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DEVELOPMENT AND VERIFICATION OF REAL-TIME, HYBRID COMPUTER
SIMULATION OF F100-PW-100(3) TURBOFAN ENGINE
by John R. Szuch, Kurt Seldner, and David S. Cwynar

Lewis Research Center

SUMMARY

In recent years, there has been increased interest in developing digital, electronic
controls for airbreathing propulsion systems. Real-time computer simulations of en-
gines can facilitate the development of these digital controls. The engine simulation
provides a ''test-bed'' for evaluating new control laws and for checking and ''debugging"’
the control software prior to engine testing. This report describes a real-time, hybrid
computer simulation of the Pratt & Whitney F100- PW-100(3) augmented turbofan engine.
The simulation is intended to support controls research programs involving that engine.
The simulation has both steady-state and transient calculation capabilities. This report
describes the modifications that were made to a previously developed simulation of the
F100- PW-100(1) engine in order to match the predicted performance of the more ad-
vanced F100-PW-100(3) engine. Baseline performance data were obtained from
Pratt & Whitney's digital simulation of the engine. Data are presented to show that the
real-time simulation does match the baseline steady-state and transient performance
over a wide range of flight conditions and power settings. This report also includes the
equations which describe the F100- PW-100(3) engine model, FORTRAN listings of the
digital portion of the simulation, and analog patching diagrams.

INTRODUCTION

Over the past several years, aircraft operational requirements have dictated the
development of gas turbine engines which deliver increased performance over a wider
operating range. These development efforts have resulted in today's complex, aug-
mented turbofan engines and will, undoubtedly, lead to increasingly complex, variable-
cycle engines in the future.



It is not surprising that, as engines have become more sophisticated, the task of
controlling those engines to provide safe and stable operation with increased perform-
ance has also become more difficult. As a result, there has been increased interest in
applying multivariable (optimal) control theory to the engine control problem (refs. 1 to
4). These advanced control concepts, however, require the use of a digital computer
with its inherent precision, logic, and memory capabilities. The digital computer pro-
vides the control system with more flexibility and versatility then is currently provided
by hydromechanical controls (ref. 5).

It has been shown in references 6 to 8 that the use of real-time computer simula-
tions of engines can facilitate the development of digital controls. The engine simulation
provides a "'test-bed'' for evaluating new control laws and for checking and debugging
of the actual control software prior to engine testing. A real-time simulation also
allows the control developer to evaluate the timing and sequencing within the digital
control and to predict the effects of extended digital sampling intervals (ref. 9) on en-
gine performance. This report describes a real-time, hybrid computer simulation of
the Pratt & Whitney F100- PW-100(3) augmented turbofan engine. The simulation has
both steady-state and transient calculation capabilities and is intended for supporting
controls research programs involving that engine. The report describes the modifica-
tions that were made to a previously developed simulation of the F100-PW-100(1) en-
gine (ref. 7) in order to match predicted F100-PW-100(3) engine performance. Com-
parisons of hybrid simulation and baseline digital simulation data were made over a
wide range of flight conditions and power settings. The baseline performance data were
obtained from Pratt & Whitney's digital simulation of the engine. This report includes
the results of the comparisons, simulation equations, FORTRAN listings, and analog
patching diagrams.

ENGINE DESCRIPTION

The Pratt & Whitney F100- PW-100(3) engine (fig. 1) is an axial, mixed-flow, aug-
mented, twin-spool, low-bypass-ratio turbofan. It features improved fan performance
over the earlier F100-PW-100(1) version. A single inlet is used for both the fan airflow
and the engine core airflow. Airflow leaving the fan is separated into two flow streams:
one stream passing through the engine core and the other stream passing through the
annular fan duct. The three-stage fan is connected by a through-shaft to the two-stage,
low-pressure turbine. A ten-stage compressor is connected by a hollow shaft to the
two-stage, high-pressure turbine. The fan has variable, trailing edge, inlet guide
vanes. The compressor has a variable inlet guide vane followed by two variable stator
vanes. Engine airflow bleed is extracted at the compressor exit and discharged through




the fan duct during starting. Compressor discharge bleed air is also used to cool the
high- and low-pressure turbine blades and to power the augmentor turbopump.

The main combustor consists of an annular diffuser and a chamber with 16 fuel
nozzles.” The engine core and fan duct streams combine in an augmentor and are dis-
charged through a variable convergent-divergent nozzle. The augmentor consists of a
diffuser section and five concentric fuel manifolds (zones).

The engine's bill-of-material (BOM) control system consists of a hydromechanical
fuel control system and an electronic supervisory control system. The hydromechanical
fuel control system (1) meters fuel to the main combustor as a function of the power
lever angle PLA, the compressor speed NH, the fan discharge total temperature T13,
and the compressor discharge static pressure P |3 (2) positions the compressor vanes
to improve starting and high Mach number character1st1cs (3) meters fuel to the five
augmentor zones as a function of PLA, T13, and Ps, 3 and (4) controls the nozzle
area so as to maintain the desired engine airflow during augmented operation. (All
symbols are defined in appendix A. Numerical subscripts refer to locations in the
engine (e.g., fig. 1).) The electronic supervisory control (1) positions the inlet guide
vanes to improve inlet distortion tolerance and fan efficiency, (2) trims the main com-
bustor fuel flow to satisfy engine limits, and (3) trims the nozzle area to satisfy engine
airflow requirements.

ENGINE SIMULATION
Engine Model

The mathematical model which described the performance of the F100- PW-100(1)
engine was patterned after Pratt & Whitney's digital simulation (CCD 1015) of that en-
gine and was reported in reference 7. Subsequent modifications were made to elements
of that model to match the performance of the F100- PW-100(3) engine as predicted by
the corresponding digital simulation (CCD 1103-1.0). Those modifications are de-
scribed in the following section. The basic structure of the mathematical model was
not changed, however. Figure 2 contains a computational flow diagram of the F100-PW-
100(3) real-time simulation. Appendix B contains a complete list of equations which
define the simulation model. Table I contains a list of engine design parameters for
the F100- PW-100(3) simulation.

Simulation Modifications

The equations describing the mathematical model of the F100-PW-100(3) engine
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were implemented on the Lewis Research Center's hybrid computing system. This
system consists of an EAI model 640 digital computer, a model 680 analog computer,
and a model 681 analog computer. The split of the computational load between the
digital and analog computers was basically the same as that employed in the earlier
F100- PW-100(1) simulation (ref. 7). The modifications that were made to the digital
portion of that simulation included the following.

First, in the earlier F100-PW-100(1) simulation, all analog inputs to the digital
computer were sampled at the beginning of the digital cycle, and all outputs to the
analog computer were transferred after all of the digital calculations were completed.
From a dynamic standpoint, this proved to be the worst approach since it resulted in the
greatest effective time delay - hence, phase shift (refs. 10 to 12). Inthe F100-PW-
100(3) simulation, the analog inputs to the digital computer are sampled as needed, and
the resultant digital data are transferred to the analog computer as soon as they are
available (on a component by component basis). This approach results in a significant
reduction in the phase shift associated with individual computational loops (ref. 12)
since the calculation time for each loop is much less than the total update time. Auxil-
iary calculations such as the calculation of engine thrust and surge margins contribute
only the total update time.

Second, the fan and compressor performance maps represented by equations (B1),
(B2), and (B15) were based on axial vane positions in the earlier F100-PW-100(1) simu-
lation. This necessitated shifting the map data when operating at low corrected speeds
where the vanes are cambered. To minimize this shifting in the F100- PW-100(3)
simulation, the fan and compressor maps were regenerated with the vanes on their
nominal schedules. Therefore, no shifting of the map data is required when the vanes
are on their schedules. During transients and other off-schedule conditions the required
shifting of corrected airflows is accomplished by equations (B3) and (B16) with the
shifts computed from bivariate functions of corrected speed and vane position.

