981, holds the record for greatest chamber 

pressure at 22.6 MPa.  This massive chamber pressure is needed to achieve the large nozzle 

expansion ratios required for hypersonic exhaust flow without flow separation. Early liquid 

rocket designs used compressed inert gases to pressurize the fuel, however these added 

significant weight to the engine and could only achieve minor pressure increases(Sutton, 979) 

These large pressure rises achieved in the Space Shuttle are generated by incredibly powerful 

turbo pumps driven by turbines running off combustion gases from down stream in the rocket 

engine. The hydrogen fuel compressor alone outputs 50,000 hp at 214 hp per kg. (Hill, 616) 
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Solid Fueled Rockets 

 

Objective 

Below, complete exergy and energy analyses will be performed for the space shuttle main 

engine. The results of the exergy analysis will target the major losses of flow exergy and suggest 

techniques for operational improvement. Also, the results of the exergy analysis will be 

contrasted with the energy analysis results to demonstrate the often misleading results of the 

latter. The methods shown in this project can be applied to all modern liquid fueled rockets 

which are driven by turbomachinery. Additionally, the sections discussing combustion and 

exhaust efficiencies can be applied to all chemical rockets. 

 

Analysis of the Space Shuttle Main Engine 

Introduction 

The Space Shuttle Main Engine (SSME) is a high performance liquid rocket engine that 

is fueled with liquid hydrogen and uses liquid oxygen as an oxidizer. It was the first large scale 

reusable liquid rocket, and can deliver an incredible 2.28 MN of thrust at maximum operating 

power. NASA has operated five space shuttles with a combined total of 120 flights. (Biggs, 1) At 

6 minutes of combustion time per flight, this adds up to an impressive 12 hours of operation. The 

SSME serves as a valuable model for thermodynamic analysis not only because of its historical 

impact on liquid rockets, but also because many engine specifications and details are publicly 

available. Typically, only limited performance information is available for most rockets due to 

military and commercial interests. 

During flight, the liquid hydrogen fuel (1) and liquid oxygen oxidizer (4) are stored 

cryogenically in external tanks at moderately elevated pressures, 206 kPa and 690 kPa 

respectively. Both liquids are compressed to extreme pressures (42 MPa and 49 MPa) using 

staged turbo-pumps: (3) and (6). The high pressure output fluids are split into a few separate 

streams. A portion of the high pressure liquid oxygen is used to drive the low pressure liquid 

oxygen turbopump turbine. Similarly, some of the high pressure liquid hydrogen is diverted to 

driving the lower pressure hyrdrogen turbopump. Another portion of the liquid hydrogen is 

diverted to cooling the exhaust nozzle and combustion chamber (7). The remaining compressed 

fluids (mostly hydrogen by molar composition) are passed through preburning chambers where 

they are quickly expanded and partially combusted at about 1000K (10). The diverted flows 

(7,8,9) are then recombined in the main combustion chamber, where they are thoroughly 

combusted at 3600 K (11). The product gasses are finally passed through a convergent divergent 

nozzle where they are exhausted at supersonic speeds for thrust at Mach 5.05 (12). This flow 

path is depicted on the figures below. These flow parameters, which are not always in agreement, 

have been gathered from Biggs’ report Space Shuttle Main Engine The First Ten Years, NASA’s 

Space Shuttle Main Engine press release, and details interspersed through the Hill text.
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Figure 1: Flow Diagram of the SSME 
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Figure 2: Mass Flows of SSME
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Exergy Analysis 

The SSME will be analyzed using the form suggested by Szargut where the specific 

exergy of a flow is broken down into thermal, pressure, kinetic, potential, chemical, and nuclear 

components. To simplify this study, the nuclear and potential components will be excluded. The 

nuclear portion can simply be dropped as chemical rockets do not employ nuclear fuels. While 

the gravitational potential energy of the rocket changes significantly during flight, the internal 

height scale of the rocket is small enough that internal gravitational effects are negligible.  

chemicalpressurethermalkineticTotal bbbbb +++=     (1) 

All exergy values will be measured against the ambient environment at sea level. Ground 

level atmospheric concentrations will be used as they are suggested to remain constant until 

about 35 km (Pidwirny). The SSME has three exhaust nozzles, and identical turbomachinery 

corresponding to each. To simplify this analysis only a single output stream will be considered. It 

is tedious to compute the flow exergy of many component combustion gases, so software has 

been developed to analyze the flow exergy of ideal gas mixtures. This is attached in the code 

appendix at the end of this document 

 

1. Liquid Hydrogen Storage 

As hydrogen is present in the atmosphere as a reference species, the pressure component of 

exergy for the hydrogen fuel can be found using the relationship:  

   ( ) ( )[ ] ( ) ( )[ ]0000000 ,,,, pTspTsTpThpThbpressure −−−=     (2) 

Though the fuel is actually stored as a liquid, this variation will be included in the temperature 

dependent component of the exergy. 

 Szargut (P20) defines the temperature dependent component of exergy as: 

( ) ( )[ ] ( ) ( )[ ]0000000 ,,,, pTspTsTpThpThbthermal −−−=    (3) 

Here, the ambient pressure 0p is the mole fraction of hydrogen in the atmosphere, which can be 

found on an ICAO table as 5*10
-7

. 

 The chemical exergy of H2 can be found in the appendix of Szargut’s Exergy Method as 

236.09 kJ/mol. The kinetic component of exergy can be ignored at this stage since the flow 

velocity is relatively low. 

