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ABSTRACT 

The Joint Dynamic Airbreathing Propulsion Simulation 

(JDAPS) partnership was formed for the purpose of developing, 

validating, and applying advanced analytical simulations to inves-

tigate gas turbine engine dynamic performance and operability. 

This paper provides an introduction and demonstrates the operation 

of three dynamic models and simulations developed by members of 

the 'DAPS partnership. These dynamic models and simulations 

include a new combustor analysis program (VPICOMB), the inte-

gration of the dynamic combustor model into an existing dynamic 

stage-by-stage compressor model and simulation (DYNTECC), 

and a new full gas turbine engine dynamic model and simulation 

(ATEC). For each of the gas turbine engine analysis tools, the 

model equations are first introduced, then operation of the simula-

tion is demonstrated through selected test cases. The simulation 

results obtained during the operational verification test cases were 

appropriate for the inputs given. Calibration of the models and sim-

ulations has only been accomplished in a limited manner to date and 

will be the topic of future papers. 

NOMENCLATURE 
A 	Area 

D, Fuel Droplet Mean Diameter 

• Distributed Blade Force 

HEi x  Distributed Bleed Enthalpy 

P Pressure 

Distributed Heat Release Rate 

R 	Gas Constant 

S„ 	Distributed Shaft Work 

SW Shaft Work 

T 	Temperature 

✓ Volume 

• Internal Energy 

f, 	Fraction of Air Entering Combustor Used in Combustion 
Process 

rit 	Mass Flow Rate 

Time 

u Velocity 

wn ‘  Distributed Bleed Flow Rate 

x 	Axial Coordinate 

13 	Fuel Droplet Evaporation Coefficient 

0 	Equivalence Ratio 

n Efficiency 

p 	Density 

t 	Time Constant 

Subscript 
ex 	Exit 

PZ Zone of Heat Release 

T 	Total 

in 	Combustor Inlet 

c 	Combustor 

L Lean 

R 	Rich 

Static 

ss 	Steady State 

• The research reported herein was performed by the Arnold Engineering Development Center (AEDC), Air Force Materiel Command. Work and analysis 
for this research were done by personnel of Sverdrup Technology, Inc., AEDC Group, technical services contractor of the AEDC propulsion test facilities. Fur-
ther reproduction is authorized to satisfy the needs of the U. S. Government. 
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INTRODUCTION 
The gas turbine engine has played a significant role in the 

advancement of the flight capabilities of modem day aircraft. The 
continuing demands for improved thrust and specific fuel consump-
tion, however, have resulted in engine steady-state designs which 
are at or near the aerodynamic, thermal, and structural limits of the 
system components. In order for a gas turbine engine to operate at 
the performance, operability, and durability level for which it was 
designed, stable operation of the various engine components must 
be ensured (Khalid, 1992). Transient and dynamic Stabilities 
which could push the engine components beyond their operating 
boundaries could result in loss of thrust, loss of engine control, or 
possible engine damage due to high heat loads and high cyclic 
stresses (Montgomery, 1971). The influence of operating instabili-
ties must be quantified not only from the individual component 
considerations, but also from the point of view of any interaction 
between the various components. 

One method that is available to the engineer to study dynamic 
engine behavior is to analytically evaluate the engine and compo-
nent stability characteristics through mathematical models. The 
resulting models can then be tailored to a specific propulsion sys-
tem through a validated numerical simulation. The Joint Dynamic 
Airbreathing Propulsion Simulations (JDAPS) partnership (Davis, 
et. al., 1995) was formed to provide the modeling capability to the 
various organizations working in the gas turbine engine industry. 
JDAPS is a partnership of government, university, and industry that 
was formed to develop and apply dynamic turbine engine and com-
ponent numerical simulations to aid in the understanding of turbine 
engine dynamic behavior. 

The JDAPS partnership has been in existence since 1991. Not 
only are state-of-the-art dynamic turbine engine models and simu-
lations being developed, they are being applied to current turbine 
engine problems and analysis. A major benefit of MAPS is its syn-
ergistic approach which combines each organization's financial and 
technical resources. This makes each organization's return on 
investment very high. Where technical talent is missing, another 
organization can be called upon to help fill the shortfall. By pooling 
resources and working together, 'DAPS provides more resources 
than any one organization could afford. 