Third, to better match the F100- PW-100(3) baseline digital data over the entire
flight envelope, an empirical Reynolds number effect on fan performance was added. A
shift in the fan corrected airflow (eq. (B3)) is computed as a piecewise linear function
of the Reynold's number index (eqs. (B4) and (B5)).

Fourth, all the bivariate component performance maps and shift functions were re-
generated to match the predicted F100-PW-100(3) steady-state performance. Those
curves are shown in figures 3 to 8.

Fifth, sui'ge margin calculations were added for the fan (egs. (B9) to (B12)) and the
compressor (eqs. (B19) to (B22)). In each case, the critical pressure ratio was fit by
a quadratic function of the corrected airflow at each of the extreme vane positions. The
quadratic functions were based on fits of digital simulation data.

Sixth, the exhaust nozzle exit area A8 was fit by a linear function (eq. (B52)) of



the nozzle throat area An and the nozzle inlet temperature Tr for each of two ranges
of flight Mach number. In the earlier F100- PW-100(1) simulation, the effect of nozzle
heating (T7) was not considered.

Seventh, the inlet calculations of Py and To were eliminated in the ¥100- PW-
100(3) simulation. These variables are transferred as input to the digital portion of the
hybrid computer from the analog computer, thus allowing operation of the simulation
during changes in the flight condition.

Lastly, in the earlier F100- PW-100(1) simulation, the same digital program that
was used to perform the required calculations was also used for input and scaling of
component performance data and for setup of the analog consoles. In the F100-PW-
100(3) simulation, these functions are performed by separate digital programs. The
scaled, component performance data are shared by the data input program, the main
digital program, and the function generation routines through the use of COMMON
blocks.

Appendix C contains a FORTRAN listing of the digital portion of the F100-PW-100(3)
real-time hybrid computer simulation. Reference 6 contains a detailed discussion of
the digital program structure including the MAP2 and MAP2L function generation rou-
tines.

Modifications were also made to the analog portion of the F100- PW-100(1) real-time
simulation. These included the following: first, to better match the predicted F100-PW-
100(3) augmentor pressure drop, the pressure drop was computed using the total aug-
mentor gas flow (including augmentor fuel flow) and the discharge temperature T7
(eq. (B41)). In the earlier F100-PW-100(1) simulation, the effects of augmentor fuel
flow and its associated energy release were not included. Second, the augmentor effi-
ciency and duct pressure drop curves (eqs. (B43) and (B45)) were regenerated to better
match digital simulation data over the entire flight envelope. The new curves are
shown in figures 9 and 10. Third, the exhaust nozzle discharge coefficient was fit by a
piecewise-linear function of the nozzle pressure ratio (eq. (B49)) having more segments
than in the earlier F100-PW-100(1) simulation. Fourth, in the F100- PW-100(1) simula-
tion, the fan discharge (core side) and compressor discharge specific heats were as-
sumed to be linear functions of the corresponding temperatures for the purpose of com-
puting the required torques. The intercepts of the linear functions were adjusted at the
military power setting to match the baseline rotor speeds at each flight condition.
Changes in flight condition could not realistically be accomplished, however, because of
the wide range of intercept values. To eliminate this problem in the F100- PW-100(3)
simulation, the intercepts were also fit by linear functions of the fan inlet pressure and
temperature (eqs. (B80) and (B85)). Only slight adjustments of the resultant intercepts
were then required to match rotor speeds after changes in the flight condition. Realis-
tic changes in the flight condition could be accomplished with fixed intercept values.



Lastly, calculations of the fan discharge (P - PS)/ P, for both the duct and core sides,
were added to the real-time simulation (eqs. (B87) and (B88)). Figure 11 shows the
functional relation between (P - Ps)/P and the compressible flow parameter.

Appendix D contains the analog patching diagrams for the F100- PW-100(3) real-
time, hybrid computer simulation.

Simulation Requirements

The digital portion of the F100- PW-100(3) real-time simulation consumed 12 440
words of core storage (including data). The supplemental data input program consumed
7144 words of core storage (including data). The digital computer update time, which
was approximately 7.5 milliseconds, resulted in stable, real-time operation.

Both analog computers were fully utilized. For example, the full complement of
24 multipliers on the 680 analog computer and 30 multipliers on the 681 analog computer
were used. In addition, the full complement of 6 digital to analog multipliers on the
680 analog computer was used. A total of 189 potentiometers was required. The eight
digitally set, univariate function generators available on the 681 analog computer were
also used.

RESULTS AND DISCUSSION

The usefulness of the F100-PW-100(3) real-time, hybrid computer simulation de-
pends on its ability to accurately represent the physical engine over the desired range
of operation. It should match the steady-state and the transient engine performance
for power settings from idle to full augmentation (maximum thrust) at altitudes and
flight speeds within the engine operating envelope. Figure 12 shows the flight conditions
selected for evaluation.

Procedure

As previously stated, the basis for comparison of hybrid simulation data was the
engine manufacturer's digital simulation of the engine (CCD 1103-1.0). That simula-
tion also included a simulation of the BOM control logic. The digital simulation of the
engine and control could be run in either a steady-state (fixed PLA) or transient (time-
varying PLA) mode.

All of the selected flight conditions (fig. 12) were first run in the steady-state mode



with PLA ranging from the minimum allowable setting to the maximum thrust setting of
130°. The minimum allowable setting (idle) was dictated by the control and was based
on inlet airflow requirements and minimum combustor pressure limits. For the three
subsonic conditions having altitudes lower than 10 kilometers, the idle setting was 20°.
For the 13.72 km/ Mn = 0.9 condition, the idle setting was 30°. For the three super-
sonic conditions, power settings lower than 83° were not permitted.

The steady-state data obtained from the digital simulation included (1) values for
the control variables such as main combustor fuel flow and (2) values for selected en-
gine variables such as fan speed. The hybrid computer simulation was then evaluated
in steady state at each flight condition and power setting by setting the analog control
inputs at the appropriate values and then recording the resulting values of the selected
engine variables. In this way, the simulation could be evaluated without requiring a
separate control simulation. This open-loop approach ensured that observed differences
between hybrid and digital simulation data were attributable to the hybrid simulation and
not to control simulation errors. The following section compares the F100-PW-100(3)
hybrid simulation and baseline digital steady-state data at the selected flight conditions.

The four subsonic flight conditions (fig. 12) were also run on the digital simulation
in the transient mode. In each case, the PLA was initialized as its minimum value and
then stepped to 83° (at t =0 sec). The 83° setting was maintained for 10 seconds at
which time the PLA was stepped down to its minimum value. The transient data obtained
from the digital simulation provided time histories of both the confrol variables and the
selected engine variables. The hybrid simulation was then evaluated for transient
operation by scheduling the control inputs to the hybrid simulation to match the digital
time histories. The resulting engine response data were recorded and subsequently
compared with the digital results. As in the steady-state evaluation, this open-loop
approach eliminated the need for a separate, real-time control simulation, and it
allowed the isolation of engine simulation errors. A following section (p. 9) compares
the transient data obtained with the F100-PW-100(3) hybrid computer simulation with the
corresponding baseline digital data.

Steady-State Simulation Results

The verification of the steady-state performance of the F100-PW-100(3) real-time
simulation was accomplished by operating the simulation in an open-loop manner at each
of the flight conditions shown in figure 12. At each power setting, the values of the
main combustor fuel flow, exhaust nozzle area, fan inlet guide vane angle, compressor
stator vane angle, and augmentor fuel flow were set to match the baseline digital values.
The engine variables selected for the steady-state comparison were fan speed, com-
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pressor speed, main combustor pressure and temperature, net thrust, fan-tip pressure
ratio, total fan corrected airflow, compressor pressure ratio, and compressor cor-
rected airflow. Agreement of hybrid and baseline digital values for these variables
would represent good, overall steady-state verification of the real-time simulation.