 

2. LowPressure Hydrogen Pump 

Few Operational details are available for the low pressure hydrogen pump. The NASA press 

release for the SSME notes it output pressure as 1.902 MPa, and the hydrogen flow rate is listed 

as 67.6 kg/s at standard power. No data is provided for the driving turbine, so the input power 

can only be estimated. Data for the high pressure turbomachinery suggests a typical pump 

efficiency of 0.7 and a typical turbine efficiency of 0.75. 

 Using the standard pump efficiency definition, it can be seen that the desity( ρ ) and 

enthalpy ( h∆ ) are unknown. 

h

p
p

∆

∆
=

ρ
η       (4) 

We do know that the low pressure pump outputs liquid hydrogen, so it is acceptable to assume 

constant density pumping. Thus the enthalpy change can be separated. 

kg

kJp
h

p

2.35=
∆

=∆
ρη

      (5) 
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Using fluid property tables (from Engineering Equation Solver) we find a temperature of 24 K. 

Now that the fluid temperature and pressure are known, it is possible to determine the flow 

exergy using the techniques of stage 1. As before, the kinetic component of exergy is negligible.  

 

3. High Pressure Hydrogen Pump  

Flow specifications are provided for the high pressure hydrogen pump, so the output exergy 

can simply be calculated using the flow properties. 

 

4. Liquid Oxygen Storage 

The exergy of the liquid oxygen storage can be analyzed in a similar fashion to the liquid 

hydrogen storage. However, the atmospheric molar composition of oxygen is much higher 

(0.2095) and the chemical exergy is much lower: 3.97 kJ/mol. 

 

5. Low Pressure Oxygen Pump 

Similarly to the low pressure hydrogen pump, few details are provided for the low pressure 

liquid oxygen pump. We know that the liquid oxygen is stored at 97K, and is compressed as a 

fluid from 689.5kPa to 2.909 MPa. Again, we will assume constant density compression at 70% 

efficiency. This leads to an outlet temperature of 97.75. The flow exergy can be calculated using 

the standard method. 

 

6. High Pressure Oxygen Pump  

Flow specifications are provided for the high pressure oxygen pump, so the output exergy 

can simply be calculated using the flow properties. 

 

7. High Pressure Hydrogen Pump Turbine 

The turbine is driven with exhaust gasses from the preburner, so we can assume equal 

composition to the preburner exhaust. The temperature drop across the turbine is small, so the 

equilibrium composition will be mostly unchanged. The inlet flow rate is given as 72.1 kg/s at 

997 K. Additionally we have the pressure ratio r=1.411 and the turbine efficiency 0.839. (Biggs, 

4-2) No inlet pressure is given, but we can assume it to be equal to the combustion chamber 

exhaust pressure of 38.42 MPa. Assuming perfect gas behavior of the combustion products, we 

can use the standard turbine efficiency to find the exhaust temperature. (Hill, 641) 
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Thus, the outlet temperature is determined, and the outlet pressure can be found from the 

pressure ratio r. From these values, the outlet flow exergy can be found. 

 Note that since the turbine is driven by gases, we can use the perfect gas model to find 

the flow exergy without using fluid property tables. 
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8. High Pressure Oxygen Pump Turbine 

Like the high pressure hydrogen pump turbine, the high pressure oxygen pump turbine is 

driven by exhaust gases from the preburner. The inlet flow rate is 24.5 kg/s at 719 K and 34.2 

kPa. As above, we are given a pressure ratio of 1.511 and an efficiency of 0.733. Thus the flow 

exergy can be calculated using the same methods as for the high pressure hydrogen pump. 

 

9. Preburner 

The majority of the flow directed from the high pressure compressors is passed through a 

preburning chamber. This process is mainly designed to improve burning in the main combustion 

chamber and impart enough enthalpy into the flows to drive the high pressure pumps. In truth 

this combustion process happens very quickly, so the actual output composition may diverge 

slightly from equilibrium. However, for simplicity this analysis will only consider equilibrium 

composition. There are primarily 4 reactions proceeding simultaneously in the hydrogen oxygen 

combustion. (Hill, 51) 

2HH

2OO

OH2HO2H

O2HO2H

2

2

22

222

⇔

⇔

+⇔

+⇔

 

This reaction can be balanced using iterative STANJAN code available from the Colorado State 

University website. The temperature and pressure of combustion is held fixed at the published 

values of 1066K and 38.42 Mpa. The input flow molar composition is published to be 0.0583 O2 

and 0.9417 H2. The outlet composition is listed in the summary table below 

 

10. Hydrogen Coolant In 

The SSME uses liquid hydrogen as a coolant, and routes it through channels built into the 

walls of the main combustion chamber and exhaust nozzle. The coolant flow rate can be 

extracted from the other hydrogen flows which are known. (Hill & Peterson, 559) 

s

kg
mMm preburnhch 91.28, =−= &&&     (11) 

The only data directly available about the cooling is the temperature rise of the hydrogen: 254K, 

presumably from the high pressure compressor (997K). The coolant is known to remain liquid 

until it is expanded in the combustion chamber, so it is valid to assume constant density heating. 

No information is provided about the pressure drop through the cooling channels, so the pressure 

component of exergy will be assumed constant through cooling. 

 

11.1 Main Combustion Mixing 
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Fluid from the preburner, high pressure turbines, fresh oxygen, and the hydrogen coolant is 

mixed at constant pressure and temperature in the main combustion chamber. All of these flows 

can be combined as a mixture of ideal gases. To simplify the calculation, minor components (y < 

10
-5

) will be neglected. 

