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Dynamic and Nonlinear Simulation of Liquid-Propellant Engines

H. Karimi¤

Khaje Nassir-Al-Deen Toosi University of Technology, 16579 Tehran, Iran
A. Nassirharand†

Farab Company, 15946 Tehran, Iran
and

M. Beheshti‡

University of Tehran, 14174 Tehran, Iran

A new dynamicand nonlinearsimulationmethod for liquid-propellantengines is presented, and the correspond-
ing software for a particular engine is developed. The logic of the simulation method and the software is based on
following the liquid(s). The dynamic equations of motion are composed of implicit nonlinear algebraic equations,
as well as nonlinear and time-varying differential equations. The implicit nonlinear algebraic equations are solved
using a number of nested Newton–Raphson loops, and the nonlinear and time-varying differential equations are
solved using a � rst-order Euler technique. The simulation results are compared with experimental results. The
software language is FORTRAN, and it is composed of approximately200 subroutines for a total of approximately
4000 lines.

Nomenclature
A1;t = combustion chamber throttle area, m2

A5 = de� ned intermediate variable for the fuel pump
head equation [see Eq. (3)]

a1;1; a1;2 = product of an ori� ce discharge coef� cient
and the ori� ce area, m2

a5 = one of the coef� cients of the fuel pump
head equation

B5; C5 = de� ned intermediate variable for the fuel pump
head equation [see Eqs. (6) and (8)]

b5; c5 = coef� cients of the fuel pump head equation
b5;2 = exit width of fuel pump impeller, m
C¤

1 = characteristic speed, m/s
C2 =

p
.2W2;sp/, J/Kg

D4 = turbine diameter, m
dm1 = accumulated mass in the combustion chamber, kg
g = gravity constant, 9.81m/s2

H5 = fuel pump head, m
H5;p = nominal fuel pump head, m
Jeq = turbopump equivalent moment of inertia, Kg ¢ m2

KEL = see Eq. (26)
K5;z = effect coef� cient of the fuel pump blade
k1; k2 = adiabatic constant, combusion chamber

and gas generator
L¤

1 = characteristic length, m
m1 = mass in the combustion chamber [see Eq. (17)], kg
Pm = dummy mass � ow rate, kg/s
Pm1;e; Pm1;i = combustion chamber exit and inlet mass

� ow rate, kg/s
Pm1;fu = exit fuel mass � ow rate of combustion chamber

injectors, kg/s
Pm1;ox = exit oxidizer mass � ow rate of combustion chamber

injectors, kg/s
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Pm2 = gas generator exit mass � ow rate, kg/s
O=F = ratio of the oxidizer mass � ow rate to that

of the fuel
P1 = pressure inside the combustion chamber, Pa
P1;binj;fu = pressure just before the fuel injectors

of the combustion, chamber Pa
P1;binj;ox = pressure just before the oxidizer injectors

of the combustion chamber, Pa
P2 = pressure inside the gas generator, Pa
P4;st = turbine exit static pressure while

the gas generator is working, Pa
Q5 = volumetric � ow rate of the fuel pump, m3/s
Q5;p = nominal volumetric � ow rate of the fuel pump

[see Eq. (4)], m3/s
q5;p = de� ned intermediate parameter in terms

of nominal values of the fuel pump
R1; R2 = gas constant of combusion products of the

combustion chamber and of the gas generator,
J/(kg ¢ K)

T1; T2 = temperature of the combustion chamber and gas
generator chamber, K

TQ2 = external torque due to the gas generator acting
on the turbopump N ¢ m

TQ3 = external torque due to the starter acting
on the turbopump [see Eq. (10) and change
subscript 2 to 3], N ¢ m

TQ5 = fuel pump torque acting on the turbopump, N ¢ m
TQ6 = oxidizer pump torque acting on the turbopump

[see Eq. (13) and change subscript 5 to 6], N ¢ m
t = time, s
u = (D4=2/!, m/s
V .t/ = instantaneousvolume of liquid in an element

[see Eq. (17)], m3

V1 = volume of the combustion chamber, m3

NV = see Eq. (27)
W2;sp = adiabatic work due to gas generator, J/Kg
¯5;2¼ = exit angle of the fuel pump blade, rad
01 = function of k1 [see Eq. (21)]
°5 = ½fu ¢ g, kg/m2 ¢ s2