Figures 13 to 17 contain plots of the hybrid and digital steady-state data at the
selected flight conditions. For convenience, the engine variables were plotted against
the PLA which corresponded to the set of control variables. It should be noted that, at
each flight condition, the plot scales were expanded to match the observed range of the
data. The scale expansion was most significant at the supersonic flight conditions.

Prior to recording steady-state, hybrid simulation data at each flight condition, the
fan and compressor discharge specific heats were adjusted to achieve a match of base-
line rotor speeds at the 83° power setting as shown in figures 13 and 14. Agreement of
hybrid and digital simulation data at other power settings, however, was dependent on
the accuracy of the individual component models (i.e., fan, compressor, nozzle, etc.).
Agreement of hybrid and digital data at these conditions would serve to substantiate the
simulation simplifications that were required to achieve real-time operation.

Figure 13(a) shows excellent agreement of fan speed along the entire sea-level/
static operating line. This was attributed to the fact that the temperature-sensitive
specific heat relations (eqs. (B80) and (B85)) were established at the sea-level/static
condition. Figures 13(b), (c), and (d) show good agreement at the other flight conditions
although some discrepancies were observed in the midpower range at the higher alti-
tudes. These errors were less than 2 to 3 percent of the design fan speed. Figures
13(e), (f), and (g) show the results of the fan speed comparison for the 6. 096 km/Mn =
1.8, 12.19 km/Mn =2.2, and 17.83 km/Mn = 2. 15 conditions, respectively. For these
conditions, the comparison was limited to power settings of 83° and above. For these
conditions, good agreement in fan speed was also observed. The errors were generally
less than 2 percent of the design speed and were attributed to the assumption of constant
gas properties in the hybrid simulation model of the exhaust nozzle.

Figure 14 compares the hybrid and baseline digital results for the compressor
speed. For all power settings below 830, the observed errors were less than 3.5 per-
cent of the design speed. For the supersonic, augmented operating points, the errors
were less than 1.1 percent.

Figures 15 and 16 compare the baseline digital and hybrid simulation values for the
main combustor and temperature, respectively. As in the case of the rotor speeds, ex-
cellent agreement was observed for power settings below 83° throughout the operating
envelope. Errors were generally less than 3.5 percent of the design value. For the
supersonic, augmented conditions, errors in the main combustor pressure and temper-
ature were less than 2.1 percent.




Figure 17 shows the comparison of net thrust for the selected flight conditions. In
the thrust calculation, a constant velocity coefficient was assumed and, as in the calcu-
lation of the exhaust nozzle flow, constant gas properties were assumed. Even with
these simplifications, generally good agreement between hybrid and baseline digital
values for thrust was observed. Excellent agreement was observed at the subsonic con-
ditions. However, differences of up to 9 percent of the design maximum thrust were
observed at supersonic, augmented conditions (see fig. 17(f)).

The fan and compressor operating lines are shown in figures 18 and 19, respec-
tively. Good agreement between the baseline digital and hybrid simulation data was ob-
tained for all flight conditions. Some discrepancy in fan corrected airflow (about
2.5 percent of the design value) was observed at the 13.72 km/ M, = 0.9 condition for
high power settings. This error is attributed to Reynolds number effects, since this
condition represented a lower Reynolds number index than the other selected subsonic
conditions. An attempt was made to incorporate a fan airflow shift as a function of the
Reynolds number index, but its adequacy was limited by a restriction on the maximum
digital update time allowable for real-time operation. Good agreement was also ob-
served for the compressor operating line. A maximum error of 4 percent in corrected
airflow and 3.5 percent in pressure ratio was observed at the 3. 048 km/Mn = 0.9 con-
dition at the idle power setting.

The results presented in figures 13 to 19 indicate that the hybrid simulation ade-
quately matches the baseline digital simulation in representing the steady-state behavior
of the F100-PW-100(3) engine. The hybrid simulation errors (relative to the digital
simulation) that were observed were sufficiently small so as to indicate that the hybrid
simulation could be used to evaluate steady-state control functions such as speed regu-
lation, temperature limiting, and surge protection.

Transient Simulation Results

The previous section demonstrated the capability of the F100-PW-100(3) real-time,
hybrid computer simulation to predict the steady-state performance of the engine. The
hybrid simulation must also predict the transient performance of the engine so as to
serve as a tool for developing research control systems. The comparison between
baseline digital and hybrid simulation data is presented for the four subsonic flight con-
ditions shown in figure 12. The subsonic conditions were selected since they permitted
variations in the PLA below the 83° setting.

The five control inputs to the hybrid simulation were scheduled as functions of time
to match baseline digital values for a power lever ramp (slam) from the idle setting to
the 83° power setting. The schedules included a power lever cutback (chop) from 83°
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to idle 10 seconds after the initiation of the transient. The open-loop operation was
selected for the transient evaluation to allow the isolation of simulation errors from
potential control simulation errors.

Figure 20 shows the comparison of baseline digital and hybrid simulation responses
to the simulated power lever movement at the sea-level/static condition. The responses
of fan speed, compressor speed, compressor discharge pressure, main combustor tem-
perature, and thrust are presented. A slightly higher fan speed overshoot (about
0.8 percent) and faster deceleration were observed for the hybrid simulation (fig. 20(a)).
The hybrid simulation response of compressor speed (fig. 20(b)) was slightly faster
for both acceleration and deceleration. This was attributed to the simplifications used
in modeling the compressor temperature ratio (torque). Figure 20(c) shows the r2-
sponses of the baseline digital and hybrid simulation values of compressor discharge
pressure. The responses match quite well except for a discrepancy (about 3.5 percent)
at the end of the acceleration. This error was attributed to the simplified compressor
temperature ratio calculation in the hybrid simulation. Figure 20(d) compares the digi-
tal and hybrid simulation responses of the main combustor temperature. The most
notable difference in the responses was that the hybrid simulation resulted in a 4 percent
lower temperature rise at the start of the acceleration. This temperature difference
was maintained throughout the acceleration. The hybrid simulation response exhibited
no temperature overshoot while the baseline digital response overshot the final temper-
ature by 3 percent. These differences could have been caused by any number of sim-
plifying assumptions in the hybrid simulation. One of these was the absence of any
pressure effects in the main combustor efficiency calculation. Figure 20(e) shows a
similar discrepancy (about 2 percent) in the thrust responses at the end of the acceler-
ation. The observed discontinuity in the hybrid simulation thrust was due to a simpli-
fication in the thrust calculation. Because of limits on the digital calculation time, it
was not possible to accurately model the nozzle performance when normal shocks would
exist in the nozzle's divergent section. Since this condition only exists at low altitude,
low speed, low power conditions, it was not considered to be a serious problem. The
assumption was made that flow at the nozzle throat would be either subsonic or sonic
(with the shock expelled). Therefore, the discontinuity represented a switch from sonic
to subsonic flow or vice versa.

Figures 21 to 23 show comparisons of baseline digital and hybrid simulation tran-
sients for the 3.048 km/Mn =0.9, 9.144 km/Mn =0.9, and 13.72 km/Mn = 0.9 condi-
tions. In general, the transient results at these conditions were similar to the results
obtained at the sea-level static condition. That is, the hybrid responses exhibited more
fan speed overshoots (figs. 21(a), 22(a), and 23(a)) and slightly faster compressor speed
responses (figs. 21(b), 22(b), and 23(b)). Figures 21 to 23 also reflect some of the
steady-state differences that were discussed in the previous section. Examples of this
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are lower main combustor temperature and higher net thrust at 83° PLA for the
13.72 km/Mn = 0.9 condition (figs. 23(d) and (e)).

