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Abstract

Securing the safety and the reliability of liquid-propellant rocket engines (LREs) for space vehicles is indispensable as engines 

consist of many complex components and operate under extremely high energy-dense conditions. Thus, health monitoring 

has become a mandatory requirement, especially for the reusable LREs that are currently being developed. In this context, a 

dynamic simulation program based on MATLAB/Simulink was developed in the current research on the Space Shuttle Main 

Engine (SSME), a partly reusable engine. Then, a series of fault simulations using this program was conducted: at a steady 

state operating condition (104% Rated Propulsion Level), various simulated fault conditions were artificially injected into the 

simulation models for the five major valves, the pumps, and the turbines of the SSME. The consequent effects due to each fault 

were analyzed based on the time responses of the major parameters of the engine. It is believed that this research topic is an 

essential pre-step for the development of fault detection and diagnosis algorithms for reusable engines in the future.
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Nomenclature Subscripts 
I Moment of inertia (lbf-in-sec2) MOV Main oxidizer valve 
τ Torque (lbf-in) MFV Main fuel valve 
L Length (in) CCV Coolant control valve 
A Area (in2) f1 Low pressure fuel turbo pump (LPFTP) 
P Pressure (psia) f2 High pressure fuel turbo pump (HPFTP) 
κ Finite compressibility (in2/lbf) o1 Low pressure oxidizer turbo pump (LPFTP)
��   Flow rate (lbm/sec) o2 High pressure oxidizer turbo pump (LPOTP)
ρ Density (lbm/in3) 4 Inside the nozzle heat exchanger 

(nozzle HE) V Volume (in3) 
u Internal energy (Btu/lbm) 

5 Inside the main combustion chamber  
heat exchanger (MCC HE) Q�   Heat flow rate (Btu/sec) 

T Temperature (˚R) fi Fuel injector (inlet) 

c Specific heat (Btu/lbm-˚R) FI Fuel injector (time-delayed, outlet) 
Ω Angular velocity (rad-sec) 15 Hot wall at MCC HE 
λ Pressure loss coefficient 25 Cold wall at MCC HE 
D Diameter (in2) 14 Hot wall at nozzle HE 
f Friction coefficient (turbulent flow) 24 Cold wall at nozzle HE 
Re Reynolds number od1 Discharged flow from LPOTP 
μ Fluid viscosity (lbm/hr-ft) od2 Discharged flow from HPOTP 
f(A) Pressure drop term for the valves od3 Discharged flow from HPOTP boost 

[ ]pipe 
Flow/friction term of the pipes and  
the injector 

fd1 Discharged flow from LPFTP 
fd2 Discharged flow from HPFTP 

Cf 
Pressure loss factor along the pipes and
LPOTF/LPFTP hydraulic turbine pos Oxidizer pre-burner and fuel pre-burner  

supply line 
Cfi Injector coefficient os LPOTP discharge from HPOTP 
C* Equilibrium flow rate factor tc4 Hot gas to wall fuel heat flow rate at nozzle

HE r* Oxidizer-to-total flow ratio 

g 
Gravitational conversion factors with  
value unity in SI metric units  
(lbm-in/lbf-sec2) 

tc5 Hot gas to hot wall fuel heat flow rate  
at MCC HE 

ft1 LPFTP turbine flow 

J Energy conversion factors with value  
unity in SI metric units (in-lbf/Btu) 

ft2 HPFTP turbine flow 
ot1 LPOTP turbine flow 

ν Velocity ratio ot2 HPOTP turbine flow 
Γ Torque coefficient op3 HPOTP boost pump liquid oxidizer flow 
Φ Flow coefficient for turbo-machinery fpo Fuel pre-burner oxidizer 
ψ Head coefficient opo Oxidizer pre-burner oxidizer 
  fpf Fuel pre-burner fuel 
Subscripts opf Oxidizer pre-burner fuel 
tp Turbo-pump mc MCC HE fuel 
t Turbine fn Nozzle HE inlet fuel 
p Pump fnbp Nozzle HE bypass fuel 
o Original cn Thrust chamber nozzle 
fp Fuel pre-burner in Inlet 
op Oxidizer pre-burner out Outlet 
hw Hot wall n The number of components 
cw Cold wall c Main combustion chamber 
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Subscripts

tp Turbo-pump 

t Turbine

p Pump 

o Original 

fp Fuel pre-burner 

op Oxidizer pre-burner 

hw Hot wall 

cw Cold wall

MOV Main oxidizer valve

MFV Main fuel valve

CCV Coolant control valve

f1 Low pressure fuel turbo pump (LPFTP)

f2 High pressure fuel turbo pump (HPFTP)

o1 Low pressure oxidizer turbo pump (LPFTP)

o2 High pressure oxidizer turbo pump (LPOTP)

4 Inside the nozzle heat exchanger (nozzle HE)

5  Inside the main combustion chamber heat 

exchanger (MCC HE)

fi Fuel injector (inlet)

FI Fuel injector (time-delayed, outlet)

15 Hot wall at MCC HE

25 Cold wall at MCC HE

14 Hot wall at nozzle HE

24 Cold wall at nozzle HE

od1 Discharged flow from LPOTP

od2 Discharged flow from HPOTP

od3 Discharged flow from HPOTP boost

fd1 Discharged flow from LPFTP

fd2 Discharged flow from HPFTP

pos  Oxidizer pre-burner and fuel pre-burner supply 

line

os LPOTP discharge from HPOTP

tc4 Hot gas to wall fuel heat flow rate at nozzle HE

tc5 Hot gas to hot wall fuel heat flow rate at MCC HE

ft1 LPFTP turbine flow

ft2 HPFTP turbine flow

ot1 LPOTP turbine flow

ot2 HPOTP turbine flow

op3 HPOTP boost pump liquid oxidizer flow

fpo Fuel pre-burner oxidizer

opo Oxidizer pre-burner oxidizer

fpf Fuel pre-burner fuel

opf Oxidizer pre-burner fuel

mc MCC HE fuel

fn Nozzle HE inlet fuel

fnbp Nozzle HE bypass fuel

cn Thrust chamber nozzle

in Inlet

out Outlet

n The number of components

c Main combustion chamber

1. Introduction 

Securing the safety and the reliability of the liquid-propellant 

rocket engines (LREs) for Space vehicles is indispensable as 

engines consist of many complex components and operate 

under extremely high energy-dense conditions [1,2]. As 

various health monitoring and fault diagnosis techniques 

based on modern control and signal processing technology 

rapidly progress, naturally, the interest in applying these 

techniques to the LREs increases [3].