1P = dummy pressure difference, Pa
´2 = gas generator ef� ciency
´5 = ef� ciency of the fuel pump
´5;zp = hydraulic ef� ciency of the fuel pump
½; ½fu; ½ox = liquid, fuel, and oxidizer densities, kg/m3

¿ = dummy delay time, s
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¿1 = combustion delay time, s
! = turbopump angular speed, rad/s
! p = nominal angular speed of the turbopump, rad/s

Introduction

L IQUID-PROPELLANT engines(LPEs) forman importantpart
of aerospacesystems.These typesof engines are utilizedwhen

high performanceand high speci� c impulse are required. The num-
ber of publishedworks in the open literatureindicate that simulation
of LPEs is not a new � eld in rocket engineering. An overview of
typical LPE modeling and simulationpublicationsfollow. In the lit-
erature, detailedmodel of LPE combustionchamberand models for
predictionof combustionchamberinstabilities,1¡6 modelingmixing
and combustion processesat near-criticalconditions,7 predictionof
mass � ow rate and heat addition in a LPE during initial portion of
a LPE start phase,8 analysis of turbulent incompressible � ow in a
pipe for use in an LPE,9 analysis of coaxial injector � ow,10 devel-
opment of cavitationmodels,11 developmentof static models for all
componentsof the engine,12 analysisof fatigue failure,13 analysisof
LPE turbomachinery,14;15 and analysis of engine feed system,16¡18

are considered.
In the mentioned literature, modeling is done in such a way that

applicationof a numerical integrationtechniqueis adequateto solve
the equationsof motion.For example, in Ref. 7, a uni� ed framework
for modeling purposes in terms of a governing system of integro–
differentialequations is developed,and the governingequationsare
solved via a special method of discretizing. Similarly, other related
simulation literature,16¡18 unlike the work presented herein, also
rely on pure discretizationof the model; this requiresmodeling to be
done in terms of a set of integro–differantial equations. Execution
costs of the corresponding simulation codes would be dif� cult to
justify when a complicated model is not required.

In general, the simulation task begins after a mathematicalmodel
of the system is developed. Also the required mathematical model
is tied to the particular application of interest. For some applica-
tions, a detailed model is required, and in some other applications,
a simpli� ed model would suf� ce. For example, as a rule of thumb,
to design a robust control system, a dynamic and nonlinear model
that would approximate the responseof the variable to be controlled
within approximately 20% of its actual value would suf� ce.19;20 A
simpli� ed model of an LPE, as demonstrated in the “Mathematical

Fig. 1 Schematic diagram of liquid-propellant engine.

Model” section, is composed of coupled and implicit algebraic and
differential equations.

To the best of our knowledge, this is the � rst paper that presents a
simulation algorithmfor liquid-propellantengines that are modeled
in terms of implicit and couplednonlinearalgebraicand differential
equations. In summary, the simulation algorithm is based on form-
ing a set of � rst-ordernestedNewton–Raphson loops insidean Euler
intergration routine; the logic for formation of the nested Newton–
Raphson loops is systematic, and it is based on following the liquid
in its path.Normally, such set of equationsof motion is solvedby ap-
plication of a nonlinear algebraic equation solver (which is usually
based on a quasi-Newton approach) inside a numerical integration
routine.21 Our research efforts in usage of such an approach using
either a customized or commericially available software (such as
MATLAB®) were not successful, and we experiencedconvergence
problems. Also, usage of commericially available simulation envi-
ronments (such as SIMULINK), on inexpensive platforms (1500-
MHz computers), required unreasonable execution times for tasks
such as design of a reliable, robust, and microprocessor-basedcom-
bustion chamber pressure control system. Hence, the need for an
alternativesolutiontechniquewas detected.Note that thereareno re-
trictions that would limit the applicationof the developedalgorithm
to other types of models; however, veri� cation of this hypothesis is
left for future work.

The problem statement follows: Given the coupled and implicit
nonlinear algebraic and differential dynamic equations of motion
of a liquid-propellantengine,what is an ef� cient numericalmethod
for solving these equationsand developingthe associated software?
The primary contributions of this research are twofold: 1) the al-
gorithm for solving the coupled and implicit equations of motion
and 2) the developed software that simulates a particular liquid-
propellantengine.Comparisonbetweensimulationresultsand those
of experiments are presented.