SUMMARY OF RESULTS

An existing real-time, hybrid computer simulation of the Pratt & Whitney F100-
PW-100(1) turbofan engine was modified to match the predicted performance of the
F100-PW-100(3) turbofan engine. The basis for the simulation modifications was the
engine manufacturer's digital simulation (CCD 1103-1. 0) of the F100- PW-100(3) engine.
The resulting hybrid computer simulation was implemented on the Lewis Research
Center's EAI model 640 digital computer, model 680 analog computer, and model 681
analog computer. The digital computer update time was approximately 7.5 milliseconds
and resulted in stable, real-time operation. The digital portion of the simulation re-
quired 12 440 words of core storage (including data). Both analog computers were fully
utilized.

The real-time, hybrid computer simulation of the F100-PW-100(3) turbofan engine
was evaluated at a number of subsonic and supersonic flight conditions. The evaluation
covered both steady-state and transient operation.” The resulting hybrid simulation data
were compared with baseline digital simulation results.

The steady-state evaluation showed that the hybrid simulation generally matched
the baseline digital simulation within 4 percent over the F100 flight envelope. Better
agreement was noted at the low altitude/low Mach number conditions since the hybrid
simulation was designed to match sea-level/static data from the digital simulation.

The transient evaluation covered large changes in the pilot command at subsonic
flight conditions. In general, the agreement between hybrid and digital results was
good. The hybrid simulation did exhibit slightly more fan speed overshoot during ac-
celerations. Also, the response of the hybrid-simulated compressor speed was faster
than the digital response. Some of the observed transient differences could be attributed
to 2 to 4 percent errors in the steady-state values at the initial, idle power settings.

The results of the evaluation indicated that the real-time, hybrid computer simula-
tion of the F100-PW-100(3) turbofan is suitable for use in the development and evalua-
tion of digital control systems.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 28, 1977,
505-05.
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APPENDIX A

SYMBOLS

cross-sectional area, cm2

nozzle flow coefficient

specific heat at constant pressure, J/kg-K
thrust, N

nozzle flow function

functional relation, i =1 to 14

local fuel-air ratio

fan inlet guide vane position, deg
gravitational conversion factor, 100 cm-kg/N-sec2

heating value of fuel, J/kg

compressor stator vane position, deg
1/2

turbine map enthalpy drop parameter, J/kg-K*/ “-rpm

turbine enthalpy drop, J/kg

polar moment of inertia, N-cm-sec2

mechanical equivalent of heat, 100 N-cm/J

augmentor pressure loss coefficient, N2—sec2/kg2-cm4-K
main-combustor pressure loss coefficient, Nz-secz/kg2-0m4-K

fraction of high-pressure-turbine cooling bleed that is performing work
fraction of low-pressure-turbine cooling bleed that is performing work
component temperature rise coefficient, i = 1to 16

nozzle flow constant, kg-Kl/z/N-sec

low-pressure-turbine discharge pressure loss coefficient

length, ¢cm

Mach number

rotational speed, rpm

2

total pressure, N/cm

pressure ratio




PLA power lever angle, deg
P static pressure, N/cm2
Q torque, N-cm
Ry, gas constant of air, 2. 8699><104 N-cm/kg-K
REI Reynolds number index
SMC compressor surge margin
SMF fan surge margin
T total temperature, K
T/T temperature ratio
t time, sec
\' volume, cm3
w stored mass, kg
w mass flow rate, kg/sec
W, corrected mass flow rate, kg/sec
v'vp turbine map flow parameter, kg-K- sz/N—fpm-Sec
v specific heat ratio
) total pressure relative to sea-level conditions
] efficiency
total temperature relative to standard-day conditions
T time constant, sec
Subscripts:
AB augmentor
ax axial vanes
B main combustor
BLC customer bleed
BLHT  high-pressure-turbine cooling bleed
BLLT low-pressure-turbine cooling bleed
C compressor
cm cambered vanes
cr critical

13



D fan duct

des design

e nozzle exit plane

F fuel

FAN fan

H high

HT high-pressure turbine

I inlet

1D fan hub {core)

i initial conditions

j engine station (fig. 1); j =0, 2, 2.1, 2.2, 3, 4, 4.1, 5, 6, 7, 8, 13, 16
i’ entrance to volume at stationj; j =3, 4, 4.1, 6, 7, 13, 16
L low

LT low-pressure turbine

M map

m measured

N nozzle

n net

oD fan tip (bypass)

SUB subsonic
sSUP supersonic

TPBL turbopump bleed

14




V."2 - (Wc)

=1.0069 - 1. 6461 REI

=3.2240 - 9. 4517 REI

FAN,

APPENDIX B

SUMMARY OF EQUATIONS

(WC)FAN, M

Ny, %
M
92 92
65(T, + 110.33)
REI = 22

P13 N

= £, == —

Py ‘/9_2

Py Ny,

il
2 y
P/FAN, ID P2 yo,

308. 50(92)2

if REI = 0. 61168

otherwise
p
P2.1=P2.2=(‘1;) Py
FAN, ID
\
p p
=K1_£+K2 if 13 = 9 g51
P P
2 2
p p
K, 13, K, if1.803 =_13 <2 851
3p 4 P
2 2
Pi3
= K5 — 4 K6 otherwise
Py J

if 0.28404 = REI < 0.61168

(B1)

(B2)

(B3)

(B4)

(BS)

(BT)

15



Ty =L T
13 (T) 2
FAN, OD
L, o 7
SMF = P cr, FAN p2
(7
P cr, FAN

(g) _ (25. + GVIPOS) (g> _ (GVIPOS) <_P>
P cr, FAN 25. P cr,ax, FAN 25. P cr,cm, FAN

. .9 .
Wob w 2]
<B> 9. 131ox10°4 22 , 5. 1501x10° 4 —2Y 2, 0.77163
P cr,ax, FAN 5% 62
.9 .
Wob w (2]
(3) 5. 5717x10°4 2272 _ 3 oreex10-2 2 Y2, 1 7258
P cr,cm, FAN Gg 52
T -k, (2 +K if (£ > 2,889 A
T T\p 8 P
FAN, ID FAN, ID FAN, ID
- K, <E) +Kyy if1.82= (B) < 2.889
P/FAN, ID P/FAN, ID

= K11 (E) + K12 otherwise
FAN,ID

16

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)



H  pgvspos

Wy, 9 = (W) L+ iy
oM V0.9 ¥ 0.2

p p

(Z) = 3 + Ky, if 3 > 5.7407

T P
C 2.9 2.2

Ps

Py o J

T
Tgr =<;> Ty. 2
C

2) s
Pler,c Pa.o

SMC =

(_P) _ (40 + HVSPOS) (g) ) (HVSPOS - 4) (g)
Pcr,C 44 P cr,ax,C 44 P cr,cm,C

.9 .

w 6 W V@
(B) - 0.00972 —2:272:2 ,  g5235 2:2¥ 2.2 _ 11 7048
P cr,ax, C 5% 9 52.2

.9 .
w 6 w 6
22.272.2 _ 5 gp50 2:2Y 2.2 94 779

(_> =0.11524
P cr,cm,C 6‘3 9 52.2

wrpBL = 0

(B16)

(B17)

(B18)

(B19)

(B20)

(B21)

(B22)

(B23)

(B24)

(B25)

17



-ty (21, (B26)

2 (B27)