At the early development stage of LRE health monitoring 

systems, the health monitoring systems were usually applied 

to rocket engines during the ground-test process [4,5]. After 

that, the monitoring technique was applied to Atlas and 

Titan by using the pre-determined operation limits of a few 

parameters that represented the rocket’s critical states, and 

then by using the updated test data, in the 1990s [5,6]. These 

early forms of health monitoring systems were a part of the 

redline method, which shuts the engine down if a measured 

value of the critical parameters crosses its maximum or 

minimum allowed  limit. The System for Anomaly and 

Failure Detection (SAFD) method could monitor 21 engine 

parameters online, and detect the faults [7]. These methods 

are still being used, combined with the updated speed of 

calculation and the increased reliability [4,8].

The redline algorithm is one of the most widely used 

health monitoring methods, since the algorithms of health 

monitoring system for LREs should be designed to detect and 

diagnose faults within a very short period of time, e.g., within 

0.01 s [1]. In order to use the redline algorithm, at first, it is 

necessary that an error bound for the critical parameters is 

determined, by statistically analyzing the data from repeated 

ground experiments and results from the mathematical 

models. Then, the allowed limit needs to be set using 

experimental data and the designed margin of safety. The 

level of the margin depends on the LRE type, and also on the 

applicable components, e.g., 1.4 for a manned rocket, 1.25 

for an unmanned rocket, and 1.1 for usual components [9].

The importance of health monitoring systems grew in the late 

1970s as the SSME was developed, which is one of the reusable 

liquid rocket engines using a staged-combustion cycle. Health 

monitoring systems will become more important in the 

development of future reusable liquid rocket engines, such 

as the SPACE-X reusable launch system and the Intermediate 

eXperimental Vehicle (IXV) of the European Space Agency 
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(ESA) [10-13]. In Korea, the Korea Aerospace Research Institute 

(KARI) is also developing a staged-combustion cycle engine 

because of its efficient performance [10].

Although much past research on health monitoring and 

fault detection for the SSME is available [14-19], the details 

on the faulty states of the components of the engine have 

never been openly reported and discussed before at least 

to the authors’ knowledge. This kind of research is very 

important, especially for newly joining countries in the 

development of LREs, such as South Korea, which has a 

plan to launch and develop its own LRE [20]. In this line of 

effort, the current research focuses on simulating various 

fault states of the SSME via the mathematical models of the 

engine, for the purpose of developing suitable fault detection 

and diagnosis (FDD) algorithms. The simulation program 

was developed utilizing the MATLAB/Simulink software for 

the consideration of various subsequent works for designing 

control laws, fault detection, fault diagnosis, etc.

For this purpose, we first built simulation models of the 

SSME, and then found the steady-state operating points for 

various Rated Propulsion Levels (RPLs). At these obtained 

steady-state operating conditions, we linearized the obtained 

simulation model to check the stability of the engine operation, 

and the feasibility of using the linear model for future FDD 

implementation. Finally, we conducted fault simulations by 

changing major performance parameters of the SSME model, 

and analyzed the consequent effects due to each fault, similar 

to the previous research by Jianjun et al. [21,22]. 

The current study briefly focuses on the qualitative physical 

explanation of the causes of the fault. For this purpose, we 

artificially injected 9 faults into the SSME model consisting 

of 32 first-order differential equations, and we explained the 

possible reason for each fault. However, a related paper [23] by 

the same authors aims to quantitatively analyze the probable 

location of each fault, and the levels of severity based on a 

multiple linear regression algorithm. Towards this aim, for 

the same SSME system model, we constructed 59 new energy 

balance equations at various locations within the SSME, by 

considering balances in the pressure, the mass flow rate, the 

pump pressure increment, the pump power, the mass flow 

rate through the turbine, and the oxidizer-to-fuel ratio. Then, 

using the measurement data of some important parameters 

of the engine, 59 fault factors that reflect the deviation of each 

equation from the normal state were estimated. 

2. Simulation Model Setup and Procedures

2.1 Process of Building the Simulation Model

The mathematical (nonlinear and linear) modeling 
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Fig. 1 Process of SSME simulation modeling 

 

 

 

Fig. 1. Process of SSME simulation modeling
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of each component of the SSME must precede the fault 

simulations, as the following steps (see Fig. 1): at first, we 

built the simulation model based on the mathematical 

models using MATLAB/Simulink, and then we found 

the steady-state operating conditions by using the Trim 

function of MATLAB. As for the nonlinear simulation, it was 

required that we check if the obtained nonlinear model at 

steady state is reasonable compared with other pre-existing 

standard data. The linear simulation model, for the purpose 

of checking the stability of the engine system and designing 

control laws, was obtained based on the obtained operating 

points by applying the Linmod function of MATLAB.

2.2  Mathematical Models of the SSME Components

The components of the SSME can be roughly categorized 

according to the turbomachineries, the combustion system, 

the cooling system, and the pipe and valve system. The 

turbomachineries comprise four turbopumps, two hydraulic 

turbines, two gas turbines and two preburners to operate 

the gas turbines, as shown in Fig. 2. The main combustion 

chamber (MCC) and the main injector (MI) are involved in 

the combustion system. Other valves, pipelines and pogo 

system mainly concern the pipe and valve system. The 

cooling system consists of a main combustion chamber heat 

exchanger and a nozzle heat exchanger, where two-phase 

flows exist due to the phase change of the hydrogen fuel. 

The dynamic models for the SSME operation used in the 

current study are based on the study by Lozano-Tovar [24], in 

which the components of the SSME are described by 38 first-

order ordinary differential equation (ODEs). Among these, 

here, we consider only 32 ODEs, except for 6 ODEs that are 

related to the ignition and the start. 

The remaining 32 ODEs can be derived by applying the 

following 7 physical principles [24]:

- Rotational dynamics (4 equations)

- Inertia under pressure fluctuations (12 equations)

-  Fluid capacitance under pressure variations (7 equations)

-  Fluid capacitance under density variations at constant 

pressure (2 equations)

- Energy balance in the heat exchanger (2 equations)

- Heat transfer temperature (4 equations)

- Time delay (1 equation)
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Model 6: Heat Transfer Temperature Equations 

����
�� � �

��� ������� � �������  (6) 

This model deals with a mathematical description of the transient heat transfer phenomena inside 
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response. This delay can be modeled as a first-order time lag. Here �� � is the original signal that is 

generated at one end of the pipe, ��  describes the new state signal affected by immediate physical 

response at the other end, and ε is a time delay, which is an amount of time elapsed. Equation (7) can 

be derived from the following equations. 

�� ���� � �� �� � ��  (8) 

Subtracting on each side the output signal �� ��� at time � and dividing by ε 
�� ������� ���

� � �� �������� ���
�   (9) 

If the time delay ε is small enough, then the right hand side of equation (9) can be considered as the 

time derivative of the mass flow rate; therefore equation (9) can be written as equation (7). In this 

paper, the time delay is given in Ref. 24 and 26 by ε � ������. 
 