 
Table 2: Main Combustion Reactants Composition 

Flow Rate 

(kg/s) 

Molar Mass 

(kg/kmol) 

H2 

(mol fraction) 

O2 

(mol fraction) 

H2O 

(mol fraction) 

77.74 3.98 0.8762 0 0.1238 

28.56 2.02 1 0 0 

446.23 32.0 0 1 0 

552.53 11.6 0.657 0.293 0.0507 

 

The inlet temperature and pressure are not available for the SSME, so it is not possible to 

determine a complete flow exergy at this stage. However, the entropy loss of mixing can be 

found for inlet flows i, inlet components j, and final mol fractions k. 

 

( ) ( )
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11.2 Main Combustion 

In the combustion process, the chemical exergy of the mixture drops, and the thermal exergy 

rises significantly. The chemical exergy can be found from the results of the STANJAN code at 

the combustion conditions (3600K, 22.6Mpa). The thermal and pressure exergies can be 

computed as before. 

 

12. Nozzle Exhuast 

Pressure and temperature data is provided for the exhaust gases. The kinetic component of 

exergy becomes significant for the first time in this analysis, and can be found as: 

2

2
vM

b =δ        (13) 

M is the flow molar mass, and can be computed as the weighted average of the component 

molar masses. The composition is assumed to be identical to the combustion products under the 

frozen flow approximation. (Hill, 570) 

 
Table 3: Flow Properties 

Stage Temperature (K) Pressure (Pa) Molar Composition 

H2,O2, H, O, H2O,HO 

1 22 2.068E5 1,0,0,0,0,0,0 

2 24 1.902E6 1,0,0,0,0,0,0 

3 997 4.492E7 1,0,0,0,0,0,0 

4 97 6.895E5 0,1,0,0,0,0,0 

5 97.5 2.909E6 0,1,0,0,0,0,0 

6 830 4.970E7 0,1,0,0,0,0,0 

7 1083.5 2.723E7 * 
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8 1088.5 3.423E7 * 

9 1066 3.842E7 * 

10 1251 4.492E7 1,0,0,0,0,0,0 

11 3600 2.260E7 ** 

12 120 1.082E5 ** 

*: 8.7618E-01, 1.5811E-23, 5.6819E-10, 2.0846E-22, 1.2382E-01, 2.9665E-13 

**: 1.3472E-01, 9.0605E-03, 1.7982E-02, 3.9841E-03, 7.8204E-01, 5.2218E-02 

 
Table 4: Specific Exergy of SSME (MW/kmol) 

Stage bP bT bCh bk bTot 

1 1.718 10.704 236.09 0 248.512 

2 5.341 15.392 236.09 0 256.82 

3 12.891 10.374 236.09 0 259.355 

4 2.876 13.729 3.97 0 20.575 

5 6.286 10.346 3.97 0 20.602 

6 12.863 7.364 3.97 0 24.197 

7 13.401 15.563 208.04 0 237.00 

8 13.950 15.683 208.04 0 237.67 

9 14.226 15.143 208.04 0 237.41 

10 12.891 16.184 236.09 0 265.165 

11.1   -1.9801   

11.2 12.955 98.623 113.71 0 225.29 

12 0.1576 0.5678 113.71 23.043 137.47 

 

 These specific exergy flow rates can be multiplied by the molar flow rates to find the 

exergy loss at each stage of the SSME operation. Note that there is some discrepancy on the flow 

rates of the preheater products listed by Biggs and the flow paths listed by the NASA press 

release. Biggs shows 77.75 kg/s flowing through the preburner, and about 96.6 kg/s flowing 

through the two turbines which comes from the preburner exhaust. In the exergy analysis below 

(in blue), the average exergy values of these flows are multiplied by the total molar flow rate 

from the preburner. The green stage is just a composite of the exergy loss of mixing and 

combustion in the main combustion chamber, it is not double counted in the final summation. In 

the final stage, it is assumed that all of the kinetic exergy of the nozzle exhaust is used as thrust 

(lossless). 

 
Table 5: Exergy Changes over SSME (MW) 

Stage ∆bP ∆bT ∆bCh ∆bk ∆bTot 

1-2 121.539 157.267 0 0 278.81 

2-3 253.277 -168.337 0 0 84.94 

4-5 51.6722 -51.2630 0 0 0.4092 

5-6 99.621 -45.1866 0 0 54.475 

3,6-9 20.3248 94.1652 -402.215 0 -287.725 

3-10 0.9067 82.3083 0 0 81.4016 

9-7* 9.491 -11.5665 0 0 -2.0755 

9-8* 6.7025 -3.1709 0 0 -3.5316 

7,8,9,10-11.1 0 0 -70.1041 0 -70.1041 
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7,8,9,10-11.2 1.8713 2951.2 -3497.7 0 -544.629 

11.1-11.2     -474.525 

11.2-12 -453.106 -3471.8 0 815.863 -3109.0 

12-Ambient -5.58 -20.1036 -4026.0 0 -4051.7 

 

By summing up all of these stages, the total exergy loss rate is found as: 

Total exergy loss: 7.4985 GW 

The total flow exergy of the hydrogen fuel and liquid oxygen oxidizer is: 

Input exergy:  8.6485 GW 

The exergy efficiency of the SSME can be found as:
in

b
b

W
=η      

 (14) 

Exergy Efficiency: 9.43% 

 

Energy Analysis 

The flow energy of the SSME can be calculated using the properties determined in the 

proceeding section. In general, the full molar flow energy (excluding gravitational components) 

is found as (Cengel, 438): 

2

2
V

MPvu ++=θ       (14) 

The internal energy (u) and specific volume (v) can be found using thermodynamic tables, 

mainly EES in this section. For gaseous mixtures, the flow energy (θ) can be calculated as the 

molar fraction weighted sum of component flow enthalpies using partial pressures. To suggest 

some equivalence with the temperature and pressure dependent components of exergy, the 

enthalpy has been split into u and Pv components. (Cengel, 438) 