Operation of Liquid-Propellant Engines
Before we continue, the operation of liquid-propellant engines

is described. Consider the schematic diagram of a typical existing
open-cycle liquid-propellant engine that is rich in fuel (low O /F)
as shown in Fig. 1. This particular engine uses an aviation hydro-
carbon fuel CnHm with a high boiling point. The maximum thrust
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of such engines is approximately 400 kN, and the maximum com-
bustion chamber pressure is about 75 £ 105 Pa. Such engine cycles
are demonstrated in Ref. 22.

The engine elements are divided into four subgroups. Those are
1) valve, 2) turbopump, 3) combustion chamber and gas generator,
and 4) piping system. (In the followingdescription,the numbers are
referencedto Fig. 1). The operationof theenginestarts byan electric
command that starts a combustion in the starter 3. This combustion
generates pressurized gas that opens the diaphragm valves 7 and
10, and it also turns the turbine 4. Consequently, the shaft of the
turbopump starts rotating, and the pumps 5 and 6 start pumping
fuel and oxidizer into the system. Now, consider the two fuel and
oxidizer paths. In the fuel path, fuel enters the stabilizer control
valve 8, and the output of this valve is a controlled amount of fuel
toward the combustion chamber and the gas generator.At the same
time, in the oxidizer path, oxidizer passes through the cutoff valve
11, and it enters the combustion chamber. The fuel and oxidizer
that have entered the combustion chamber produce the required
thrust via combustion. This thrust must be controlled. The amount
of oxidizer that enters the gas generator2 controls the thrust, and the
desired amount of oxidizer that must � ow through the gas generator
is utilized via the regulator control valve. This oxidizer, along with
the fuel that hasentered thegasgeneratorfrom the fuelpath,produce
combustion; this combustion results in a pressurized gas that keeps
the turbine running when the starter leaves the circuit. The angular
speed of the turbine controls the amount of fuel and oxidizer � ow
toward the combustion chamber.

Note that, once the operation of a particular liquid-propellanten-
gine is mastered, the operations of other types of liquid-propellant
engines become self-explanatory by looking at the corresponding
schematicdiagrams;varioustypesof liquid-propellantenginesfunc-
tion similarly.

Mathematical Model
The primary purpose of this section of the paper is to give an

overall perspective of the complexity of equations of motion. A
completedevelopmentof equationsofmotion is beyondthe scopeof
the paper. There are approximately210 equations in 210 unknowns.
The primary assumptionsbehind the developed model follow.

1) Turbulance in combustion is not considered.
2) Heat transfer to the walls in the combustion chamber and the

gas generator is neglected. Let the stay time of gas in chambers be
very short.

3) Interaction between gas and liquid is neglected.
4) The gas � ow in the combustion chamber and gas generator is

assumed to be adiabatic and inviscid.
5) The gas pressuredrops in the combustionchamber and the gas

generator due to viscous friction at the walls, as well as the inertia
of the gas column, are neglected. Let the length of the liquid path
in the combustion chamber and the gas generator be short, and let
the magnitude of the gas velocity be small.

6) The time required for � uid change to gas in the combustion
chamber and the gas generator is assumed to be in the range of
0.001–0.01 s.

7) The � uids have high boiling points, and therefore, all � uid
paths are of a liquid type. Hence, there is no need for a model of gas
pipes and ori� ces.

8) The fuel and oxidizer injector � llings are negligible, that is,
centrifugal single-base injectors are used.

9) Compressibility of the � uid is not taken into account.
10) Effects of cavitaion in pumps are neglected.
11) Temparature effects are neglected.
12) Vortex � ow in the incompressible � uid is not considered.
13) All elements are assumed to be rigid.
14) The bandwidth of the model is about 50 Hz. See Ref. 23 for

process pseudo frequency response.
15) Pipe dynamics are neglected.
16) The mass � ow rate is considered uniform in each circuit

branch at a given time step.
17) Turbulent � ows are assumed in pipes. At steady-state con-

ditions, the � ows in pipes would be turbulent, and during transient

conditions the � ows may momentarily become laminar with effects
that are assumed to be negligible.18

18) The exit pressure rise of an element being � lled with liquid
is neglected until that elelment is � lled.