All Equations of Motion 

Tables 1-5 show the 32 ODEs and other algebraic equations describing dynamic characteristics of 

the SSME, respectively. The current paper focuses on a steady operation of the SSME, during which 

phase changes mainly occur in the nozzle and the main combustion chamber heat exchangers. Since 

the characteristics of the two-phase flows are so complicated to model, their mixed average properties 

are empirically reflected in terms of flow friction as a function of the cooling circuit exit pressure, by 

following the approach used in Ref. 24 and 26. 

 

2.3 MATLAB/SIMULINK SIMULATION MODEL OF THE SSME OPERATION 

Figure 3 shows the main part of the constructed MATLAB/Simulink model, for which we used the 

equations explained in the previous subsection. As noted previously, the model represents the 32nd-

order ordinary differential equation. For the thermophysical properties of liquid hydrogen, such as the 

internal energy and density according to pressure and temperature, the NIST Standard Reference 

Database [25] was used in the simulation model. The NASA CEA program was used to obtain 

combustion property data of hydrogen and oxygen. For the analysis of the turbomachineries, we used 

performance curves and maps designed by Rocketdyne. 
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Table 4. Equations from Model 4, 5 & 6 (total 8 equations)
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Table 2. Equations from Model 2 (total 12 equations)
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was used in the simulation model. The NASA CEA program 

was used to obtain combustion property data of hydrogen 

and oxygen. For the analysis of the turbomachineries, 

we used performance curves and maps designed by 

Rocketdyne.

The thrust level of the SSME is generally controlled by 

changing the following five valve positions:

• Main Oxidizer Valve (MOV)

• Main Fuel Valve (MFV)

• Fuel Pre-burner Oxidizer Valve (FPOV)

• Oxidizer Pre-burner Oxidizer Valve (OPOV)

• Chamber Coolant Valve (CCV)

We applied this thrust controlling system to our 

simulation model, and verified that tendency of results from 

the simulation is reasonable compared with the results of 

Lozano [24].

2.4 Steady-State Operating Points

We obtained the steady-state operating conditions based 

on the nonlinear simulation model, according to the Rated 

Propulsion Levels (RPLs): 65%, 100%, 104% and 109%, using 

the Trim function, a built-in function of MATLAB. Table 6 

compares the current result with that of the previous study 

[24], for the each RPL case. It can be observed that both 

results are quite similar. Fig. 4 shows the open-loop pressure 

time response of the main combustion chamber (MCC) in a 

typical simulated sequence, in which the throttle started from 

RPL 104% and decreased down to RPL 65%, increased up to 

RPL 109% and decreased down to 100% every 5 seconds. In 

order to change the thrust level during the simulation, the 

five valve positions explained above were set at the each 

steady-state condition for the corresponding RPL. It was 

found that the pressure converged rapidly according to 

each RPL change, in spite of not having used a controller. It 

is expected that the future model, combined with a proper 

controller, will present more rapid responses.

2.5  Linearization and Stability of the Simulation Model

In order to check the stability of the engine simulation 

model, the nonlinear model was linearized at the operating 

points obtained above, using the MATLAB built-in function 

Linmod. We obtained the eigenvalues of the linearized 

model: All eigenvalues of the system have negative real parts; 

among 32 eigenvalues, the maximum value of the real part 

is -2.302 and the minimum value of the real part is -1277 for 

the RPL 104% case. Therefore, this proves that the open-loop 

SSME system is stable.

34 

 

 

 

Fig. 4 MCC pressure result of the SSME simulation 
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Fig. 3 Non-Linear simulation model of the SSME using Simulink 
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3. Fault Simulation Results and Discussion

We performed various fault simulations to see the effects 

of the 9 artificially injected faults (input faults) on the 5 

critical operating parameters (output parameters). The input 

faults consist of the 5 valve position faults in the:

• Main Oxidizer Valve (MOV)

• Main Fuel Valve (MFV)

• Fuel Pre-burner Oxidizer Valve (FPOV) 

• Oxidizer Pre-burner Oxidizer Valve (OPOV)

• Chamber Coolant Valve (CCV)

and the 4 torques of the:

• High Pressure Fuel Pump

• High Pressure Fuel Turbine

• High Pressure Oxidizer Pump

• High Pressure Oxidizer Turbine

Considering that the SSME is a staged combustion system, 

we selected the following 5 output parameters among all the 

parameters of the SSME. Each of the output parameters is 

normalized using the value (*) at a steady-state operating 

condition represented by the starred superscript as in 

below:

•  

10 

1277 for the RPL 104% case. Therefore, this proves that the open-loop SSME system is stable. 
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3.1 Faults In the Main Valves

3.1.1 Fault In the Main Fuel Valve

Figure 5 shows the responses of the five output parameters 

for a 20% less-opened fault, which is artificially injected in 

the MFV at 0.5 s, and then all the outputs abruptly change 

(approximately within 0.01 s). The parameters which 

demonstrated the most significant changes  among the 

five are intuitively 
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slightly increases although the amount of the fuel supplied decreases.  

The resulting responses can be briefly analyzed as follows: The less-opened MFV lead to decrease 

the fuel supplied to each preburner, which increases ������ [24,26]. The increased temperatures 

affect the increase of Ω������ (no.33-36 in Table 5). Despite the increasing Ω���, ���� decreases (no.24 

in Table 3, no.39 in Table 5), since the amounts of fuel supplied to each preburner decrease due to the 

physical fault in the MFV. Finally, the increased �����, which is due to the increase of Ω���, is larger 

than the decreased ���� (Fig. 5), and in turn, ��� increases. The flow chart of Fig. 6 describes at the 

steady state the reason why the MCC pressure increases, in spite of the less-opened MFV fault. 

However, before attaining the steady state, the output parameters experience some transient states, 

especially arising due to the oscillations of the oxidizer-to-total flow ratio in the fuel ���∗  and 

oxidizer preburners ���∗  which are shown in Fig. 7. In these figures, the symbols ▲ and ▼ denote 

an increase and a decrease of a parameter, respectively. 
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Figure 8 corresponds to a 20% less-opened fault in the MOV, which causes the major changes in 

Ω��� and �����. Compared with the case of Fig. 5, this case shows a drop in ��� although both 

rotational speeds of the HPOTP and HPFTP increase. The flow chart of Fig. 9 describes a detailed 

analysis of the resulting steady-state responses due to the MOV fault. Similar to the MFV fault case, 
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3.1.1 FAULT IN THE MAIN FUEL VALVE 

Figure 5 shows the responses of the five output parameters for a 20% less-opened fault, which is 

artificially injected in the MFV at 0.5 s, and then all the outputs abruptly change (approximately 

within 0.01 s). The parameters which demonstrated the most significant changes among the five are 

intuitively Ω��� and ����. One thing that needs to be remarked here is that the MCC pressure ratio ��� 

slightly increases although the amount of the fuel supplied decreases.  