The purpose of this paper is to describe three recent advances in 
modeling gas turbine engine dynamic behavior resulting from the 
MAPS partnership. A dynamic turbine engine combustor model 
and simulation, VPICOMB, which was developed at Virginia Poly-
technic Institute and State University, will be discussed. The inte-
gration of the VPICOMB combustion model equations with the 
DYNamic Turbine Engine Compressor Code (DYNTECC) con-
ducted at the Arnold Engineering Development Center (AEDC) 
will then be discussed (Hale and Davis, 1992). Finally, a full gas 
turbine engine model and simulation, the Aerodynamic Turbine 
Engine Code (ATEC), also developed at AEDC, will be described. 
ATEC currently provides the capability to simulate a turbojet 
engine with the compressor system operating post-stall, and a tur-
bofan engine operating up to the point of compressor stall. 

GENERAL MODELING TECHNIQUE 
The three models discussed herein each solve the one-dimen-

sional Euler equations with turbomachinery source terms within a 
given domain of interest. In each model, the overall system under 
consideration is separated into individual control volumes, as is 
represented by the compressor system in Fig. I. The governing 
equations are derived by the application of mass, momentum, and 
energy conservation to the elemental control volume and may be 
presented in the following form: 

-

a (QA) 	(FA) = S 
at 	ax 

Rotor Blade 

	

Boundary 		E.er
Effective Axial Force 
P Unit Length, F1  
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FIG. 1. SYSTEM DISCRETIZATION. 

Additionally, a perfect gas is assumed and the equation of state 
P = pRT is used. The assumption of constant c p  and yin the properly 
calculations, although computationally efficient, does result in pre-
dicted temperature levels in the combustor that are too high during 
rich combustion. This effect will be shown in the following 
sections. 

The 	distributed 	turbomachinery 	source 	terms 
Qx + S x HI31 ) are supplied to the overall model by 

the user. Models for the source terms will be discussed in each of 
the respective sections. 
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The time-dependent flow field within the system of interest is 

obtained by solving the time-dependent system of equations using 

one of two numerical approaches. The VP1COMB model uses an 

explicit Roe's flux-differencing scheme adapted to the Euler's equa-

tions with source terms (Lindau and O'Brien, 1993) to evaluate the 

fact fluxes, and then uses a second-order four-step Runge-Kuna 

algorithm to solve for the time-dependent equations. DYNTECC 

and ATEC use a flux-difference splitting scheme based upon char-

acteristic theory (Varner, et. al, 1984) to solve for the face fluxes. 

A first-order Euler method is used to solve for the time-dependent 

equations. 

SPECIFIC MODEL DESCRIPTION 

VPICOMB:  
The VPICOMB model and simulation provides a one-dimen-

sional tool running on the personal computer for analyzing dynamic 

gas turbine engine combustor operation. With VPICOMB, the user 

can analyze the influence of varying inlet conditions, fuel pulses, 

exit flow restrictions, and many other possible dynamic events. The 

user provides the simulation with appropriate initial and boundary 

conditions, plus any time-dependent variations in the boundary 

conditions, and then exercises the program to determine the time-

dependent flow field. 

The solution process begins with the discretization of the com-

bustor domain into individual control volumes as shown in Fig. 2. 

For the inlet boundary conditions, the user specifies inlet total pres-

sure, total temperature, and flow rate. The friction factor along the 

wall of the combustor can also be specified by the user. No pressure 

loss due to combustion is assumed.. The exit boundary condition 

assumes a constant value for the mass flow parameter: 

Wexte; — Constant 
Pe‘ Aex 

The value of the mass flow function is obtained during the initial 

conditions calculations. 

FIG. 2. COMBUSTOR D1SCRETIZATION. 

It is assumed that the fuel mass flow addition occurs in the lust 

control volume. The heat release due to combustion occurs in the 

control volumes specified by the user as the zone of heat release. 

The heat release is equally distributed across the zone of heat 

release control volumes. The amount of energy released in the zone 

of heat release control volumes is a function of fuel flow rate, the 

combustion efficiency, the lower heating value of the fuel, and the 

combustor flammability limits. 