19) The energy equation is indirectly taken into account as dis-
cussed in the “Combustion Chamber and Gas Generator” subsec-
tion.

20) Without loss of generality, the dynamics of the internal mov-
able hydromechanicalparts are neglected.

21) Density and viscocityof the � uid are assumed to be constants.
As mentioned, the elements of a liquid-fueled engine are divided
into four subgroups.For each subgroup, the mathematical model of
a particular candidate element is brie� y described.

Valve Subgroup
The candidate element from this group is the regulator control

valve. The purpose of this valve is to control the pressure inside
the combustion chamber. This is a fairly complex valve, and its
nonlinear mathematical model is composed of a series of equations
resulting from the applicationof conservationof mass and momen-
tum, as well as the Newton laws of motion. For demonstration of
the simulation algorithm, a simple ori� ce model is used to describe
in- and out� ow modulation.

Turbopump
The exit pressurized gas of the gas generator rotates the turbine,

and the turbine commissions the pumps. The rotation of the shaft
causes the � uid to be pumped and exits the pumps at a higher pres-
sure. The fuel pump head H5 is calculated from

H5 D
¡
a5 C b5 Q5 ¡ c5 Q2

5

¢
=g (1)

where

a5 D A5!2 (2)

A5 D .0:97 C 0:8q5;p/
¡
H5;p

¯
!2

p

¢
(3)

q5;p D 1

¿³
1 C

2¼ H5;pb5;2 tan.¯5;2¼ /

Q5;P !p K5;z´5;zp

´
(4)

b5 D B5! (5)

B5 D .0:325 ¡ 0:8q5;p/
¡
H5;p

¯
!2

p

¢
.Q5;p=!p/¡1 (6)

c5 D C5 (7)

C5 D 0:296
¡
H5;p

¯
!2

p

¢¯
.Q5;p=!p/2 (8)

The equations of motion for the turbine consists of application of
D’Lambert’s law as well as equations for determination of external
torques acting on the turbopump. These equations are18

Jeq P! D T Q2 C T Q3 ¡ T Q5 ¡ T Q6 (9)

T Q2 D .1=!/ ¢ Pm2 ¢ W2;sp ¢ ´2 (10)

W2;sp D k2=k2 ¡ 1 ¢ R2 ¢ T2 ¢
£
1 ¡ .P4;st=P2/.k2 ¡ 1/=k2

¤
(11)

´2 D 0:004 C 2:676.u=C2/ ¡ 2:928.u=C2/2 (12)

T Q5 D °5 H5 Q5=!´5 (13)

Combustion Chamber and Gas Generator
To obtain the equations of motion of the combustion chamber,

� rst the mass balance equation is written as

Pm1;i .t ¡ ¿1/ dt D Pm1;e.t/ dt C dm1 (14)

When it is noted that Pm1;i .t ¡ ¿1/ D Pm1;fu.t ¡ ¿1/ C Pm1;ox.t ¡ ¿1/,
and the preceding equation is divided by dt, the following equation
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is obtained:

Pm1;i .t ¡ ¿1/ D Pm1;fu.t ¡ ¿1/ C Pm1;ox.t ¡ ¿1/ D Pm1;e.t/ C dm1

dt
(15)

The characteristic speed C ¤
1 is de� ned as

C¤
1 D P1 A1;t = Pm1;e (16)

The perfect gas law is

m1 D P1V1=R1T1 (17)

Now assume that R1T1 is constant: The following equation is ob-
tained by taking the derivative of Eq. (17) with respect to time:

dm1

dt
D

V1

R1T1
¢

dP1

dt
(18)

The characteristic length is de� ned as

L¤
1 D V1=A1;t (19)

The characteristic speed may be written as

C¤
1 D

p
R1T1=01 (20)

where, in the relation (20),

01 D
p

k1[2=.k1 C 1/].k1 C 1/=2.k1¡1/ (21)

When Eqs. (19) and (20) are substitutedinto Eq. (18), the following
equation is obtained:

dm1

dt
D

L¤
1 A1;t

C¤2
1 02

1

¢ dP1

dt
(22)

When Eqs. (16) and (22) are substituted Eq. (15), the following
equation is obtained:

L¤
1 A1;t

02
1C¤2

1

¢
dP1

dt
C

A1;t

C¤
1

P1 D Pm1;fu.t ¡ ¿1/ C Pm1;ox.t ¡ ¿1/ (23)