The resulting responses can be briefly analyzed as follows: The less-opened MFV lead to decrease 

the fuel supplied to each preburner, which increases ������ [24,26]. The increased temperatures 

affect the increase of Ω������ (no.33-36 in Table 5). Despite the increasing Ω���, ���� decreases (no.24 

in Table 3, no.39 in Table 5), since the amounts of fuel supplied to each preburner decrease due to the 

physical fault in the MFV. Finally, the increased �����, which is due to the increase of Ω���, is larger 

than the decreased ���� (Fig. 5), and in turn, ��� increases. The flow chart of Fig. 6 describes at the 

steady state the reason why the MCC pressure increases, in spite of the less-opened MFV fault. 

However, before attaining the steady state, the output parameters experience some transient states, 

especially arising due to the oscillations of the oxidizer-to-total flow ratio in the fuel ���∗  and 

oxidizer preburners ���∗  which are shown in Fig. 7. In these figures, the symbols ▲ and ▼ denote 

an increase and a decrease of a parameter, respectively. 
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Figure 8 corresponds to a 20% less-opened fault in the MOV, which causes the major changes in 

Ω��� and �����. Compared with the case of Fig. 5, this case shows a drop in ��� although both 

rotational speeds of the HPOTP and HPFTP increase. The flow chart of Fig. 9 describes a detailed 

analysis of the resulting steady-state responses due to the MOV fault. Similar to the MFV fault case, 

the process of Fig. 7 describes transient changes of some parameters due to the oscillations of ���∗  

and ���∗ . 
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Fig. 5 Transient response due to a 20% less-opened main fuel valve fault 

 

 

 

 

 

 

 

 

 

 

 

Pa
ra

m
et

er
 R

at
io

Fig. 5.  Transient response due to a 20% less-opened main fuel valve 
fault

(535~550)16-006.indd   542 2017-01-02   오전 5:15:12



543

Jihyoung Cha    Dynamic Simulation and Analysis of the Space Shuttle Main Engine with Artificially Injected Faults

http://ijass.org

to the increased 

12 

The result can be concisely analyzed as following. Initially, the decrease of movq  and the increase 

of �� ��� and �� ��� occur due to the artificial fault in the MOV. The increased amount of oxidizer 

supplied to each preburner increase Ω��� and Ω���, which is mainly due to the increase in ���∗  and 

���∗ . In addition, the increased �� ��� and �� ��� increase ����. 
Without a further analysis, intuitively ���  can be increased since |��������| � |���������| as 

shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 

 

 

3.2 LESS-OPENED FAULT IN THE PRE-BURNER OXIDIZER VALVES 

Figure 10 and 11 respectively show the transient responses when the FPOV and OPOV are closed 

by 15% from the no-fault RPL 104% state. 

 

3.2.1 LESS-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

For the case of the FPOV fault, it is observed that the mean values of the output parameters 

decrease with persistent oscillations (Fig. 10). The oscillation seems to firstly occur in the response 

Ω��� (no.1 in Table 1) and then to propagate to the other parameters. 

 

3.2.2 LESS-OPENED FAULT IN THE OXIDIZER PRE-BURNER OXIDIZER VALVE 

The OPOV fault in Fig. 11 exhibits a decrease in all output parameters, including cP , from the no-

fault states. More specifically, we need to focus on the large decreases of parameters regarding 

oxidizer supplying parameters, such as Ω���, ����� and ���.  

This response results from the following process: When the artificial fault is injected into the OPOV, 

���∗  decreases. It triggers the decrease in Ω���. The decreased rotational speed leads to a decrease in 

the value of �� ��� which is related to �����, �� ��� and �� ���. As described above, ���∗  and ���∗  

 from the decrease of 

12 

The result can be concisely analyzed as following. Initially, the decrease of movq  and the increase 

of �� ��� and �� ��� occur due to the artificial fault in the MOV. The increased amount of oxidizer 

supplied to each preburner increase Ω��� and Ω���, which is mainly due to the increase in ���∗  and 

���∗ . In addition, the increased �� ��� and �� ��� increase ����. 
Without a further analysis, intuitively ���  can be increased since |��������| � |���������| as 

shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 

 

 

3.2 LESS-OPENED FAULT IN THE PRE-BURNER OXIDIZER VALVES 

Figure 10 and 11 respectively show the transient responses when the FPOV and OPOV are closed 

by 15% from the no-fault RPL 104% state. 

 

3.2.1 LESS-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

For the case of the FPOV fault, it is observed that the mean values of the output parameters 

decrease with persistent oscillations (Fig. 10). The oscillation seems to firstly occur in the response 

Ω��� (no.1 in Table 1) and then to propagate to the other parameters. 

 

3.2.2 LESS-OPENED FAULT IN THE OXIDIZER PRE-BURNER OXIDIZER VALVE 

The OPOV fault in Fig. 11 exhibits a decrease in all output parameters, including cP , from the no-

fault states. More specifically, we need to focus on the large decreases of parameters regarding 

oxidizer supplying parameters, such as Ω���, ����� and ���.  

This response results from the following process: When the artificial fault is injected into the OPOV, 

���∗  decreases. It triggers the decrease in Ω���. The decreased rotational speed leads to a decrease in 

the value of �� ��� which is related to �����, �� ��� and �� ���. As described above, ���∗  and ���∗  

 [24], although the 

increase of 

12 

The result can be concisely analyzed as following. Initially, the decrease of movq  and the increase 

of �� ��� and �� ��� occur due to the artificial fault in the MOV. The increased amount of oxidizer 

supplied to each preburner increase Ω��� and Ω���, which is mainly due to the increase in ���∗  and 

���∗ . In addition, the increased �� ��� and �� ��� increase ����. 
Without a further analysis, intuitively ���  can be increased since |��������| � |���������| as 

shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 

 

 

3.2 LESS-OPENED FAULT IN THE PRE-BURNER OXIDIZER VALVES 

Figure 10 and 11 respectively show the transient responses when the FPOV and OPOV are closed 

by 15% from the no-fault RPL 104% state. 

 

3.2.1 LESS-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

For the case of the FPOV fault, it is observed that the mean values of the output parameters 

decrease with persistent oscillations (Fig. 10). The oscillation seems to firstly occur in the response 

Ω��� (no.1 in Table 1) and then to propagate to the other parameters. 