The combustor flammability limits are determined by using 

steady-state engineering correlations developed by Herbert, 1957. 

For stable combustion to occur, the primary zone equivalence ratio 

(Opz) must fall within a rich and lean limit: 

CPL S  CPPZ 'S  

Based on experimental data, Herbert defined a Combined Air 

Loading Factor to calibrate the light off and blow off data. A poly-

nomial curve fit of Herbert's flammability data for a generic can-

type combustor is used in the VPICOMB model. Combustion effi-

ciency is determined by using steady-state engineering correlations 

developed by Lefebvre, 1985. Lefebvre assumed that the overall 

combustion efficiency is limited by the efficiency of fuel evapora-

tion and the reaction efficiency. Further modification to the 

Lefebvre work following Derr and Mellor, 1990. 

Because of the dynamic operation of the combustor, it is possi-

ble for heat release to occur for a short period of time, even though 

the combustor equivalence ratio may lie outside the steady-state 

flammability limits. Likewise, the heat release process may not 

resume immediately after the combustor equivalence ratio re-enters 

the flammability bounds. To account for these effects, a first-order 

lag on the heat release rate as proposed by Davis, 1986, is incorpo-

rated in the model: 

dO 	• 	• 

dt Q = 

To demonstrate the operation of the model and simulation, a 

generic combustor was used. The geometry of the combustor is 

similar to that shown in Fig. 2. Inlet flow conditions were set such 

that stable operation of the combustor was obtained. Dynamic oper-

ation of the combustor was obtained by varying fuel flow rate while 

holding all other inlet boundary conditions constant. No friction 

losses were specified during this test run. The results of the simula-

tion run are shown in Figs. 3 and 4. Fuel equivalence ratio in the pri-

mary zone of the combustor is shown in Fig. 3. The calculated 

upper and lower bounds on fuel equivalence ratio are also shown. 

The steady-state and time lagged heat release rates in the combustor 

as a function of time are shown in Fig. 4. Comparing the two figures 

clearly indicates that as the combustor fuel equivalence ratio 

becomes larger than the upper equivalence ratio limit, the combus-

tion process is quenched. When the equivalence ratio re-enters the 

flammability region, the combustion process is reinitiated. 

DYNTECC  
DYNTECC is a one-dimensional, stage-by-stage compression 

system mathematical model and simulation capable of running on a 

personal computer or workstation (Hale and Davis, 1992). DYN-

TECC has proven itself to be of benefit by providing a tool to ana- 
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FIG. 4. HEAT RELEASE RATE FOR COMBUSTOR 
TEST CASE. 

lyze dynamic compressor stability problems (Owen and Davis, 
1994). Modified parallel compressor theory (Shahrokhi and Davis, 
1995) has been applied to permit the simulation of dynamic inlet 
distortion. Source terms for blade forces and shaft work are 
obtained from user-provided steady-state compressor stage charac-
teristics as shown in Fig. 5. Both pressure and temperature charac-
teristics are required. During prestall operation, the steady-state 
compressor characteristics are used as given. During post-stall 
operation, the change in compressor operating conditions is lagged 
using the same first-order equation used in lagging the VPICOMB 
combustion heat release rate. 
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FIG. 6. COMPRESSOR/COMBUSTOR TEST CASE 
GEOMETRY. 

The most recent version of DYNTECC has been upgraded to 
include the WI-developed combustor model discussed previously. 
This new feature will permit the user to study dynamic compressor/ 
combustor interactions. 

An example case using a single-spool, seven-stage axial and 
one-stage centrifugal compression system with no inlet distortion 
was chosen for demonstration. The geometry of the flow domain is 
shown in Fig. 6. The geometry and performance of the compressor 
system was based on results from a compressor rig test of the 
Lycoming T55 Turboshaft engine. A more detailed discussion of 
the rig test is given in Owen and Davis, 1994. A genetic combustor 
was attached at the exit of the compressor system for this study. The 
system was operating initially with a combustor equivalenee ratio 
of approximately 0.7, The test case demonstrates a 0.5-sec simula-
tion with an arbitrary fuel flow increase of 25 percent occurring as 
is shown in Fig. 7. Inlet conditions to the compressor were set to 
sea-level-static conditions. 