P N
(hp)gg = fg[—-L, 2 (B28)
HT =6 5 —
(Ah) gp = (o) YTy Ny (B29)
c, 4T, (Ah) i c. ,To K (Ah)
(WT), (1 =w, |- P22 4. HT| p,3°3 _TBLWHT'\" HT (B30)
4.1 41 c BLHT | .
p,4.1 p,4.1 p,4.1 p,4.1
P N
("o)pr = 1(3 >, L (B31)
LT
4.1 T, ,
P, (N
Wy q= (W ) 4. 1L (B32)
Pt T, ,
P N
(hp); . = fg [— L (B33)
LT = 8|3
4. 1 v T4. 1
(Ah)pp = (o) ¥T4g, 1 Ny, (B34)
T), - 13%, 16716 o et 1Tq.1 @R
gr Tt Wy,
CP,G cp,6 cp,6
c. ,Tq K (Ah)
BLLT |, -
p’G p76

18



‘i’s =
KpTs KpV3

. C. oW,T .
WD)y - 23788, HVE

€p, 4 Cp, 4

HVE _ 50362 - 7. 4640 T,

B
p, 4

P16 = Pe

Py = KppsPg

.2
Kap¥n Ty

Pry = P, -
T 6 P

6

C
: _'p,6 HVF .
(WT)ge === WgTg + nAp—— ¥, 7
p, 7 p, 7

i
naB =g (;)
7

w
£\ . Vr,7

<a>7 Ve~ Vr 4

Y
W13V T

Pier = P13 |1 - f10 o
16

Cp, 16716 = p, 13T13

(2) _Po
PN P7

(B36)

(B37)

(B38)

(B39)

(B40)

(B41)

(B42)

(B43)

(B44)

(B45)

(B46)

(B4T7)

19



i el .

FNT7 = 0. 2588 if(—P) < 0.53)
N

P
, (B48)
o0 7143
= (_) otherwise
P/N J
Cq 7 = 0.97031 if (l’) < 0.3334 )
2 P N
_ 1.0645 - 0.28248 (_P) if 0.3334 s(l’) < 0.3851
PN PN
- 0.98563 - 0. 07766 (B> if 0.3851 < (_P) < 0.4783 > (B49)
P/N PN
- 0.89488 + 0. 11209 (E) if 0.4783 = (_P) < 0.8184
PN PN
- 0.77344 + 0. 26048 (_P) otherwise
P J
N
[A - £ (T )]
. 7 - 111(Tq
Y17
_ , w
£,=0 if T, < 800
- 0.46870 T, - 374.97  if 800 = Ty < 860.6
- 0.12681 T, - 80.710 i1 860.6 = T, < 1200 (B51)

=-0.03577 T + 114.39  if 1200 = T, < 1993

=-0.13355 Ty + 309.23 otherwise y.

20




Ag =1.4693 An +0.19333 Ty - 1048.2

if M, <1.1

- 1.6175 Ay + 0.12008 T, - 753.16  otherwise
2
A A
(3) = 4.7317_8 - 1.6486 <_3.> - 2.5089
P/sus Aq Aq
2
A A
(B) - 4.7317 -8 1 1.6486 <__8.> + 3.5655
P/sup Aq Aq
-
p
_s,e _ (_P) if (_P) > (E)
Pr \P/y PN \Plgus
:(_P) otherwise
Plsup

Ps,

F, = 46.405 w.
8 7 P,

Ty (0. 2578 - 0.2578

)

=50.996 Wry

PS e PS e :
T, [0.47303 - 1.1098 —5:€ 4 0. 85065 (S22

Py

- Ag(Pq - Ps,e)

Py

F, =Fg-20.041 v'VzMn‘/TO

t
W=f
37 M

t
1
T3 —"‘—'/(; (T3| - T3)dt+T3,i

73

otherwise

(W, 2 - WBLHT - ¥BLLT ~ ¥TPBL ~ ¥BLC - W3) &t + W3 3

(B52)

(B53)

(B54)

(B55)

(B56)

(B57)

(B58)

(B59)
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22

R,W,T
p. - A"373

3
Vs

t
W4=j(; (W3+WF,4'W4)dt+W4,i

R,v t
AY4 . .
v, 0
o - V4P
. s
RpWy

t
Wa.1 =./(., (Wy + Wpppr = Vg, 1) 4+ Wy 4

R,y t
AY4.1 : :
Py1=— fo [(WT)g g0~ Vg 1Tg q]dt+ Py 4
4.1
V41Py
a4
AW4 1

t
W13 =‘/(; (W2 - Wzl 9" W13) dt + W13,i
1 t
713

Ry
Py3 N W13T13
13

t
We =f(; (W13 +Wy 1+ YT YTPBRL - Wg) dt + Wﬁ,i

(B60)

(B61)

(B62)

(B63)

(B64)

(B65)

(B66)

(B67)

(B68)

(B69)

(B70)



P6 =———f (WT)G' - WGTB] dt + P6 1
Ve

VePe

T, =
6
RAWG

t
W7 =‘](.) (W6+WF’7"W7)dt+W7’i

Ryye rt
AT (Yo :
7
VaPq
T7 =
RAW7

Ag, t .
Vi3 =\ fo (Pygr - Pyg) dt + wyg 5

N
o

. Ag, t :

AB

30J

(NQ)gp === (Ah)yp(Wy + Kpp wyrWpLaT)

300 . p, 3
(NQ)¢c ==—c¢, 2.2¥3.2 <c >T3' -Ty g
” p,2.2

C '
_9_’3_ - 1. 0815* + 0.00008 T3 - 0.00033 T2 - 0. 00038 P2
cp, 2.2

*Adjusted, if necessary, to match rotor speeds at PLA = 83°.

(B71)

(B72)

(B73)

(B74)

(B75)

(B76)

(B77)

(B78)

(B79)

(B80)
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t
(NQ)ym - (NQ)
30 HT C
NH = —_— t + NH, i

ml N
HO H

30J

(NQ)yp = = (Ah)yp(Wy 1 + KppwLTVBLLT

30J c °p, 13"
(NQ)paN, 0D =~ %p,2(W2 = V2. 2)<c Ty3 - T2>

p;2
_30J - Cp, 2.2
NQpaN, 1D =~ %p, 2.2%2.2 <—;c )Tz.z - Ty
p, 2

C
(__L 2-2> = 1.0515* - 0.00011 T, 4 + 0.00012 T, - 0.00159 P,

€p, 2
30 (NQ) 1 - (NQ)pay, op - (NQraN, 1D
N. = dt + N, .
L - N L,i
L Jo L

* Adjusted, if necessary, to match rotor speeds at PLA = 83°.

24 =

(B81)

(B82)

(B83)

(B84)

(B85)

(B86)

(B87)

(B88)



APPENDIX C

DIGITAL PROGRAM

FORTRAN Listing

Tttt ADC VARTAELES
SCALED FRACTION M@, i
SCALED FRACTION 243
SCALED FRACTION %23

Tt A DAC VARTABLES
SCALED FRACTION Y&, %

Dbk OTHER WARTRELES
SCALED FRACTIOH

1 Ih".lull‘_.' ,__

I
o 4
2 e A

% B

ny

I OPRCZLYESDL ¥T
COMMOMASMAFS
COMONA TDAC
LOGICAL SEMSH READY
FEAL M
CALL GTHYIMCIERE,
TYFE S

SE W !
4,
142 YE,
SWALSCLE, 2060, YWALSYE, ), ZVALS 1R, 8, 12
SORT. MAFZ, MAFZL. W3,
& PRSUR, FRD. W&, W7, Y3, BT4. RT41, RE, A, Y7,