 

3.2.2 LESS-OPENED FAULT IN THE OXIDIZER PRE-BURNER OXIDIZER VALVE 

The OPOV fault in Fig. 11 exhibits a decrease in all output parameters, including cP , from the no-

fault states. More specifically, we need to focus on the large decreases of parameters regarding 

oxidizer supplying parameters, such as Ω���, ����� and ���.  

This response results from the following process: When the artificial fault is injected into the OPOV, 

���∗  decreases. It triggers the decrease in Ω���. The decreased rotational speed leads to a decrease in 

the value of �� ��� which is related to �����, �� ��� and �� ���. As described above, ���∗  and ���∗  

 is larger than the decrease of 

12 

The result can be concisely analyzed as following. Initially, the decrease of movq  and the increase 

of �� ��� and �� ��� occur due to the artificial fault in the MOV. The increased amount of oxidizer 

supplied to each preburner increase Ω��� and Ω���, which is mainly due to the increase in ���∗  and 

���∗ . In addition, the increased �� ��� and �� ��� increase ����. 
Without a further analysis, intuitively ���  can be increased since |��������| � |���������| as 

shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 

 

 

3.2 LESS-OPENED FAULT IN THE PRE-BURNER OXIDIZER VALVES 

Figure 10 and 11 respectively show the transient responses when the FPOV and OPOV are closed 

by 15% from the no-fault RPL 104% state. 

 

3.2.1 LESS-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

For the case of the FPOV fault, it is observed that the mean values of the output parameters 

decrease with persistent oscillations (Fig. 10). The oscillation seems to firstly occur in the response 

Ω��� (no.1 in Table 1) and then to propagate to the other parameters. 

 

3.2.2 LESS-OPENED FAULT IN THE OXIDIZER PRE-BURNER OXIDIZER VALVE 

The OPOV fault in Fig. 11 exhibits a decrease in all output parameters, including cP , from the no-

fault states. More specifically, we need to focus on the large decreases of parameters regarding 

oxidizer supplying parameters, such as Ω���, ����� and ���.  

This response results from the following process: When the artificial fault is injected into the OPOV, 

���∗  decreases. It triggers the decrease in Ω���. The decreased rotational speed leads to a decrease in 

the value of �� ��� which is related to �����, �� ��� and �� ���. As described above, ���∗  and ���∗  

.

3.2  Less-Opened Fault In the Pre-Burner Oxidizer 
Valves

Figure 10 and 11 respectively show the transient responses 

when the FPOV and OPOV are closed by 15% from the no-

fault RPL 104% state.

3.2.1  Less-Opened Fault In the Fuel Pre-Burner Oxidizer 
Valve

For the case of the FPOV fault, it is observed that the mean 

values of the output parameters decrease with persistent 

oscillations (Fig. 10). The oscillation seems to firstly occur in 

the response 

12 

The result can be concisely analyzed as following. Initially, the decrease of movq  and the increase 

of �� ��� and �� ��� occur due to the artificial fault in the MOV. The increased amount of oxidizer 

supplied to each preburner increase Ω��� and Ω���, which is mainly due to the increase in ���∗  and 

���∗ . In addition, the increased �� ��� and �� ��� increase ����. 
Without a further analysis, intuitively ���  can be increased since |��������| � |���������| as 

shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 

 

 

3.2 LESS-OPENED FAULT IN THE PRE-BURNER OXIDIZER VALVES 

Figure 10 and 11 respectively show the transient responses when the FPOV and OPOV are closed 

by 15% from the no-fault RPL 104% state. 

 

3.2.1 LESS-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

For the case of the FPOV fault, it is observed that the mean values of the output parameters 

decrease with persistent oscillations (Fig. 10). The oscillation seems to firstly occur in the response 

Ω��� (no.1 in Table 1) and then to propagate to the other parameters. 

 

3.2.2 LESS-OPENED FAULT IN THE OXIDIZER PRE-BURNER OXIDIZER VALVE 

The OPOV fault in Fig. 11 exhibits a decrease in all output parameters, including cP , from the no-

fault states. More specifically, we need to focus on the large decreases of parameters regarding 

oxidizer supplying parameters, such as Ω���, ����� and ���.  

This response results from the following process: When the artificial fault is injected into the OPOV, 

���∗  decreases. It triggers the decrease in Ω���. The decreased rotational speed leads to a decrease in 

the value of �� ��� which is related to �����, �� ��� and �� ���. As described above, ���∗  and ���∗  

 (no.1 in Table 1) and then to propagate to 

the other parameters.

38 

 

 

Fig. 8 Transient response due to a 20% less-opened main oxidizer valve fault 
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Fig. 8.  Transient response due to a 20% less-opened main oxidizer 
valve fault
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Fig. 6 Fault propagation flow chart of to a 20% less-opened main fuel valve fault 
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Fig. 7 Loop A flow chart of repeatedly occurring parameter changes due to faults 
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3.2.2  Less-Opened Fault In the Oxidizer Pre-Burner Oxi-
dizer Valve

The OPOV fault in Fig. 11 exhibits a decrease in all output 

parameters, including 
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3.1.1 FAULT IN THE MAIN FUEL VALVE 

Figure 5 shows the responses of the five output parameters for a 20% less-opened fault, which is 

artificially injected in the MFV at 0.5 s, and then all the outputs abruptly change (approximately 

within 0.01 s). The parameters which demonstrated the most significant changes among the five are 

intuitively Ω��� and ����. One thing that needs to be remarked here is that the MCC pressure ratio ��� 

slightly increases although the amount of the fuel supplied decreases.  

The resulting responses can be briefly analyzed as follows: The less-opened MFV lead to decrease 

the fuel supplied to each preburner, which increases ������ [24,26]. The increased temperatures 

affect the increase of Ω������ (no.33-36 in Table 5). Despite the increasing Ω���, ���� decreases (no.24 

in Table 3, no.39 in Table 5), since the amounts of fuel supplied to each preburner decrease due to the 

physical fault in the MFV. Finally, the increased �����, which is due to the increase of Ω���, is larger 

than the decreased ���� (Fig. 5), and in turn, ��� increases. The flow chart of Fig. 6 describes at the 

steady state the reason why the MCC pressure increases, in spite of the less-opened MFV fault. 