Results of the test case are shown in Figs. 8 to 11. Relative total 
pressure through the system as a function of time, referenced to the 
compressor exit steady-state pressure, is shown in Fig. 8. Initially, 
the total pressure through the system from inlet to exit remains 
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FIG. 8. TOTAL PRESSURE DURING DYNAMIC 
COMPRESSOR/COMBUSTOR EVENT. 

steady, and the increase through the compressor system is broken 

into two sections. The axial compressor system provides a small 

percentage increase per stage. The centrifugal compressor, how-

ever, provides the bulk of the overall pressure rise in one model 

control volume. Total pressure downstream of the compressor 

increases with the start of the fuel flow rate ramp due to the reduced 

mass flow exiting the system. The reduced exit mass flow rate is the 

result of specifying a constant Mach number exit boundary condi-

tion. The increased fuel flow rate causes an increased flow temper-

ature. which in turn causes the mass flow exiting the system to 

decrease in order to maintain the constant Mach number. The 

reduced flow and resulting pressure rise finally cause the compres-

sor system to enter into surge. Steady-state operation is not re-

established until the fuel flow rate is reduced to the original value. 

Relative total temperature through the system as a function of 

time, defined as the total temperature at a given location divided by 

the steady-state total temperature just downstream of '  the combus-

tor, as shown in Fig. 9. As the flow passes through the system, total 

temperature increases through the compressor system due to the 

FIG. 9. TOTAL TEMPERATURE DURING DYNAMIC 
COMPRESSOR/COMBUSTOR EVENT. 

heat of compression. The bulk of the temperature rise occurs, how-

ever, in the combustor. As fuel flow is increased, the temperature 

likewise increases up to the point of combustor blowout. The vari-

ation of combustor exit temperature and time lagged heat release in 

the combustor primary zone as a function of time is shown in Fig. 

10. As expected, there is a large increase in combustor exit temper-

ature before blowout. This increase can be partially attributed to the 

reduced air flow rate and, hence, higher fuel equivalence ratio in the 

combustor. The doubling of the combustor exit temperature was not 

expected, however, indicating that improvements are needed in 

how DYNIECC determines the temperature of the flow. As noted 

B. COMBUSTOR HEAT RELEASE RATE 
FIG. 10. RELATIVE TOTAL TEMPERATURE AND 

RELATIVE HEAT RELEASE RATE IN COM-
BUSTOR DURING DYNAMIC COMPRES-
SOR/COMBUSTOR EVENT. 

5 

D
ow

nloaded from
 http://asm

edc.silverchair.com
/G

T/proceedings-pdf/G
T1995/78828/V005T16A002/2406857/v005t16a002-95-gt-146.pdf by guest on 19 April 2024



in the previous section. DYNTECC assumes constant c p  and yin the 
flow calculations and as such cannot correctly handle the high-tem-
perature regime. Improvements to the routine are under develop-
ment. 

Relative mass flow rate through the system as a function of 
time, referenced to steady-state inlet flow rate, is shown in Fig. 11. 

The initial mass flow rate through the system maintains a constant 
value through the system until the bleed flow is extracted in the 

compressor. Fuel addition occurs at the inlet to the combustor. Dur-
ing surge cycles, the mass flow rate in the system reverses through 
the compressor. However, downstream of the compressor, while 

the flow rate is greatly reduced, the mass flow rate does not actually 
reverse. The compressor system recovers from the surge cycle 
before the flow is forced to reverse in the combustor. To present this 

effect more clearly, time history plots of the relative mass flow rates 
just downstream of the compressor system and at the inlet to the 
combustor during a surge cycle are shown in Fig. 12. 

FIG II.  MASS FLOW RATE VARIATION DURING 
DYNAMIC COMPRESSOR/COMBUSTOR 
EVENT. 