 
Table 8: Specific Energy of SSME (MW/kmol) 

Stage u Pv θk θ 

1 0.5758 0.00606 0 0.581 

2 0.5989 0.0556 0 0.6545 

3 12.283 8.289 0 20.572 

4 -12.585 0.01991 0 -12.565 

5 -12.586 0.08378 0 -12.502 

6 9.959 6.901 0 16.860 

7 -14.958 9.009 0 -5.949 

8 -14.839 9.050 0 -5.789 

9 -15.373 8.863 0 -6.510 

10 17.994 10.401 0 28.395 

11.1 - - - - 

11.2 -72.139 29.812 0 -42.326 

12 -195.754 0.9937 23.043 -171.717 

 

 These specific flow energies can be converted into actual flow energies using the mass 

flow rates as in the exergy analysis. For the final exhaust step (12-ambient), the flow energy will 

be converted to an absolute value from the relative values used above (where h(298.15K) = 0) 
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Table 9: Energy Changes over SSME (MW) 

Stage ∆u ∆Pv ∆ θk ∆ θTot 

1-2 0.7703 1.6521 0 2.4224 

2-3 389.6439 274.5692 0 664.2131 

4-5 -0.0152 0.9686 0 0.9534 

5-6 341.909 103.3874 0 445.2964 

3,6-9 -557.5904 11.2015 0 -568.792 

3-10 80.9058 29.92 0 110.826 

9-7* -14.8776 -5.234 0 -20.1116 

9-8* -0.4096 -0.1434 0 -0.5530 

7,8,9,10-11.2 -3075.6 713.1613 0 -2362.4 

11.2-12 -4311.9 -1005.2 815.863 -4501.2 

12-Ambient 6828.3 -34.662 0 6793.6 

 

A first look at these tables suggests a strange property of energy analysis. The internal energy 

function is permitted to go negative. In fact, this convention causes the exhaust of fuel from the 

system, which is known to have some potential to generate work from the exergy analysis, 

actually increases the flow energy. 

 

The total input flow energy can be found as: -60.638 MW 

The output flow energy is:   -6793.6 MW 

 

Using the exhaust kinetic energy (815.863 MW) as the work of the flow, the energy efficiency 

can be found as: 

12.0=
∆

=
θ

ηθ

W
     (15) 

 

Comparison of Exergy and Energy Analysis 

 Overall, the exergy efficiency of the SSME appears to be lower than the energy 

efficiency. This seems impossible, as it implies that the rocket uses a smaller fraction of its high 

quality energy than its total energy. This seems to be an effect of the negative internal energy 

values that are tabulated for cryogenic oxygen and water vapor at low partial pressure – which 

leads to the conclusion of flow exhaust as a source of energy. The relative contributions of each 

of these losses are demonstrated in the pie charts below. These charts are highly skewed by the 

exhaust loss, which is the dominating source of exergy destruction, but is not actually a loss in 

the energy analysis. Consequently, it is difficult to make deeper analysis without finding absolute 

(and not relative) thermophysical properties for the engine fluids. 

 Beyond this initial discrepancy, the major difference between the two analyses can be 

found in the significance of the main combustion chamber. The energy analysis suggests that the 

main combustion chamber account for 4 times the losses as the preburner. However, the exergy 

analysis shows that the main combustion chamber relative significance is smaller. Since the main 

combustion process generates very high temperature and pressure products, the chemical losses 

are largely offset. In this same sense, the preburner is a relatively large destroyer of exergy as it 

causes a small temperature rise and its output pressure is half of its input pressure. Both Analyses 
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suggest that the drops across the turbines are minor, and even extensive improvements of the 

turbines would lead to negligible efficiency improvements. 
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Figure 3: Exergy Losses of the SSME 
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Figure 4: Energy Losses of the SSME 
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Suggestions for Improvements based off the Exergy Analysis 

The above figures suggest that the major exergy losses occur in the exhaust nozzle/exhaust 

process, and in the main combustion stage.  The losses of the preburner stage are minor, but 

could be minimized using the same techniques discussed to improve the main combustion 

chamber. Some losses could not be fully analyzed because of insufficient or conflicting data 

from different sources – specifically the actual flow rates through the turbo-pump turbines and 

the pressure drop of the cooling hydrogen. The three main losses will be discussed below. 

 

1. Exhuast 

The exhaust gases still carry a significant quantity of chemical exergy. Perhaps an additional 

combustion stage could be placed after the main combustion chamber. This could introduce up to 

4 GW to the exhaust flow. This would add a significant amount of weight to the rocket. As the 

total chemical exergy of a flow decreases, it becomes increasingly difficult to convert to work in 

a heat engine. Still assuming ideal conditions, the entire chemical exergy could be converted to 

flow heating. If one assumes isentropic expansion, Hill shows that the exit velocity can be found 

as: 
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Assuming similar combustion product composition, combustion chamber pressure, and exit 

pressure to the actual SSME, the exit velocity would increase by a factor of approximately 2 , 

doubling the kinetic exergy (work) and exergy efficiency. Certainly, improvements in the 

combustion process seem valuable 

 

2. Exhuast Nozzle 

 The flow from the exhaust nozzle sees a significant increase in kinetic exergy as it is 

expanded to Mach 5.05. However, this is offset by an even larger drop of thermal and pressure 

exergy. In commercial fanjet and turboprop engines, the thermal and pressure exergy of exhaust 

gases are used to further increase the total flow exergy. While this would be a valid improvement 

at low altitudes, the additional hardware would simply act as dead weight at high altitude where 

density is lower. Perhaps, a propfan could be installed on the SSME that would separate at high 

altitudes much like the external solid rocket boosters. Cengel suggests that propfan engines can 

increases the mass flow rate by a factor of 100, and can operate up to Mach 0.82 at 12,200 m. 