S YVRLS, 2VALE,

R =
o, W, KT, HEL WS, WL

s WAE, HAT. WAs, wis, :

s ndl

“1S 128, K21, K22

¥4,

3 e YT YL YR YAE, YiL, YL

L MICE4,
Y4, VW3 AR PREUE. DFR, FE,FRE,

Vii. REY, FRFL1. FRFZ, FRCL,
TRCED,

T, MG D, MY B, KMOED, EYCED

5 FORMATC 2K, ZAHTYFE DATE RS B3-18-75.)

HCCERT &,
& FORMAT

CATEL. DRTEZ
SR

CoddepeTPECTIFY FLIGHT COMDITION FOR EMGINE

7 TYFE 11
ACCERT 12, FE, TG, HE
ottt INITIALIZE DACS
166 CAlL 0SCOE, TERFD
CRLL GECCL, IERRD
CRALL GUEDASCYI. @, 24, IERRD
CRLL GSTDA
DO 16E  K=1, 16
KE=k-1
CAIL GNCLL KR, |
S COMTTHUE
1 FORMAT ¢34, 33
Z FORMATOFT. 3, F&
FEE1= Fok 65945
THEI= Taw. 55555

I, FS. 20

WS M
WE=TE1B6,
VLI=VSRSSORT (VS
Tt FLACE AMALDG IM IC MODE
1% TYWFE 2@
25 FORMAT(3W, 48HILAVE COMSOLE
TYFE Zi

21 FORMAT CAZ2M, 44HPROCEEDR TO DYHAMIC

FRUTE
(e 2 2R T X =1

=
[

[S{l
CHLLL GRPADSC
T=MAFZC Y,

ey

FALZE. , IERR>

ZHTYFE DESIRED WALUES

2 TO COMSOLE 1. MAMUALLY GO Ta IC )

FART OF FPROGRAM BY R-S-R. /2

VMALUES AMD GEMERATE MAF OUTFUTS

25



oy
=
s

225
SECE

1

s
w1

26

L CRLLL SREADS

NS=MAFZL (T
IF (K2, BT, B
A=MAFZ O L. Kb ¥
W= YTHC, G54 SEARY I 5S
DYT=. @5

REY=(. SETASS#MA#{, SE+ML+e ATET450 0/ ONlaNL)
IFCREY. LT . IOS845) [Y7=—. BZEZES+REY+ BE2E3S
IFCREY. LT, 142825 [YT=-. LSAF7FS+REY+ AZST1S
NPT

YZ=Y7

CALLL GRIDASCYE, 2 TERRD
CRLL SUIDASCYDS, D, IERRED
CALLL QLIDASCIYT. 7. IERRED
CARLL SREADSOWS, 5, Z, IERRD?
IFCRS. GT. . BEEaas:  ¥S5= g060Hs
Wa=MARS

WE=MAFRZCZ, &7, RED

YEm PSR C TS4, SSHME NS 5E
WI=YE

CARLL RIDASIYZ, 2. IERRD
CALL QMJDRSOYE, &, TERRS
CALL GREAGSOWE, 2, 2, TERRED
FET4=SS0RT XSS

WT=C, TASETSHALANRT4
Wa-MAFPD D, w3, WT D
VaR=MAFZLCS

WO= ¢ =-\SRETE S TESSIE

CAHLL GWIDAZOYS, 2. TERRD
CARLL SIDAS YR, 2, TERRD
CALL SREADSOWLL, 11, 2, TIERE?
FT41=CERT o x122

Sl SRETEL
Yia=MRFS S, WLUZE, VaED
WIR=MAPZLCRD

WA= C-VIB«RTLL S 4E7FL5E
CRLL SWIDASOYLE. 16, TERED
CELL SLIDASoYLd. 11 TIERRD
CRLLL OFERDSOKZE, 22, 20 TERR
WA=RISenEIE

CALL QRIDAS

g e
2 AR, =RD0

WE=C

s o TERRD
id, 14 5, IERR

STy G0 TO ZEeD

FE=.

G0 TO
FAE=. BZS
AR=AE. LY
DFR=. &2
FREZUE=. T
FE=FREUE+-LE
FRD=. 757

wid— @3lzdas+ ¥

SR EAR AR+, ZRERI45 S LALeTE
Z—-DFE

G TO 23S
PRSUP= 5 S+LFE

ORTCC ATIREE
S—FRO-CARE® .




oot

SR=YTHY T
Pmr1"4rﬁa“as*v7'n+ G11S7S4Y 7+, 138665
FRFZ=¢. 4='+v"’u— 14 ITTHY T+, 1851950, 85
Y=, PSS BRIRAT+HI V- RIRPRFZ ) S 7SE
ey ;:+"\'”w
'1"":-»'5r'="r"' AN
FRC1=¢, 2 11 S SHESH- 4ETESS+. TLATSHYEd S, ES
FROZ=1, b A ue“52£4v¢+ 2454950 . 255
Wi= (. SEAPRCLEC, HRGUSH LS I~ HSRFRCZ S, 65
Yl=ohl- BTITISHNTIAYL

CCALL OMIDASOYLZ, 12, TERRED

CALL GLIDAS WS, &, TERRD
CALL GHIDAS YL, 1, TERRD

OUTFUT UMSCALED DATA AT TELETYFE IF DESIRED
IF (. MOT SENSKHCLY» GO TO 22

CALI. ORANTCILOC)

CEl. O
CRLL 0S8, TERRD
CAREL SCCl, TERRD
AL ﬁFFHD’“”i s 13 2 TIERRE D

B —F~uh~+l S5+8. 441%
FHHEZZ=5HE
BHHEZ 2=k
Fadd
Fditd= F41ﬁ4+ B4 27445
CHHFT = W7
CHHFPT=CHHFT+1. 25+23%8 47
CHHTZI =CHHFT+1 Z44&
Folidi=¥1Z
PEC4L=FTCd 142 S+ 44355
CHLFT = Y&
CHILFT=CHI_.FT+1. S+226. 24
CHLTEZI= CHLFT#1. Z441&
GYIPO 2

#1. 1418777

bF 4= HF4+4 SREZE

n h.l

WF4ST= WFd# 4
WP 4 =WF 442506,
AH=21T

AN = AN LaEE,

ANZI = Al BOEsd451s
HH=R/RMH 14 d

27



e

el
[

it

28

e
e N
FasIs F4< EHEJE

Tel= Ta+daEd
TA2I= Tt SO55%
FLe = =13

Plbs LA 5a

w i

MET =
WFF = WFYSZ0
WFEPSI= WFT4 .«
HF TV UF"‘Témi

wiie

BAZ #4568
HATSI =R 4025503
Tadl=wlz
T41:T4i+:Dﬁﬂ

I= MAFRZ+ 453
WFHFT= we
MPHFT=WUFHFT+1, D, 570
WFHTSI= WPHFT+ ZES4E
HFHET = wo
HPHFT=HFHFT+1, S+ 22050
HFHTSI= HFHFT#3L11E 7
WRFLFT= Yi&

WPLFT=WFLET#2 S#, 25506
WPLTSI=HFLPT+, 26548

HFLFT=" 1
HPLFT=HFLFT#2. S+ 2085
HFLTSI= HPLRPT#I148 7
FH=v1z

FH=FH TOEE,

FHSI=FH+4 4482E-3
FEYI=REY

REYI=REYI+Z

TYFE 24, DATEL DATES

s
TEO NOT. SENSHOZ2 . GO TO
TYFE 2%, FEEI1. PG

v FORMAT (S, FHFG = ,F7
12

TYRE 26, TAS

=1, Ty
FORFATCSH. 3HTS

= 3 F?