ATEC  
With the inclusion of the VPICOMB combustor model equa-

tions into the DYNTECC program, development of a gas turbine 
engine model and the required simulation was completed with the 
addition of a turbine model. Because of the modularity of the 
DYNTECC coding, integrating the turbine model into the existing 
code required specifying the performance characteristics in a fash-

ion similar to the compressor performance (shaft work and blade 
forces). The turbine performance is provided to the simulation 
through turbine performance characteristics of the form shown in 
Fig. 13. Lines of constant corrected rotor speed are plotted, giving 
the turbine mass flow function as a function of turbine work done 
factor. The temperature ratio across the turbine is specified as a 
function of pressure ratio across the turbine. The temperature ratio 
versus pressure ratio characteristic is used rather than the more typ-
ical efficiency versus work done factor characteristic in order to 
provide robust simulation operation at low rotor speed. At low rotor 
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B. AT COMBUSTOR ENTRANCE. 
FIG. 12. RELATIVE MASS FLOW RATE FOR DYNAMIC 

COMPRESSOR/COMBUSTOR EVENT. 

speed, the efficiency approaches zero, while the temperature ratio 
and pressure ratio approach one. Choking of the turbine is obtained 
by limiting the mass flow rate through the turbine control volumes 
to the maximum value given by the steady-state turbine operating 
characteristics 

ATEC is currently configured to support two gas generator tur-
bines coupled to compressor systems through as many as two shafts 
and one power turbine. To determine the amount of work extracted 
across a given turbine during the initial conditions calculations, the 
gas generator turbine is assumed to exactly provide the power 
required by the compressor system. Work output from the power 
turbine is initially user-specified. Once the time integration starts, 
energy extraction is given by the pressure ratio across the turbine 

and the turbine inlet flow function. 
Operational demonstration of the dynamic engine model was 

accomplished by using the T-55 Turboshaft engine. The calculation 
domain shown in Fig. 14 was derived from T-55 drawings. Because 
the turboshaft engine under consideration in this case has regions of 
the flow path that reverse direction and flow towards the front of the 
engine, the geometry does not appear as smooth as it might for an 
engine with a straight-through flow path. The volumes and linear 
distances have been matched to provide appropriate dynamic 
response. For this case, two turbines are modeled. The first turbine 
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FIG. 13. TURBINE PERFORMANCE CHARACTERISTICS SPECIFICATION FOR ATEC. 

is the gas generator turbine which is coupled to the compressor sys-

tem, and the second turbine is the power turbine. Characteristics for 

each of the turbines are overall, not stage-by-stage, due to lack of 

interstage data. The shaft work and blade forces in each turbine were 

equally distributed across multiple control volumes, however, to 

keep the overall length of any given control volume on the same 

order as the rest of the grid. This helps maximize model dynamic 

fidelity and, with the explicit flow solver routine, numerical 

stability. 
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FIG. 14. GEOMETRY FOR ATEC TURBOSHAFT ENGINE 
TEST CASE. 

Steady-state results of the engine system are compared to the 

engine manufacturer's steady-state engine model. The comparison 

results are shown in Table I. Close agreement between the two 

Table I. Comparison of ATEC and Engine Model Result 

Location 
Total Pressure (P/Pref) Tote Temperature (T/ 

Tref) 

Mfg. ATEC %Delta Mfg. ATEC %Delta 

Inlet 0.29 0.29 0 0.26 0.26 0 

Compressor Exit 2.38 2.36 0.73 0.51 0.51 0.72 

Burner Exit 2.29 2.25 1.76 1.16 1.15 

Gas Generator 
Turbine Exit 

0.81 0.87 -6.27 0.93 0.96 -3.63 

Power Generator 
Turbine Exit 

0.30 0.30 -0.75 0.75 0.79 -5.22 

models was obtained. It is judged that the majority of the differ-

ences can be attributed to the fact that the compressor characteris-

tics for ATEC were based on compressor rig data, which was not 

the same as used in the steady-state model. Even with this differ-

ence, the maximum error was less than 7 percent 

To demonstrate dynamic operation of ATEC, the same test case 

as was used to demonstrate the integration of the VPICOMB model 

equations into DYNTECC has been exercised. As in the previous 

case, the fuel flow to the combustor varied, as shown in Fig. 7. 

Variation of the relative total pressure in the engine is shown in 

Fig. 15. During the initial steady-state operation, the total pressure 

increases through the compressor system. In the combustor, a small 

total pressure loss occurs. Work extraction in the turbines reduce 

the pressure to near atmospheric before the flow exits the engine. 