However, before attaining the steady state, the output parameters experience some transient states, 

especially arising due to the oscillations of the oxidizer-to-total flow ratio in the fuel ���∗  and 

oxidizer preburners ���∗  which are shown in Fig. 7. In these figures, the symbols ▲ and ▼ denote 

an increase and a decrease of a parameter, respectively. 
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Figure 8 corresponds to a 20% less-opened fault in the MOV, which causes the major changes in 

Ω��� and �����. Compared with the case of Fig. 5, this case shows a drop in ��� although both 

rotational speeds of the HPOTP and HPFTP increase. The flow chart of Fig. 9 describes a detailed 

analysis of the resulting steady-state responses due to the MOV fault. Similar to the MFV fault case, 

the process of Fig. 7 describes transient changes of some parameters due to the oscillations of ���∗  

and ���∗ . 
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shown in Fig. 8. However, in this case, it is necessary to observe the increase of cnm  which is 

completely dependent upon ��∗ [24]: The decreased ��� is owing to the increased �� �� from the 

decrease of ��∗ [24], although the increase of ���� is larger than the decrease of �����. 
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[24] affect ��� and ��� directly, and it is clear that the decreased oxidizer mass flow rates cause a 

drop in ���∗  and ���∗  [24]. Therefore, �� ���, �� ���, �� ��� and �� ��� decrease, and then ����  and 

����� decrease (no.22, 24 in Table 3, no.39 in Table 5). In turn, ��� decreases (no.23 in Table 3). 

 

3.3 MORE-OPENED FAULT PRE-BURNER OXIDIZER VALVES 

Figure 12 and 13 respectively show the transient responses of the output parameters with the FPOV 

and OPOV positions more-opened by 15% from the normal state (no.7, 8 in Table 2) 
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3.1 FAULTS IN THE MAIN VALVES 

3.1.1 FAULT IN THE MAIN FUEL VALVE 

Figure 5 shows the responses of the five output parameters for a 20% less-opened fault, which is 

artificially injected in the MFV at 0.5 s, and then all the outputs abruptly change (approximately 

within 0.01 s). The parameters which demonstrated the most significant changes among the five are 

intuitively Ω��� and ����. One thing that needs to be remarked here is that the MCC pressure ratio ��� 

slightly increases although the amount of the fuel supplied decreases.  

The resulting responses can be briefly analyzed as follows: The less-opened MFV lead to decrease 

the fuel supplied to each preburner, which increases ������ [24,26]. The increased temperatures 

affect the increase of Ω������ (no.33-36 in Table 5). Despite the increasing Ω���, ���� decreases (no.24 

in Table 3, no.39 in Table 5), since the amounts of fuel supplied to each preburner decrease due to the 

physical fault in the MFV. Finally, the increased �����, which is due to the increase of Ω���, is larger 

than the decreased ���� (Fig. 5), and in turn, ��� increases. The flow chart of Fig. 6 describes at the 

steady state the reason why the MCC pressure increases, in spite of the less-opened MFV fault. 

However, before attaining the steady state, the output parameters experience some transient states, 

especially arising due to the oscillations of the oxidizer-to-total flow ratio in the fuel ���∗  and 

oxidizer preburners ���∗  which are shown in Fig. 7. In these figures, the symbols ▲ and ▼ denote 

an increase and a decrease of a parameter, respectively. 
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Figure 8 corresponds to a 20% less-opened fault in the MOV, which causes the major changes in 

Ω��� and �����. Compared with the case of Fig. 5, this case shows a drop in ��� although both 

rotational speeds of the HPOTP and HPFTP increase. The flow chart of Fig. 9 describes a detailed 

analysis of the resulting steady-state responses due to the MOV fault. Similar to the MFV fault case, 

the process of Fig. 7 describes transient changes of some parameters due to the oscillations of ���∗  

and ���∗ . 
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3.3  More-Opened Fault Pre-Burner Oxidizer Valves
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Fig. 11 Transient response due to a 15% less-opened fault in the oxidizer pre-burner oxidizer valve 
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Fig. 11.  Transient response due to a 15% less-opened fault in the oxi-
dizer pre-burner oxidizer valve
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Fig. 10 Transient response due to a 15% less-opened fault in the fuel pre-burner oxidizer valve 
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Fig. 10.  Transient response due to a 15% less-opened fault in the fuel 
pre-burner oxidizer valve
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Fig. 9 Fault propagation flow chart of to a 20% less-opened main oxidizer valve fault 

 

 

 

 

 

Fig. 9. Fault propagation flow chart of to a 20% less-opened main oxidizer valve fault
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responses of the output parameters with the FPOV and 

OPOV positions more-opened by 15% from the normal state 

(no.7, 8 in Table 2)

3.3.1  More-Opened Fault In the Fuel Pre-Burner Oxidizer 
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Fig. 12 Transient response due to a 15% more-opened fault in the fuel pre-burner oxidizer valve 
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Fig. 12.  Transient response due to a 15% more-opened fault in the 
fuel pre-burner oxidizer valve
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Fig. 13 Transient response due to a 15% more-opened fault in the oxidizer pre-burner oxidizer valve 

 

 

 

 

 

 

 

 

 

 

 

Pa
ra

m
et

er
 R

at
io

Fig. 13.  Transient response due to a 15% more-opened fault in the 
oxidizer pre-burner oxidizer valve
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Table 6. Comparison of steady states between MIT and KAU SSME Model 