441

5

R

i

I, FeE, THHASE T, TR 2

D20, TIHFLEE SIMULAT ION

ETEAMY-STHTE

 THE P TS E



PP

T N EI = | =T SO I N PR S S LS

-
1.1
[
[N
e
m
H
it
I
o

R RS A

Thitt ovs Torm, v

= LFT EL e THE CTHLEHO LFT. 2038

1]
o
I
A

SR F T e

A

TRRL TS

ES BT
THEE 1
TUFORRET S SR = L FT Wb B THEGSZED L TELZHO LFT

= FT 2L R EHUEG

=
i I

v SHLEMAHRE

't

v SHLEMAHE

TEOFORET LR S e T = F7 2098 FTHEGASSED L TR 2HC L FT

,.
X

Ll

r

i

1G5 TR
1
AHHYIFOS = L FT 2 3L ZHDEG
FHZT . A

S S = L FT 5,

= L F7 I3 SHDEG

L

SRR
n

in
[¥e)

e THEE B ST EHO L FT AL

)

Lix}

SHZO FT 2

S

TYRE e
TEOFORMAT
WFE T
IF FORMATCS
TVFE

!l
!
k%]

)
-

we ZHEF

n
=4
M
o

THRFM

&
-
'{1‘
=
.,
.

1
-
=4
.
0

L THEGSSEC L T ZHO L FVL 20 S BHLEMASET)

fua

1
TYWRE 0 B4, Pd
A8 FORMATY S, 2HP4 = ,F7. =
30
TYrE i FHZI. FH
41 FORMAT <S5 SHFN = .F7T
10
TYFE 42, T4, T4
A2 FORPMAT C S, 3HTS = L, F7. 4, S, PHE L TE,SHE L FTF. 1. 9%, SHE Y
10
TYPE 220 74151, T4
FROFUEMATOSH, 2HTS L
i
THHE 42,
A7 FORMETC
1
WMHE 45, PLTO2
IFC, HOT SEMSHCE G TO
35 FORMAT O S ; =
41 TYRE 48

5y

o THHASE O Vi ZHO B FF

ra
\, L

)

o T HER ST ZHY L FTL B, 2, BHLEF E

ra

i
mn
=4
ol
\0
|
e
-

“e2HY L, FTL AL S, BHE 3

TRILTTE
SEHTT

S0 BHE 2

i
-
-
.
g
~J
B
=}

s oEHC JFT A

A

-

|
£y

A L F7 B, S ZHRPM

et
47 FORMAT © 5,
1
TYFE 42 a1z

1

S FP 2020, THEGASEC |, ¥

=l
]
L
hil
=]
[
03]

s SHUEBIMASSEC

F N



fx)
il

-

-

FORMAT CSHL SHPZLGZ
TYFE 4%, PZO22
FORMAT S, BHFPZGEE
TYFE 54, XHHRZZ
3 FORMAT CSW, QHENHEZZ
TYFE 51, WRz2Z
51 FORMAT CSHE, IHWARZE
1o
TYFE S2. P4iid
52 FORMATOSK, SHFP4Lod = L FF.
TYFE 52, CHHEHTSI. CTHHFT
52 FORMAT CSE, BHCHHFT = L F7
1z
TYFE 5S4, MPHTZI. MFHFT

s
[¥x]
il
-n
-4

fiond

=
)

LR}

54 FORMATOSE. IHHFHFT = L F7. S

1%
TYFPE S5, HFHTESI. HFHFT
S5 FORMATCSHE. SHHFHFT = L F7
1>
TYFE Se. PSRl
56 FORMATCSE, 2HPSOE1L = L F7
TYPFE S7. CHLTZI, CHLPT
ST FORMATCSE, JHCHLFT = L F7
10
TYFE S, WRFLTSI. WRPLFT
52 FORMAETCSM, JHWFPLFT = L F7.
1
TYPE S HPLTSI. HFLFT
52 FORMATCSK. IHHFLFT = L F7
1>
TYFE S51. %8
52l FORMAT CSE SHSHF =,
TYFE S22.%1
532 FORMAT 5K, IHTHMC = BT
COERL 2 GO TO &L
OFCIERR2

(]

[ b

(R

30

A\
by

o

I
s

o

i

o S ZHRERHD

T HEGSSEC

#e 2HC

LR I
='H
CRCR L

o ZH

e EHY

el TH

i, ZH

SHY

R

. F7

JF7.

2o 3, BHLEMSSEC

e HeEe BH 3
D AL SH *

2 R BH '
S 2 s



AE

AN
ANSI
AR
CNHPT
CNHTSI
CNLPT
CNLTSI
DPR
DY7

FN
FNSI
FRD
GVIPOS

HPHTSI
HPLPT
HPLTSI
HVSPOS
IERR

JY

KY
MAP2

FORTRAN Symbols

shift in fan map corrected airflow due to change in inlet guide vane position
(scaled)

exhaust nozzle exit area (scaled)
2

2

exhaust nozzle throat area, ft
exhaust nozzle throat area, m
exhaust nozzle expansion ratio (scaled)
high-pressure-turbine corrected speed, rpm/oR 1/2
1/2

low-pressure-turbine corrected speed, rpm/OR 1/2
1/2

high-pressure-turbine corrected speed, rpm/K

low-pressure-turbine corrected speed, rpm/K
shift in critical pressure ratio due to expansion ratio

shift in fan map corrected airflow due to change in Reynolds number (scaled)
net thrust (uninstalled), lbf

net thrust (uninstalled), kN

ram drag (scaled)

inlet guide vane position, deg

1/2

high-pressure-turbine enthalpy drop parameter, Btu/ 1bm-°R -rpm

high-pressure-turbine enthalpy drop parameter, J /kg-Kl/ 2—rpm

1/2

low-pressure-turbine enthalpy drop parameter, Btu/lbm-oR -rpm

low-pressure-turbine enthalpy drop parameter, J /kg—Kl/ 2

-rpm
stator vane position, deg

error flag for linkage routines

array containing number of points per curve for each map pair
array containing number of curves for each map pair

control line initialization index

K-1

array containing x out-of-range counts for each map pair
array containing y out-of-range counts for each map pair

bivariate function (first function)

31



(1}

MAP2L

QSHYIN
QSOP
QSTDA
QWBDAS
QWCLL
QWJDAS
REY
REYI
RT4
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bivariate function (second function)
Mach number

array containing nuber of points per curve for each map pair
array containing number of curves for each map pair

exhaust plane pressure (scaled)

power lever angle, deg

compressor critical pressure ratio, axial vanes (scaled)
compressor critical pressure ratio, cambered vanes (scaled)
nozzle pressure ratio

fan critical pressure ratio, axial vanes (scaled)

fan critical pressure ratio, cambered vanes (scaled)

critical nozzle pressure ratio

design pressure ratio for supersonic nozzle flow

pressure at station I, psia
pressure at station I, N/cm2

ratio of pressure at station J to pressure at station I

linkage routine for sensing analog mode

linkage routine for reading ADC's

linkage routine for selecting analog console

linkage routine for placing analog console in HOLD mode
linkage routine for placing analog console in IC mode

linkage routine for addressing analog consoles

linkage routine for placing analog console in OPERATE mode
linkage routine for transferring DAC data

linkage routine for loading DAC's

linkage routine for setting control lines

linkage routine for ""JAMMING' DAC's

Reynold's number index (scaled)

Reynolds number index

square root of T4 (scaled)



RT41
SENSW
SSQRT
TI

TISI
TIQL
V3

V4

V5

V6

VT

V8

A'AY

V10

Vil
WA2
WA2SI
WAR2
WAR22
WAR2SI
WF4
WF4SI
WF1
WFTSI
WPHPT
WPHTSI
WPLPT
WPLTSI
WR22S81

square root of T41 (scaled)

array containing logical indication of sense switch positions
scaled-fraction square root routine

temperature at station I, °r

temperature of stationI, K

ratio of temperature at station J to temperature at station I
ambient pressure (scaled)

shift in compressor map corrected airflow due to change in stator vane posi-
tion (scaled)