Equation (23) is the equation of motion of the combustion pro-
cess. For a given P1 and O=F , the values of T1;C ¤

1 ; k1, and R1 are
computed of� ine and are incorporated as tables of values into the
computer model. In other words, the energy equation is taken into
account via the earlier mentioned off-line computations that result
from the combustion of the used fuel and oxidizer.Then, as simula-
tion time marches ahead, the needed mentioned values for a given
P1 and O=F are obtained by linear interpolation. To use the same
combustionmodel for thegasgenerator,experimentalresults should
be used to employ correction factors to adjust the mentioned com-
puted of� ine values. Note that because precise pipe dynamics are
not employed, the delay time in Eq. (23) may be set equal to zero.

There are also two hydraulic equations that relate to the element
under study:

Pm1;ox D a1;1[2½ox.P1;binj;ox ¡ P1/]0:5 (24)

Pm1;fu D a1;2[2½fu.P1;binj;fu ¡ P1/]0:5 (25)

Piping System
The pipes are modeled by the following familiar equation:

Pm D K E L

p
2½1P (26)

Simulation Algorithm
In a typical engine, the liquid tank pressure (pressure at the inlet

of the diaphragmvalves)and the downstreampressure,for example,
the combustionchamber pressureand/or the gas generatorpressure,
are known; therefore, one is able to solve the hydraulic circuit,
and the values of pressures and � ow rates of the circuit may be
determined. The developed simulation algorithm follows.

1) De� ne the � rst Newton–Raphson loop. The start of the loop is
at the exit of the diaphragmvalve; if the liquid path till the � rst node
is not � lled, the end of the loop is at the exit of the element that is
being � lled. In this case, solve the hydraulic circuit and go to step
6. Otherwise, the end of the loop is at the end of the followingnode.
In this step, the existing pressure value at the exit of the diaphragm
valve must be used. (Initial value would be 1 atm.) If there are no
dividing nodes in the liquid path to the combustion chamber and/or
the gas generator, with the existing pressure value at the exit of
the diaphragm valve, solve the circuit and compute the combustion
chamber and/or the gas generator pressure; then go to step 5. Note
that, in this case, there would only be one Newton–Raphson loop,
and the end of the loop is inside the combustion chamber and/or the
gas generator, whichever is applicable.

2) With the known input tank pressureand the existinginlet pump
pressure of step 1, solve the hydraulic circuit until a dividing node
of the liquid occurs. With reference to Fig. 1, with the known input
tank pressure and the assumed pump inlet pressure, the circuit is
solved until the exit of the cutoff valve 11.

3) For each path of the dividing node, de� ne a new Newton–
Raphson loop nested with the previous one. (Note that if another
dividing node is reached while following the initial divided path,
the user needs to de� ne another nested Newton–Raphson loop and
so on.)

4) Solve the hydraulic circuit of the dividing paths. (At this point
the pressures and mass � ow rates of the dividing circuits would be
known.)

5) For the case where there are no dividing nodes, correct the
pump inlet pressure value of step 1 until the computed combus-
tion chamber and/or the gas generator that is computed from step
1 equals the actual combustion chamber and/or the gas generator
pressure. (Note that the actual pressure value of the preceding step
is used, and this value is computed by integrationof the combustion
chamber equations.) If there are dividing points, check the conser-
vation of mass at the end of the � rst Newton–Raphson loop. If the
conservation of mass is satis� ed, go to step 6; otherwise, correct
the value of the pump inlet pressure using the Newton–Raphson
algorithm and go to step 1.

6) If the � nal simulation time is reached, then stop; otherwise,
integrate the equations of motion, and go to step 1.