Variable Description Unite 
65% RPL 100% RPL 104% RPL 109% RPL 

MIT KAU 
error

MIT KAU 
error

MIT KAU 
error 

MIT KAU 
error 

(%) (%) (%) (%) 
P_c Main chamber pressure psia 1953.9 2016 3.18 3006 2830.7 5.83 3126.2 2867.9 8.26 3599.2 2908.5 19.19 
dm_fi Main fuel injector flow rate lbm/sec 128.6 138.6 7.8 214.7 213.2 0.7 225.6 218.1 3.33 214.7 223.6 4.12 
dm_mov Main oxidizer valve flow rate lbm/sec 532.6 533.8 0.23 802.4 735.6 8.33 832.3 742.8 10.75 869.5 750.6 13.68 
dm_op3 HPOTP boost pump LOX flow rate lbm/sec 52.3 47.5 9.14 96.7 89.1 7.87 103.1 92.1 10.67 111.6 95.4 14.48 
P_fi Fuel injector pressure psia 2064.1 1834.7 11.11 3230 3143.4 2.68 3369.1 3237.1 3.92 3545.3 3340.3 5.78 
P_9 Preburners fuel supply line press psia 3243.4 3015.7 7.02 5499.6 5102.6 7.22 5793.6 5246.8 9.44 6175.1 5406.7 12.44 
dm_fnbp Nozzle HE bypass fuel flow rate lbm/sec 31.8 35.2 10.83 61.1 67.2 9.9 62.1 67.2 8.14 62.1 67.1 8.01 
SU_4 Fuel sp. int. energy at nozzle HE Btu/lbm 1003.5 823 17.99 1037.3 963.5 7.11 1008.5 943.2 6.48 983.1 919.7 6.44 
rho_4 Fuel density at nozzle HE lbm/in3 0.000681 0.000745 9.43 0.001024 0.001016 0.81 0.001089 0.001052 3.43 0.001163 0.001092 6.03 
dm_4 Nozzle HE outlet fuel flow rate lbm/sec 40.6 50.9 25.43 52.2 53.2 1.96 55.1 54.8 0.48 58.3 56.7 2.67 
dm_fpf Fuel preburner fuel flow rate lbm/sec 47.1 58 23.11 78.3 83.5 6.63 81.1 84.4 4.1 84.3 85.5 1.38 
dm_fpo Fuel preburner oxidizer flow rate lbm/sec 36.1 33.3 7.73 66.5 61.7 7.28 71.2 64 10.17 77.4 66.5 14.04 
P_fp Fuel preburner pressure psia 2956.4 2601.8 11.99 4976.9 4522.5 9.13 5251.8 4663.4 11.2 5611.4 4819.7 14.11 
Om_f2 HPFTP turbine speed rad/sec 2824.3 2899.9 2.68 3596.6 3563.6 0.92 3695.6 3611.6 2.27 3822.2 3664 4.14 
Om_f1 LPFTP turbine speed rad/sec 1491.8 1589.7 6.56 1634.5 1527.5 6.54 1671.5 1534.5 8.2 1722 1541.8 10.47 
Om_o2 HPOTP turbine speed rad/sec 2049.3 2060.1 0.53 2856.6 2658.3 6.94 2947 2683.2 8.95 3059 2710 11.41 
P_os LPOTP pump inlet pressure psia 103.5 103.5 0.01 99.9 100.8 0.86 99.5 100.6 1.15 99 100.5 1.54 
dm_os LPOTP pump inlet flow rate lbm/sec 584.9 581.3 0.61 899.1 824.7 8.28 935.4 834.9 10.74 981 846 13.76 
Om_o1 LPOTP turbine speed rad/sec 419.2 426.2 1.68 527.5 510.1 3.29 540.4 513.2 5.02 556.7 516.6 7.2 
dm_ot1 LPOTP turbine flow rate lbm/sec 132.8 133.8 0.73 176 166.4 5.44 180.6 167.7 7.12 186.3 169.2 9.2 
dm_opf Oxidizer preburner fuel flow rate lbm/sec 25.3 28.2 11.41 34.9 36.9 5.68 36.1 37.6 4.05 37.7 38.4 1.74 
dm_opo Oxidizer preburner LOX flow rate lbm/sec 11.2 9.5 14.83 23.3 21.6 7.12 24.8 22.3 10.01 26.7 23 13.7 
P_op Oxidizer preburner pressure psia 2884.4 2590.1 10.2 5047.5 4610 8.67 5326 4744.4 10.92 5685.7 4892.2 13.96 
rho_5 Fuel density at MCC HE lbm/in3 0.000566 0.000621 9.83 0.000889 0.000879 1.48 0.000941 0.000905 3.87 0.001009 0.000936 7.22 
SU_5 Fuel sp. int. energy at MCC HE Btu/lbm 1171.8 1021.2 12.85 1042 1012.6 2.83 1012.5 995.8 1.65 974.7 978 0.34 
dm_mc MCC heat exchanger fuel flow rate lbm/sec 18.3 21 15 28.4 27.1 4.62 30.1 27.8 7.64 32.4 28.6 11.79 
Tw_15 Hot wall temp. at MCC HE R 1228.8 1131.4 7.92 1214.9 1181.1 2.78 1203.1 1172.9 2.51 1187.1 1164.1 1.94 
Tw_25 Cold wall temp. at MCC HE R 509 452.9 11.02 466 453.2 2.75 455.9 447.3 1.9 443.1 441 0.47 
dm_fn Nozzle HE inlet fuel flow rate lbm/sec 40.6 50.9 25.43 52.2 53.2 1.96 55.1 54.8 0.48 58.3 56.7 2.67 
Tw_14 Hot wall temp. at nozzle HE R 1162.5 1031.9 11.24 1260.3 1196.3 5.08 1250.4 1185.7 5.17 1244.5 1173.2 5.73 
Tw_24 Cold wall temp. at nozzle HE R 449.5 379.2 15.65 465.8 436.6 6.28 456.4 429.4 5.92 448.1 421.1 6.03 
P_pos OP & FP supply line pressure psia 4087.6 4142.8 1.35 6978.7 6244.4 10.52 7308.6 6318.3 13.55 7741.8 6396.2 17.38 
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[24] affect ��� and ��� directly, and it is clear that the decreased oxidizer mass flow rates cause a 
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����� decrease (no.22, 24 in Table 3, no.39 in Table 5). In turn, ��� decreases (no.23 in Table 3). 

 

3.3 MORE-OPENED FAULT PRE-BURNER OXIDIZER VALVES 

Figure 12 and 13 respectively show the transient responses of the output parameters with the FPOV 

and OPOV positions more-opened by 15% from the normal state (no.7, 8 in Table 2) 

 

3.3.1 MORE-OPENED FAULT IN THE FUEL PRE-BURNER OXIDIZER VALVE 

In the more-opened fault in the FPOV, ���� and Ω��� show only very small decreases compared 

with non-fault state. Responses of the other selected parameters show large drops from the non-fault 

state, and these parameters are related to the oxidizer supply.  

The result derives from the following process: This case shows that the addition of more oxidizer to 

the fuel preburner due to 15% more-opened FPOV causes to initially increase Ω��� (no.1 in table 1, 

no.33, 35 in Table 5), and to decrease Ω��� (no.2 in Table 1, no.34, 35 in Table 5) from the balance of 

the oxidizer. These changes decrease ����� and ��∗ (no.6 in Table 2, no.24 in Table 3) [24] so that 
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3.1 FAULTS IN THE MAIN VALVES 

3.1.1 FAULT IN THE MAIN FUEL VALVE 

Figure 5 shows the responses of the five output parameters for a 20% less-opened fault, which is 

artificially injected in the MFV at 0.5 s, and then all the outputs abruptly change (approximately 

within 0.01 s). The parameters which demonstrated the most significant changes among the five are 

intuitively Ω��� and ����. One thing that needs to be remarked here is that the MCC pressure ratio ��� 

slightly increases although the amount of the fuel supplied decreases.  

The resulting responses can be briefly analyzed as follows: The less-opened MFV lead to decrease 

the fuel supplied to each preburner, which increases ������ [24,26]. The increased temperatures 

affect the increase of Ω������ (no.33-36 in Table 5). Despite the increasing Ω���, ���� decreases (no.24 

in Table 3, no.39 in Table 5), since the amounts of fuel supplied to each preburner decrease due to the 

physical fault in the MFV. Finally, the increased �����, which is due to the increase of Ω���, is larger 

than the decreased ���� (Fig. 5), and in turn, ��� increases. The flow chart of Fig. 6 describes at the 

steady state the reason why the MCC pressure increases, in spite of the less-opened MFV fault. 