Mach number (scaled)

ambient temperature (scaled)

high-pressure-turbine corrected speed (scaled)
low-pressure-turbine corrected speed (scaled)
high-pressure-turbine enthalpy drop parameter (scaled)
low-pressure-turbine enthalpy drop parameter (scaled)

product of Mach number and square root of ambient temperature (scaled)
fan airflow, lbm/sec

fan airflow, kg/sec

fan corrected airflow, lbm/sec

compressor corrected airflow, lbm/sec

fan corrected airflow, kg/sec

main-combustor fuel flow, lbm/hr

main- combustor fuel flow, kg/hr

augmentor fuel flow, lbm/hr

augmentor fuel flow, kg/hr

high-pressure-turbine corrected flow, Ibm-°R-in. 2/1bf—rpm—sec
high-pressure-turbine corrected flow, kg-K- cmz/N—rpm—sec
low-pressure-turbine corrected flow, lbm-°R-in. 2/lbf—rpm—sec
low-pressure-turbine corrected flow, kg—K—cmz/N—rpm-sec

compressor corrected airflow, kg/sec
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high-speed-rotor speed, rpm
compressor corrected speed, rpm
low-speed-rotor speed, rpm

fan corrected speed, rpm

array containing scaled map input x data
variable read on ADC channel I

array containing scaled map input y data
variable output of DAC channel I

output of DAC channel 6 squared

output of DAC channel 7 squared

array containing scaled map output z data



APPENDIX D

ANALOG PATCHING DIAGRAMS

Fan - console 1
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Fan duct - console 2



High pressure turbine and inter-turbine volume - console 2
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TABLE I. - DESIGN PARAMETERS

Compressor discharge volume, V3, m3
Main-combustor volume, Vy m3
Interturbine volume, V41, m

Mixing volume, Ve m3
Augmentor volume, Vo, m
Duct volume, V13, m3
Augmentor inductance, (Z/Agc)AB, N—secz/kg—cm2
Duct inductance, (l/Agc)D, N-secz/kg-cm2
High-speed rotor inertia, IH, N—cm-sec2
Low-speed rotor inertia, IL, N-cm-sec:2
Main-combustor pressure loss coefficient, KB’ N secz/cm4—K—kg
Low-pressure-turbine discharge pressure loss coefficient, KPRS
Augmentor pressure loss coefficient, KAB’ Nz—secz/cm4—K-kg2
Nozzle flow coefficient, Ky kg—Kl/ z/N-sec

3

2 2

Fraction of high-pressure-turbine cooling bleed that performs work, KBLWHT
Fraction of low-pressure-turbine cooling bleed that performs work, KBLWLT

Fan inlet specific heat, Cp, 2 J/kg-K

Compressor inlet specific heat, Cp, 2. 22 J/kg-K
Compressor discharge specific heat, cp,3, J/kg-K
Main-combustor specific heat, Cp, 47 J/kg~-K
Interturbine specific heat, Cp, 4. 15 J/kg-K
Mixing-volume specific heat, Cp, 67 J/kg-K
Augmentor specific heat, Cp, > J/kg-K

Duct inlet specific heat, Cp, 13% J/kg-K

Duct discharge specific heat, Cp, 167 J/kg-K
Main-combustor specific heat ratio, Y4
Interturbine specific heat ratio, Y4.1

Mixing volume specific heat ratio, Y6

Augmentor specific heat ratio, Yn

Compressor discharge temperature time constant, 79, Sec
Duct temperature time constant, Ty3» Sec

Heating value, HVF, J/kg

0. 0468

0. 0468

0. 6561
0.8470
0.7128
1.427

0. 0007598
0. 0007598
565. 35
610. 00
0.00114
1.024
3.5659x10™ 6
0. 1509

0. 6292
0.1114
1009

1001

1039

1145

1116

1062

1062

1009

1030
21,292
1.306
1.344

by 359
0.05

0.05
4.407x107

2Effectively decreased by a factor of 20 to match baseline digital data.
Effectively decreased by a factor of 10 to increase simulation stability.
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Figure 1. - Schematic representation of F100- PW-100(3) augmented turbofan engine, CO-11815-07
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Figure 2, - Computational flow diagram of real-time F100-PW-100(3) engine simulation.
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Fraction of design fan corrected airflow, t;

Fraction of design fan-hub pressure ratio, fp
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— fan corrected speed
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{a) Fan tip.
—
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/
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Fractioﬁ of design 'fan tip pressure ratio
{b) Fan hub.

Figure 3. - F100-PW-100(3) fan performance maps with inlet guide
vanes at their nominally scheduled position. No Reynolds number
effects. ’
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Figure 5. - F100-PW-100(3} compressor performance map with stator vanes at
their nominally scheduled position.
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Figure 4. - Effect of variable inlet quide vane position on
F100-PW-100(3) fan performance map.
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Normalized compressor airflow shift parameter, s
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Figure 6. - Effect of variable stator vane position on F-100-PW-100(3) compressor performance
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Fraction of design high-pressure-turbine flow parameter, fg

Fraction of design high-pressure-turbine

enthalpy parameter, fg
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high-pressure-turbine corrected speed
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{a) Flow parameter.
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A
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0 | .8 1.2 16 2.0 2.4

Fraction of design high-pressure-turbine pressure ratio

{b) Enthalpy parameter.

Figure 7. - F100-PW-100(3) high-pressure-turbine performance maps.
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Fraction of design low-pressure-turbine flow parameter, f7

Fraction of design (ow-pressure-turbine enthalpy

parameter, fg
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Figure 8. - F100-PW-100(3) low-pressure-turbine performance maps.
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Normalized duct pressure drop, fig
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ciency function.
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Compressible flow function, f14

Altitude, km

| B |
0 -0l 02 .03 .04 05

Compressible flow parameter, waE kg - KUZ/N - sec

Figure 11. - Compressible flow function.
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Figure 12. - F100-PW-100(3} hybrid simulation evaluation
points.
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Figure 13, - Comparison of open-loop hybrid and baseline digital steady-state data for fan speed at standard-day conditions.

96

140



Fraction of design fan speed
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Figure 13. - Concluded. ’
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Fraction “of design compressor speed
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Figure 14, - Comparison of open-loop hybrid and baseline digital steady-state data for compressor speed at standard-day conditions.




Fraction of design compressor speed
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Figure 14. - Concluded.
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Fraction of design main combustor pressure
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Figure 15. - Comparison of open-loop hybrid and baseline digital steady-state data for main combustor pressure at standard-day conditions.
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Figure 15. - Concluded.
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Fraction of design main combustor temperature
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Figure 16. - Comparison of open-loop hybrid and baseline digital steady-state data for main combustor temperature at standard-day conditions.



Fraction of design main combustor temperature
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Figure 16. - Concluded.
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Digital
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Fraction of design maximum net thrust
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Figure 17. - Comparison of open-loop hybrid and baseine digital steady-state data for net thrust at standard-day conditions.
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Fraction of design maximum net thrust
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Fraction of design fan-tip pressure ratio
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Figure 18. - Comparison of open-loop hybrid and basetine digital steady-state data for fan operating line at standard-day conditions,
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Fraction of design compressor pressure ratio
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Figure 19. - Comparison of open-loop hybrid and baseline digital steady-state data for compressor operating line at standard-day conditions.

67



b

Fraction of design fan speed

Fraction of design compressor discharge pressure
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Figure 20. - Comparison of scheduled-input hybrid and baseline digital transient data for idie to 83° to idle power lever movement. Altitude, O kilometers;
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Mach number, 0.9.
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Figure 22. - Comparison of scheduled-input hybrid and baseline digital transient data for idle to 830 to idle power lever movement. Altitude, 9.144 kilometers;
Mach number, 0.9.
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Figure 23, - Comparison of scheduled-input hybrid and basetine digital transient data for idle fo 83° to idle power lever movement. Altitude, 13.72 kilometers;
Mach number, 0.9.
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