As with the DYNTECC test case, the fuel flow pulse forces the 

compressor into surge. Rather than being driven by a constant Mach 

number exit boundary condition, however, the pressure increase is 

tied to the turbine choking as explicitly defined by the turbine 

steady-state operating characteristics. Steady-state operation is not 

re-established until the fuel flow rate is decreased to the original 

flow rate. The frequency of the surge cycles is reduced due to the 

increased volume of the calculation domain. 

FIG. 15. RELATIVE TOTAL PRESSURE DURING 
DYNAMIC ENGINE EVENT. 
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Relative total temperature in the engine as a function of time is 
shown in Fig. 16. As the compressor enters the surge cycle, the 
reduction of air mass flow rate causes the combustor temperature to 
increase dramatically, until the equivalence ratio rises to the rich 
flammability limit. Aker the surge cycle is completed, the combus-
tion process is re-established until the next cycle forces the equiva-
lence ratio to rise above the flanunablity limit. 

FIG. 16. RELATIVE TOTAL TEMPERATURE DURING 
DYNAMIC ENGINE EVENT. 

Relative mass flow rate in the engine as a function of time is 
shown in Fig. 17. In addition to the bleed extraction occurring in the 
axial compressor and the fuel addition occurring in the combustor, 
turbine cooling bleed is injected into the flow in the last gas gener-
ator turbine control volume. As with the DYNTECC test case, dur-
ing each of the surge cycles, the mass flow rate in the front section 
of the engine reverses and becomes negative. In the back section of 
the engine, the flow rate is greatly reduced, but it does not reverse. 

FIG. 17. RELATIVE MASS FLOW RATE DURING DYNAMIC 
ENGINE EVENT. 

To demonstrate the capability of the model and simulation to 
simulate rotating stall in the compressor system, the above test case 
was repeated with a modification to the time lagging constant used 
with the compressor characteristics in the rotating stall regime. By 
increasing the time constant of each stage of the compressor sys-
tem, the operational characteristics change. This results in the com- 

pressor system being unable to return to the normal operating mode. 
The effect is shown by comparing the compressor pressure ratio 
curves as a function of mass flow rate through the system for both 
cases. This comparision is shown in Fig. 18. With a relatively small 
time constant, the dynamics of the system allow the compressor to 
return to the normal prestall operating speed line before reentering 
the surge cycle, as is shown in Fig. 18a. As is shown in Figs. 15 - 
17, once the perturbation in fuel flow rate is removed, the system 
returns to normal, steady-state operation. An increase in the com-
pression system time constants forces the system into rotating stall, 
as is shown in Fig. 18b. Even when the fuel flow rate is reduced to 
the original level, the system is unable to recover to the original 
steady-state operating point. The relative pressure through the 

engine system is shown in Fig. 19. 

12 	  

Mass Flow Rats - Percent of Design 
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B. ROTATING STALL - LARGER LAGGING CONSTANT 
FIG. 18. COMPRESSOR OPERATION MAPS FOR DIFFER-

ENT SYSTEM RESPONSES. 

SUMMARY 
This paper has described three recent advances in the modeling 

of gas turbine engine dynamic behavior. These advances have come 
from members of the JDAPS partnership. The advances discussed 
herein are: 

• A dynamic turbine engine combustor model and 
simulation (VP1COMB) 
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FIG. 19. RELATIVE TOTAL PRESSURE IN ENGINE DURING 
DYNAMIC ROTATING STALL EVENT. 

The integration of the combustor model into an existing 

dynamic compressor system model and simulation 

(DYNTECC) 
A dynamic full gas turbine engine model and simulation 

(ATEC) 
These three dynamic simulations have been operationally veri-

fied for selected test cases. All of the models and simulations 

appear to exhibit qualitatively correct behavior for the cases consid-

ered. Calibration to test data must be accomplished, however, and 

is currently in progress. 

Further improvements and development of new models and 

simulation will be occurring through the LAPS partnership. Of 

equal importance to the model development, and the focus of all 

members of the JDAPS partnership, is model calibration. DYN-

TECC, with the many applications to which it has been applied, has 

received the greatest amount of calibration. Calibration is a never-

ending process, however, and the results of the calibration efforts 

will be reported as they become available. 
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