Description of the Main Program
The � ow chart of the main program is shown in Fig. 2. In the

� rst step, all required input coef� cients are read in from an ASCII
� le. These values are written into an output � le so the user could
check the correctness of the input values. Then, the initial values
of all variables (including state variables) are set. For example, all
pressures are set equal to 1 atm. Next, the time loop starts. At the
beginning of this loop, the values of the selected variables are writ-
ten into an output � le; this � le is postprocessed in the MATLAB
environment. Then, the variable limits are imposed. The next step
is the key step of the main program, and it consists of integrating
the equationsof motion.The integrationtechnique is the simple Eu-
ler method. After integration, the table of variables, whose delayed
values are required,are generated.This table keeps the values of the
selectedvariablesas a functionof time. At the times that simulation
code is at time t and the code needs the value at time t ¡ ¿ , the sim-
ulation code gets the required delayed values from this table. Then,
the simulation time marches ahead, and the position of the sensing
diaphragm of the stabilizer control valve is computed. The last step
of the main loop is that if the simulation time has not reached its
� nal time, the main loop is repeated;otherwise, the executionof the
code terminates.
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Fig. 2 Flow chart of the main program.

Demonstration Example Problem
To demonstrate the application of the developed simulation al-

gorithm, consider the schematic diagram of the engine shown in
Fig. 1. In the beginning, before the starter exit gas opens the di-
aphragm valve 10, the pump entrance pressure equals 1 atm. After
the diaphragmvalve is opened, liquid begins to � ll valve 10. As long
as this valve is being � lled, the liquid does not reach the pump, and
again the pump entrancepressureequals 1 atm. To see if an element
is � lled with liquid, the following equation is used:

d NV
dt

D
1

½V
Pm; 0 ·

µ
NV D

V .t/

V

¶
· 1 (27)

Note thatEq. (27)needsto be integratedas longas NV < 1; otherwise,
this equation is not integrated.

Once valve 10 is � lled, according to step 1 of the algorithm, the
� rst Newton–Raphson loop is de� ned. The start of the loop is at the

exit of the diaphragm valve, and the end of the loop is at the exit of
the pump.Use the known pressurevalueat the inletof the diaphragm
valve and the pressure value at the exit of the pump (which equals
1 atm) to solve the circuit in the following fashion.

1) Guess the inlet pressure of the pump. The � rst guess would
equal 1 atm. For subsequent guesses, use the most recent available
value.

2) With the known pressure at the inlet of the diaphragm valve
10 and the existing pressure at the inlet of the pump, compute the
� uid mass � ow rate entering the pump.

3) With the known pump inlet pressure, pump inlet mass � ow
rate, and the speed of the pump, compute the pump outlet pressure.
Note that speed of the pump is a state variable, and its value from
the preceding step is used.

4) If the computedpump outlet pressure from part 3 equals 1 atm,
then it may be concluded that existing pump inlet pressure value is
correct, and the circuit is solved. Otherwise, correct the existing
value of the pump inlet pressure according to the Newton-Raphson
algorithm, and go to part 2.

Once the valueof the pressureat the exit of the pump is solvedfor,
go to step 6. Step 6 integrates the equations of motion, and directs
the user back to step 1. This cycle between steps 1 and 6 continues
until the cutoff valve 11 is � lled. According to step 1, the start of
the � rst Newton–Raphson loop would be as before, and the end of
that loop would be at the � rst dividing node, that is, the exit of the
cutoff valve 11.

In step 2, with the existing pressure value at inlet of the pump,
the circuit is solved till the exit of the cutoff valve. In step 3, two
other Newton–Raphson loops nested with the � rst one are de� ned.
One loop starts at the exit of the cutoff valve and ends inside the
combustion chamber. The other loop starts at the exit of the cutoff
valve and ends at the exit of the element that is being � lled and is
in the path toward the gas generator. If the regulator valve were not
modeled as an ori� ce, then, according to step 3, one would have to
de� ne a thirdNewton–Raphson loop nested with the secondone due
to liquid divisor node inside the regulator. In that case, the second
Newton–Raphson loop would end at the liquid division point inside
the regulator, and three other Newton–Raphson loops, nested with
the second one, would have been de� ned. The third level Newton-
Raphson loops would start at the liquid division point inside the
regulator. Then, the end of one of these loops would have been at
the exit of the element that was being � lled and that was in the
path of the combustion chamber, the end of one other loop would
have been at the exit of the element that was being � lled and that
was in the path of the gas generator, and, � nally, the end of the last
one of these loops would have been at the exit of the element that
was being � lled and that was in the path toward the inlet of the
pump.

According to step 4, the hydraulic circuit from the exit of the
cutoff valve 11 until inside the combustion chamber is solved. (The
pressure at the exit of the cutoff valve was calculated in step 2, and
the combustion chamber pressure is a state variable and its earlier
value is used.) Similarly, the circuit from the exit of the cutoff valve
toward the gas generator is solved.