(Cengel, 527) It seems that the additional thrust provided by a fan jet would easily compensate 

for its added weigh in its region of operability. 

 

2. Main Combustion Chamber 

Overall, the main combustion chamber raises the thermal and pressure components of exergy 

by 2.953 GW and lowers the chemical exergy by 3.498 GW. The input chemical exergy to the 

main combustion chamber is found to be 7.465 GW, thus the combustion process does not take 

advantage of about 50% of the available chemical exergy. The combustion pressure and 

temperature can be controlled by modifying the combustion chamber geometry, specifically its 

volume. Such modifications will lead to different equilibrium compositions which can be 

analyzed using STANJAN code. 
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Table 6: Equilibrium Composition at Different Combuistion Conditions 

T (K) P(MPa) H2 O2 H2O H O OH 

2600 12.6 1.0E-1 5.7E-5 9.0E-1 1.1E-3 1.6E-5 2.3E-3 

3600 12.6 1.5E-1 1.3E-2 7.5E-1 2.5E-1 6.3E-3 6.4E-2 

4600 12.6 2.3E-1 3.9E-2 3.2E-1 1.7E-1 7.2E-2 1.8E-1 

2600 22.6 1.0E-1 3.2E-5 8.9E-1 8.1E-4 8.7E-6 1.7E-3 

4600 22.6 2.2E-1 3.5E-2 4.0E-1 1.2E-1 5.1E-1 1.7E-1 

2600 32.6 1.0E-1 2.2E-5 9.0E-1 6.7E-4 6.0E-6 1.4E-3 

3600 32.6 1.3E-1 7.2E-3 8.0E-1 1.5E-2 3.0E-3 4.5E-2 

4600 32.6 2.2E-1 3.3E-2 4.5E-1 1.0E-1 4.1E-2 1.6E-1 

 

These product compositions can be analyzed using the exergy analysis software 

developed for this project. The yellowed lines are impossible as they increase the total exergy. 

 
Table 7: Flow Exergies for Different Combustion Conditions (MW) 

T (K) P(MPa) bP bT bCh 

2600 12.6 388.0 2301 1920 

3600 12.6 407.5 3944 7394 

4600 12.6 538.5 5272 16940 

2600 22.6 440.1 2303 11730 

3600 22.6 459.7 3479 4026 

4600 22.6 359.0 4285 12050 

2600 32.6 464.9 2301 1149 

3600 32.6 485.8 3481 3590 

4600 32.6 584.32 5026 12930 

 

The above table suggests that combustion at 2600K and 22.6MPa would deplete the chemical 

exergy of the reactants more thoroughly. However, the resultant physical exergy, the sum of the 

temperature and pressure dependent components of exergy, would be much lower than at the 

actual combustion conditions of 3600K 22.6 MPa. A small increase of 27 MW in the physical 

exergy is found at 3600 K and 32.6 MPa. However, running the reaction at higher pressures 

would require heavier combustion chamber walls which would likely offset the physical exergy 

gain. As the SSME currently has the highest operating combustion chamber of any liquid rocket, 

such operating conditions would be unprecedented. Overall, it appears that there is little room for 

improvement in the H2-O2 combustion reaction in the SSME. H2 possesses the highest specific 

impulse of any known chemical rocket fuel, so it seems unlikely that an alternate fuel could 

improve the overall rocket efficiency. 

 

Conclusion 
 This project has demonstrated a thorough analysis of the Space Shuttle Main Engine, a 

high performance liquid fueled rocket. This analysis has been compared to a classical energy and 

has been shown to be a more meaningful method of identifying losses in the rocket engine. 
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Additionally, the results of the exergy analysis facilitated the proposal of design modifications 

which would minimize these losses. 

 Perhaps the greatest difficulties in the exergy analysis of the SSME stemmed from 

incomplete or conflicting operational data. While I believe that the results from the exergy 

analysis and the overall exergy efficiency should be close to the correct values, additional engine 

specifications would improve their accuracy. The energy analysis proved more troublesome as 

absolute internal energy values could not be obtained for the rocket working fluids. The energy 

analysis could be treated more thoroughly with the proper fluid tables.  

Ultimately, it seems unlikely that the proposed design modifications for the SSME could 

be implemented effectively. It is unlikely that more thorough combustion could be achieved with 

the rapid flow rate. It was shown that increasing the combustion pressure can lead to more 

thorough reaction, but this would require a combustion chamber capable of withstanding 

unprecedented pressures. The final suggestion to implement a fan jet seems the most novel. In 

fact, this design is a modification of the optimization used in midair launched rockets like 

SpaceShipOne. Since rocket engines develop constant exhaust pressure regardless of the 

environmental conditions (and density), they produce maximum thrust at high altitude. Perhaps 

the space payload vehicle of the future will combine a number of lift mechanisms (balloon to fan 

jet to rocket) to avoid the costs of launching massive rockets from sea level. As a conventional 

rocket, the SSME appears to be highly optimized, and major improvements could only be 

achieved with breakthroughs in high performance materials or combustion technology. This 

conclusion is reinforced by Sutton who describes the field of liquid propelled rocketry as 

“essentially mature.” (1007)
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Code Appendix 
 

 

%Ambient conditions are a function of altitude 
function UpdateAmbient(h) 

  
global Ambient R; 