However, before attaining the steady state, the output parameters experience some transient states, 

especially arising due to the oscillations of the oxidizer-to-total flow ratio in the fuel ���∗  and 

oxidizer preburners ���∗  which are shown in Fig. 7. In these figures, the symbols ▲ and ▼ denote 

an increase and a decrease of a parameter, respectively. 

 

3.1.2 FAULT IN THE MAIN OXIDIZER VALVE 

Figure 8 corresponds to a 20% less-opened fault in the MOV, which causes the major changes in 

Ω��� and �����. Compared with the case of Fig. 5, this case shows a drop in ��� although both 

rotational speeds of the HPOTP and HPFTP increase. The flow chart of Fig. 9 describes a detailed 

analysis of the resulting steady-state responses due to the MOV fault. Similar to the MFV fault case, 

the process of Fig. 7 describes transient changes of some parameters due to the oscillations of ���∗  

and ���∗ . 
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Fig. 14 Transient response due to an increase of the high pressure fuel pump torque 
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Fig. 14.  Transient response due to an increase of the high pressure 
fuel pump torque
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Fig. 15 Transient response due to a loss of the high pressure fuel turbine torque 
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Fig. 15.  Transient response due to a loss of the high pressure fuel tur-
bine torque
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pump torque (no.1 in Table 1). Therefore, the response of Fig. 

15 is almost same as that of Fig. 14.

3.5.2  Faults In the High Pressure Oxidizer Pump and Turbine

Figure 16 and 17 correspond to transient responses of the 

output parameters due to the increased torque of the high-

pressure oxidizer pump, and the decreased torque of the 

high-pressure oxidizer turbine, respectively.

Both responses are almost the same (Eq. 1), which means 

that all values of the output parameters decrease. The reason for 
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Fig. 17 Transient response due to a loss of the high pressure oxidizer turbine torque 
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Fig. 17.  Transient response due to a loss of the high pressure oxidizer 
turbine torque
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Fig. 16 Transient response due to an increase of the high pressure oxidizer pump torque 
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Fig. 16.  Transient response due to an increase of the high pressure 
oxidizer pump torque
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Table 7. Summarized fault simulation result  

Components Fault Type Om_f2 Om_o2 P_c q_FI q_mov Remark 

Main Fuel 
Valve 

Less 
Opened 
20% 

Sharp O.S Sharp O.S Sharp U.S Sharp O.S Most selected variables show that the sharp gradients of each 
variables within 0.02 sec after the fault ↑ ↑ ↑ ↓ ↑ 

Main 
Oxidizer 
Valve 

Less 
Opened 
20% 

Sharp O.S Sharp O.S Sharp U.S Sharp U.S Sharp U.S All selected variables show that the sharp gradients of each 
variables within 0.02 sec after the fault ▲ ↑ ↓ ↑ ↓ 

Fuel 
Preburner 
Valve 

Less 
Opened 
15% 

Oscillation Oscillation Oscillation Oscillation Oscillation Oscillation is not a critical matter. Similar response to High 
Pressure Fuel Pump Case less than 14% changes. 

  
More 
Opened 
15% 

Sharp O.S  Need to focus on the changes of the oxidizer-to-total flow 
ratio (O/F ratio). (↓) ↓ ↓ (↓) ▼ 

Oxidizer 
Preburner 
Valve 

Less 
Opened 
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 Sharp U.S Sharp U.S 
Large decrease of the most selected variables. 

↓ ▼ ▼ ▼ ▼ 
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Coolant Valve 
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Opened 
15% 

  It shows very small changes on each variables 
(↑) (↑) (↓) (↓) (↑) 

High Pressure 
Fuel Pump 

Torque 
Increased 
10% 

U.S O.S U.S O.S A typical response of the high pressure fuel turbine: Om_f2 
decreases. It shows the almost same response to the high 
pressure fuel turbine. ↓ ↑ ↑ ↓ ↑ 

High Pressure 
Fuel Turbine 

Torque 
Decreased 
10% 

Sharp U.S  Sharp U.S A typical response of the high pressure fuel turbine: Om_f2 
decreases Almost same case compared with the fault on the 
high pressure fuel pump ↓ ↑ ↑ ↓ ↑ 

High Pressure 
Oxidizer 
Pump 

Torque 
Increased 
10% 

 Sharp U.S Sharp U.S It shows the almost same response to the high pressure 
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High Pressure 
Oxidizer 
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Torque 
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 Sharp U.S Sharp U.S Almost same case compared with the fault on the high 
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* Sharp O.S or U.S: at least 3% O.S or U.S within 0.02sec after a fault  
▲/▼: More than 10% increase and decrease, (↑)/ (↓): Less than 0.5% increase and decrease 
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Fig. 18 Flow chart of fault propagation 

 
 
 
 
 
 

 

 

 

 

Fig. 18. Flow chart of fault propagation
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Fig. 19 Loop B flow chart of repeatedly occurring parameter changes due to faults 

 
 
 
 

Fig. 19. Loop B flow chart of repeatedly occurring parameter changes due to faults
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 are the same, the propagation 

follows loop A, shown in Fig. 7. Otherwise, it follows loop B, 

as described in Fig. 19. The process is repeated in each loop 

until the response converges to a new state.

4. Conclusion

In this paper, we constructed a MATLAB/Simulink 

simulation model based on the mathematical models of the 

SSME components, which were composed of 32 ODEs derived 

from 7 types of dynamic and thermodynamic models. Using 

this, we performed various fault simulations by changing the 

position of valves and the torques of turbomachineries during 

an RPL 104% steady state. Results showed that all types of faults 

we dealt with in this paper affected r*, and it led to a significant 

change in the parameters of the simulation model, and in turn, 

the parameters exceeded the expected margin of safety by 0.1 

s. Therefore, it is expected that a severe accident, in the LREs, 

can be prevented if r* can be controlled. A fault detection 

algorithm that is able to detect the very abrupt changes of the 

selected parameters (especially r*) is necessary. In addition, 

it is expected that we may determine which components are 

under a fault condition, and estimate the extent of damage in 

the components by analyzing the patterns of the parameter 

changes.

We only analyzed the results from the numerical 

simulation; however, it is necessary that this simulation 

model should be combined with real experimental data and 

the combined model should be proven in order to secure the 

reliability of the simulation model and obtain reliable data. 

Therefore, as a continuing effort in this line of research, we 

will develop an efficient fault detection method based on 

this simulation model.
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