From step 4, liquid mass � ow rates leaving the cutoff valve 11
are known; from step 2, the liquid mass � ow rate entering the cutoff
valve is also known. According to step 5, the conservationof mass
at the cutoff valve 11 is checked. If the conservation of mass at the
cutoff valve 11 is satis� ed, then go to step 6. Otherwise, correct the
pump inlet pressure value via the Newton–Raphson method and go
to step 1.

In step6, theequationsofmotionare integrated;if � nal simulation
time is reached, then stop. Otherwise, go to step 1.

Comparison of the Simulation and Experimental Results
The test stand experimental results of an existing engine (of the

type describedearlier)are comparedwith thecorrespondingsimula-
tion results of that same engine. The accuracy of the measured data
is estimated to be §2%. The per cent errors in steady-state values
are given in Table 1. The accuracy of the transient response behav-
ior is demonstrated by Figs. 3–6. Note that discrepancies between
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Table 1 Error in experiment and simulation
steady-state engine variable values

Description %Error

Turbopump speed 0.27
Pressure inside gas generator 0.62
Fuel mass � ow rate of gas generator 0.56
Oxidizer mass � ow rate of gas generator 2.35
Combustion chamber pressure 2.54
Fuel mass � ow rate of combustion chamber 0.69
Oxidizer mass � ow rate of combustion chamber 3.65
Exit pressure of fuel pump 2.77
Exit pressure of oxidizer pump 0.26
Turbine power 0.71

Fig. 3 Comparison of 1) simulation and 2) experimental time re-
sponses of turbopump speed.

Fig. 4 Comparison of 1) simulation and 2) experimental time re-
sponses of combustion chamber pressure.

the transient behaviors are not due to the newly developed solution
procedure. The hypothesis describing the origin of the mentioned
discrepanciesis that the regulatorvalve is modeled as an ori� ce and
that corresponding compensating action of the valve is neglected.
The effect of this assumption is ampli� ed in Fig. 5, where the com-
pensating dynamics of the regulator valve (from the time regulator
becomes active until the time regulator assumes steady state condi-
tions), which dynamically excite the gas generator, have not been
taken into account. This hypothesis may be veri� ed by analyzing

Fig. 5 Comparison of 1) simulation and 2) experimental time re-
sponses of gas generator pressure.

Fig. 6 Comparison of 1) simulation and 2) experimental time re-
sponses of the exit oxidizer pump pressure.

Fig. 7 Veri� cation of discrepancy hypothesis,20 normalized combus-
tion chamber pressure vs normalized time.



944 KARIMI, NASSIRHARAND, AND BEHESHTI

the results reported in Ref. 20. In that work, a microprocessor-based
control system is designed to replace the existing complicated hy-
dromechanical feedback structure of the regulator valve. Figure 7
shows the simulation results by including the dynamics of the de-
signed controller, and a closer agreement between simulation and
test results is obtained. Figure 7 also shows the pressure response
behaviorof the combustion chamber at different pressure setpoints.

Summary
A new approach for simulation of liquid-fueledengines is devel-

oped and described in detail. The developed simulation algorithm
is composed of six primary steps, and it is based on the use of
nested single-variable Newton–Raphson loops inside a numerical
integrationroutine.The applicationof the simulationalgorithm to a
speci� c simple enginemodel is demonstrated.The executiontime of
the software is fairly fast, about20 s on a 1500-MHzmicroprocessor
that facilitatessuch tasksas robust control system design.Such tasks
do not require precise dynamic models. A list of recommendations
follow.

1) Investigate the applicabilityof the developed simulation algo-
rithm to more complicated models that take into account pipe dy-
namics, dynamics of dividing liquid points, and more complicated
combustion and turbo-pump models.

2) Develop of a general purpose software package for simula-
tion of liquid-propellantengines based on the developed simulation
algorithm.

3) Develop of a general purpose software utility that would solve
a set of nonlinearalgebraicequationsvia a number of nested single-
variableNewton–Raphson loops insteadof globallyapplyinga stan-
dard techniquesuch as a quasi-Newtonmethod.The primary advan-
tages of such an approach would be faster execution time and an
increase in the probabilityof convergenceas described in the Intro-
duction section.
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