  
%Lookup tables for atmoshere from international civil aviation 
%organization, standard atmosphere manual, Washington, D.C.: GPO, 1964. 
H = 0:1E3:30E3; %altitude, m 
%Temperature, Kelvin 
T = [288.150 281.651 275.154 268.659 262.166 255.676 249.147 242.700 ... 
     236.215 229.733 223.252 216.774 216.650 216.650 216.650 216.650 ... 
     216.650 216.650 216.650 216.650 216.650 217.581 218.574 219.567 ... 
     220.560 221.552 222.544 223.536 224.527 225.518 226.509]; 

  
Ambient.T = interp1(H,T,h); 

  
%Pressure, Pa 
P = [101.325 089.876 079.501 070.121 061.660 054.048 047.217 041.105 ... 
     035.651 030.800 026.500 022.700 019.399 014.170 041.170 012.112 ... 
     010.353 008.850 007.565 006.467 005.529 004.727 004.042 003.456 ... 
     002.955 002.608 002.163 001.856 001.595 001.374 001.186] * 1E3; 
Ambient.P = interp1(H,P,h); 

  
Ambient.v = Ambient.T*R/Ambient.P; 

  
%Species in the atmosphere, this is valid up to 25 km, at that point, the 
%density has fallen to 3.35% of sea level, unless I can find composition 
%data for higher altitudes, I will assume this as the vaccuum point 

  
%Pidwirny, Michael (Lead Author); Dagmar Budikova and Kevin Vranes  
%(Topic Editors). 2007. "Atmospheric composition." In: Encyclopedia of  
%Earth. Eds. Cutler J. Cleveland (Washington, D.C.: Environmental  
%Information Coalition, National Council for Science and the Environment). 
%[First published in the Encyclopedia of Earth November 28, 2007; Last  
%revised November 29, 2007; Retrieved April 25, 2008].  
%<http://www.eoearth.org/article/Atmospheric_composition> 
Ambient.Species(1).Name = 'H2g'; 
Ambient.Species(1).y =  5E-7; 
Ambient.Species(2).Name = 'O2g'; 
Ambient.Species(2).y = 0.2095; 
Ambient.Species(3).Name = 'H2Og'; 
Ambient.Species(3).y = 5.0E-03; 

  
%For HO 
%Chang-Tang Chang, Tsun-Hsien Liu, Fu-Tien Jeng, Atmospheric concentrations 
%of the Cl atom, CIO radical, and HO radical in the coastal marine boundary 
%layer, Environmental ResearchVolume 94, Issue 1, , January 2004,  
%Pages 67-74. 
Ambient.Species(4).Name = 'HOg'; 
Ambient.Species(4).y = 2.4441e-014; 
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function Flow = UpdateSpecies(Flow) 

  
%Bring in constants 
global ReferenceGases NonReferenceGases A R k Ambient; 

  
%Store Stuff Locally 
Species = Flow.Species; 
T = Flow.T; 
P = Flow.P; 

  
l = length(Flow.Species); 

  
%Assumes ideal gas behavior of fluid (and that solid particles do not 
%affect the pressure) 
Flow.v = R*T/P; 
Flow.dh = 0; 
Flow.ds = 0; 

  
%Calculate enthalpy and entropy change for each component using the method 
%which best applies to the material type 
for i = 1:l 
    Component = Flow.Species(i); 

     
    if (strcmp( Component.Type, 'GaseousRef' ) ) 
        %find Corresponding Reference Species 
        n = find( strcmp({ReferenceGases.Name}, Component.Name) ); 
        if (isempty(n)) 
            disp('Species Missing from Tables'); 
            break; 
        else 
            RefComp = ReferenceGases(n); 
        end 

         
        %Calculate new enthalphy and entropy for components 
        Flow.dh = Flow.dh + (Flow.T - Ambient.T)*Component.y * ... 
                  RefComp.cp; 

         
        Flow.ds = Flow.ds +Component.y*RefComp.DOF*R*log(Flow.T/Ambient.T); 

                   

                 

  
    elseif (strcmp( Component.Type, 'GaseousNonRef' ) ) 
        %find Corresponding Reference Species 
        n = find( strcmp({NonReferenceGases.Name}, Component.Name) ); 
        if (isempty(n)) 
            disp('Species Missing from Tables'); 
            break; 
        else 
            RefComp = NonReferenceGases(n); 
        end 

         
        %Calculate new enthalphy and entropy for components 
        Flow.dh = Flow.dh + (Flow.T - Ambient.T)*Component.y * ... 
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                  RefComp.cp; 

         
        Flow.ds = Flow.ds +Component.y*RefComp.DOF*R*log(Flow.T/Ambient.T); 

     
    end 
end 

  
%Update Output 
Flow.Species = Species; 

 

 
%Calculates the Specific Exergy for a flow (J/kmol) 

  
function b = SpecExergy(Flow) 

  
global Ambient R ReferenceGases NonReferenceGases; 

  
b.Kinetic = Flow.M * Flow.V^2 / 2; 

  
b.Thermal = Flow.dh - Ambient.T*Flow.ds; 

             
b.Pressure = R * Ambient.T * log( Flow.P / Ambient.P ); 

  
%Initialize chemical exergy to 0, and loop through each component 
b.Chemical = 0; 
for i = 1:length(Flow.Species) 
    Component = Flow.Species(i); 

     
    if( strcmp( Component.Type, 'GaseousRef' ) ) 

         
        %find Corresponding Reference Species 
        n = find( strcmp({ReferenceGases.Name}, Component.Name) ); 
        if (isempty(n)) 
            disp('Species Missing from Tables'); 
            break; 
        else 
            RefComp = ReferenceGases(n); 
        end     
        %chemical exergy is based off reference gasses 
        b.Chemical = b.Chemical + Component.y*RefComp.bch; 

     

     

     
    elseif( strcmp( Component.Type, 'GaseousNonRef' ) ) 

  
        %find Corresponding Reference Species 
        n = find( strcmp({NonReferenceGases.Name}, Component.Name) ); 
        if (isempty(n)) 
            disp('Species Missing from Tables'); 
            break; 
        else 
            RefComp = NonReferenceGases(n); 
        end     
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        %chemical exergy is based off non-reference gasses 
        b.Chemical = b.Chemical + Component.y*RefComp.bch;  
    end                
end 

  
b.Total = abs(b.Kinetic) + abs(b.Thermal) +... 
          abs(b.Pressure) + abs(b.Chemical); 

 

 
%Material Properties 
%{GasH2,LiqH2,LiqO2,GasH2O} From EES Academic commerical V7.934 
%{GasO, GasO2, GasH, GasHO} From NIST JANAF Webbook 
%All units are in (J, kg, kmol, m, s, K, Pa) 

  
%Make sure that this is called first and never again 
clear all; 

  
%Global Stuff 
global k A g R; 
k = 1.381E-23;  %Boltzmann Constant, J/K 
g = 9.81;       %gravitation acceleration near surface, (m/s^2) 
R = 8314.4;     %Ideal Gas Constant, J/(kmol K) 
A = 6.02214E23; %Avagadro's number(n/mol), I've got your number 

  
%H2Gas 
global GasH2; 
GasH2.Name = 'H2g'; 
GasH2.Mass = 2.016; %Molar Mass, kg / kmol 
GasH2.T0 = 273.15; %Reference Temperature, K 
GasH2.P0 = 101E3; %Reference Pressure, Pa 
GasH2.v0 = 11.16*GasH2.Mass;   %Reference Volume (m^3/kmol) 
GasH2.s0 = 69.18E3*GasH2.Mass; %Reference Entropy, J/(kmol K) 
GasH2.h0 = 3843E3*GasH2.Mass; %Reference Enthalpy, J/(kmol K) 
GasH2.cp = 14.2E3*GasH2.Mass; %specific heat constant pressure, J/(kmol K) 
GasH2.cv = 10.07E3*GasH2.Mass; %specific heat constant volume, J/(kmol K) 
GasH2.bch = 236.09E6; %specific chemical exergy, J/kmol 
GasH2.DOF = 5/2; %cv multiplier for material 

  

  
%H2Liq 
global LiqH2; 
LiqH2.Name = 'H2l'; 
LiqH2.Mass = 2.016; %Molar Mass, kg / kmol 
LiqH2.T0 = 20; %Reference Temperature, K 
LiqH2.P0 = 101E3; %Reference Pressure, Pa 
LiqH2.v0 = 0.01406*LiqH2.Mass;   %Reference Volume (m^3/kmol) 
LiqH2.s0 = 16.9E3*LiqH2.Mass; %Reference Entropy, J/(kmol K) 
LiqH2.h0 = 724.3E3*LiqH2.Mass; %Reference Enthalpy, J/(kmol K) 
LiqH2.cp = 9.477E3*LiqH2.Mass; %specific heat constant pressure, J/(kmol K) 
LiqH2.cv = 5.628E3*LiqH2.Mass; %specific heat constant volume, J/(kmol K) 
LiqH2.bch = 236.09E6; %specific chemical exergy, J/kmol 
LiqH2.DOF = 0; %cv multiplier for material 
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%O2Gas 
global GasO2; 
GasO2.Name = 'O2g'; 
GasO2.Mass = 32; %Molar Mass, kg / kmol 
GasO2.T0 = 273.15; %Reference Temperature, K 
GasO2.P0 = 101E3; %Reference Pressure, Pa 
GasO2.v0 = 0.702*GasO2.Mass; %Reference Volume (m^3/kmol) 
GasO2.s0 = 205.1E3; %Reference Entropy, kJ/(kmol K) 
GasO2.h0 = (5/2)*A*1E3*k + GasO2.P0*GasO2.v0; %Reference Enthalpy, J/(kmol K) 
GasO2.cp = 0.9162E3*GasO2.Mass; %specific heat constant pressure, J/(kmol K) 
GasO2.cv = 0.6547E3*GasO2.Mass; %specific heat constant volume, J/(kmol K) 
GasO2.bch = 3.97E6; %specific chemical exergy, J/kmol 
GasO2.DOF = 5/2; %cv multiplier for material 

  
%O2Liq 
global LiqO2; 
LiqO2.Name = 'O2l'; 
LiqO2.Mass = 32; %Molar Mass, kg / kmol 
LiqO2.T0 = 75; %Reference Temperature, K 
LiqO2.P0 = 101E3; %Reference Pressure, Pa 
LiqO2.v0 = 0.0008223*LiqO2.Mass; %Reference Volume (m^3/kmol) 
LiqO2.s0 = -3.781E3*LiqO2.Mass; %Reference Entropy, kJ/(kmol K) 
LiqO2.h0 = 0; %Reference Enthalpy, J/(kmol K) 
LiqO2.cp = 1.657E3*LiqO2.Mass; %specific heat constant pressure, J/(kmol K) 
LiqO2.cv = 0.9945E3*LiqO2.Mass; %specific heat constant volume, J/(kmol K) 
LiqO2.bch = 3.97E6; %specific chemical exergy, J/kmol 
LiqO2.DOF = 0; %cv multiplier for material 

  
%H2OGas 
global GasH2O; 
GasH2O.Name = 'H2Og'; 
GasH2O.Mass = 18.02; %Molar Mass, kg / kmol 
GasH2O.T0 = 400; %Reference Temperature, K 
GasH2O.P0 = 101E3; %Reference Pressure, Pa 
GasH2O.v0 = 1.808*GasH2O.Mass; %Reference Volume (m^3/kmol) 
GasH2O.s0 = 7.496E3*GasH2O.Mass; %Reference Entropy, kJ/(kmol K) 
GasH2O.h0 = 2370E3 *GasH2O.Mass; %Reference Enthalpy, J/(kmol K) 
GasH2O.cp = 1.998E3*GasH2O.Mass; %specific heat constant pressure, J/(kmol K) 
GasH2O.cv = 1.5E3*GasH2O.Mass; %specific heat constant volume, J/(kmol K) 
GasH2O.bch = 9.5E6; %specific chemical exergy, J/kmol 
GasH2O.DOF = 5/2; %cv multiplier for material, is this right for H2O? 

  
%OGas 
global GasO; 
GasO.Name = 'Og'; 
GasO.Mass = 15.9994; %Molar Mass, kg / kmol 
GasO.T0 = 298; %Reference Temperature, K 
GasO.P0 = 101E3; %Reference Pressure, Pa 
GasO.v0 = R*GasO.T0/GasO.P0; %Reference Volume (m^3/kmol) 
GasO.s0 = 161.0E3; %Reference Entropy, kJ/(kmol K) 
GasO.h0 = (3/2)*A*1E3*k + GasO.P0*GasO.v0; %Reference Enthalpy, J/(kmol K) 
GasO.cp = 21.90E3; %specific heat constant pressure, kJ/(kmol K) 
GasO.cv = GasO.cp * (3/5); %specific heat constant volume, J/(kmol K) 
GasO.bch = 233.7E6; %specific chemical exergy, J/kmol 
GasO.DOF = 3/2; %cv multiplier for material 
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%HGas 
global GasH; 
GasH.Name = 'Hg'; 
GasH.Mass = 1.008; %Molar Mass, kg / kmol 
GasH.T0 = 298; %Reference Temperature, K 
GasH.P0 = 101E3; %Reference Pressure, Pa 
GasH.v0 = R*GasH.T0/GasH.P0; %Reference Volume (m^3/kmol) 
GasH.s0 = 114.7E3; %Reference Entropy, kJ/(kmol K) 
GasH.h0 = (3/2)*A*1E3*k + GasH.P0*GasH.v0; %Reference Enthalpy, J/(kmol K) 
GasH.cp = 20.79E3; %specific heat constant pressure, J/(kmol K) 
GasH.cv = GasH.cp * (3/5); %specific heat constant volume, J/(kmol K) 
GasH.bch = 331.3E6; %specific chemical exergy, J/kmol 
GasH.DOF = 3/2; %cv multiplier for material 

  
%HOGas 
global GasHO; 
GasHO.Name = 'HOg'; 
GasHO.Mass = 17.008; %Molar Mass, kg / kmol 
GasHO.T0 = 298; %Reference Temperature, K 
GasHO.P0 = 101E3; %Reference Pressure, Pa 
GasHO.v0 = R*GasHO.T0/GasHO.P0; %Reference Volume (m^3/kmol) 
GasHO.s0 = 183.7E3; %Reference Entropy, kJ/(kmol K) 
GasHO.h0 = (5/2)*A*1E3*k + GasHO.P0*GasHO.v0; %Reference Enthalpy, J/(kmol K) 
GasHO.cp = 29.98E3; %specific heat constant pressure, J/(kmol K) 
GasHO.cv = GasO.cp * (5/7); %specific heat constant volume, J/(kmol K) 
GasHO.bch = 1293.6E6; %specific chemical exergy, J/kmol 
GasHO.DOF = 5/2; %cv multiplier for material 

  
%Put all the materials together 
global ReferenceGases NonReferenceGases; 
ReferenceGases = [GasO2 GasH2 GasH2O GasHO]; 
NonReferenceGases = [GasO GasH]; 

 

 
%Finds the Flow Exergy for an ideal gas mixture 

  
MaterialProperties 

  
global ReferenceGases; 

  
h = 1; %Sea Level 

  
%Stage 1 
%++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
clear Flow; 
Flow.V = 0; 
Flow.T = 120; 
Flow.P = 1.082E5; 

  
Flow.Species(1).Name = 'H2g'; Flow.Species(1).Type = 'GaseousRef'; 
Flow.Species(1).y = 1.3472E-01; Flow.Species(1).M = 2; 
Flow.Species(2).Name = 'O2g'; Flow.Species(2).Type = 'GaseousRef'; 
Flow.Species(2).y = 9.0605E-03; Flow.Species(2).M = 32; 
Flow.Species(3).Name = 'Hg'; Flow.Species(3).Type = 'GaseousNonRef'; 
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Flow.Species(3).y = 1.7982E-02; Flow.Species(3).M = 1; 
Flow.Species(4).Name = 'Og'; Flow.Species(4).Type = 'GaseousNonRef'; 
Flow.Species(4).y = 3.9841E-03; Flow.Species(4).M = 16; 
Flow.Species(5).Name = 'H2Og'; Flow.Species(5).Type = 'GaseousRef'; 
Flow.Species(5).y = 7.8204E-01; Flow.Species(5).M = 18; 
Flow.Species(6).Name = 'HOg'; Flow.Species(6).Type = 'GaseousRef'; 
Flow.Species(6).y = 5.2218E-02; Flow.Species(6).M = 17; 

  
Flow.M = sum( [Flow.Species.M] .* [Flow.Species.y]); %Mass per kmol 

  
UpdateAmbient(h);  
Flow = UpdateSpecies(Flow); 
b(1) = SpecExergy(Flow) 
%++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
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