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HYDES - A GENERALIZED HYBRID COMPUTER PROGRAM FOR
STUDY ING TURBOJET OR TURBOFAN ENGINE DYNAMICS
by John R. Szuch

Lewis Research Center

SUMMARY

The selection of an efficient airframe-engine combination depends on the ability to
analyze a broad range of engine types and sizes operating at both design and off-design
conditions. Computer programs having the necessary steady-state calculation capabili-
ties have previously been developed.

In addition to their use in steady-state studies, analyses of engine dynamics and
control are also important in the selection of a suitable propulsion system. This report
describes HYDES, a hybrid (analog-digital) computer program capable of simulating
one-spool turbojet, two-spool turbojet, or two- spool turbofan engine dynamics. The
program is also capable of simulating two- or three-stream turbofans with or without
mixing of the exhaust streams. HYDES is intended to reduce the time required to im-~
plement dynamic engine simulations.

HYDES was developed for running on the Lewis Research Center's Electronic Asso-
ciates (EAI) 690 Hybrid Computing System and satisfies the core-size (16 384 words)
and hybrid-interface limits of that machine. The documentation of the program should
allow the user to implement the program on another machine. The techniques employed
and the resultant set of equations should be applicable in other generalized or specific
engine simulations (analog, digital, or hybrid).

For the existing program, procedures are described for generating the required in-
put data, specifying the engine configuration of interest, and operating the program.
The use of HYDES to simulate selected turbojet and turbofan engines is demonstrated.
The form of the required input data for these engines together with samples of output
listings (teletype) and transient plots (x-y plotter) for each example are provided.
HYDES does not provide for engine control but does accept, as user-supplied inputs,
fuel flow rates and nozzle areas. The simulation of simplified fuel control systems on
the analog computer is discussed, and their use with the hybrid program is demon-
strated.



INTRODUCTION

The selection of an efficient airframe-engine combination depends on the ability to
analyze a broad range of engine types and sizes operating at both design and off-design
conditions. Computer programs having the necessary steady-state calculation capabil-
ities have previously been developed. The SMOTE code, discussed in references 1 and
2, provides steady-state design and off-design calculation capability for both existing
and theoretical turbofan engines. Theoretical engines are simulated by scaling compo-
nent performance from existing engines to the design conditions of the theoretical
engine. GENENG (ref. 3) extends the same techniques to handle turbojet engines as
well as turbofans. GENENG II (ref. 4) was derived from GENENG and adds the capa-
bility of studying two- or three-spool turbofan engines having as many as three nozzles
(airstreams).

In addition to their use in steady-state design- and off-design-point studies, anal-
yses of engine dynamics and control are also important in the selection of a suitable
propulsion system. For example, the use of turbofan engines as lift units for V/STOL
aircraft (ref. 5) poses a number of engine control problems. At low flight speeds, the
lift system must provide the fast thrust response needed for aircraft attitude control.
The propulsion system must also be capable of correcting for upsetting moments caused
by the loss of a lift engine. The required rapid engine accelerations must be accom-
plished without exceeding turbine-temperature, rotor-speed, and compressor-stall
limits.

This report describes HYDES, a hybrid (analog-digital) computer program capable
of simulating one-spool turbojet, two-spool turbojet, or two-spool turbofan engine
dynamics. The program can easily be modified to handle the one-spool turbofan case.
HYDES is capable of simulating two- or three-stream turbofans with or without mixing
of the exhaust streams. The program is structured so as to allow the simulation of a
wide range of engine sizes (as well as types) without changing the basic program. The
hybrid computer was used because it combines the precision and logic capabilities of
the digital computer with the integration and output capabilities of the analog computer.
Steady-state design-point data (pressures, temperatures, etc.), generated by a program
such as GENENG II, and the associated component performance maps are required to
generate the necessary input data for the hybrid program. After the simulation has
""settled-out" at the design point, a change in one of the input variables (such as fuel
flow) will result in a transient excursion to a new steady-state operating point. Thus,
the program is capable of steady-state design- and off-design-point operation, as well
as possessing the desired transient capability.

HYDES does not provide for the simulation of control system dynamics. The dig~
ital portion of the program accepts values for fuel flow rates and nozzle area (or areas)




from the analog portion of the program. In general, the function generation and arith-
metic operations required in simulating an engine control system could be performed
on either an analog or digital computer. But hybrid interface limitations dictated that
control system dynamics (when required) be simulated on the analog computer. To de-
monstrate the transient operation of the program for a selected engine, a fuel control
system was assumed. The implementation of the fuel control and its relationship to
the basic HYDES program are illustrated in this report.

HYDES was developed for running on the Lewis Research Center's Electronic Asso-
ciates (EAI) 690 Hybrid Computing System. The structure of the program is very much
influenced by the digital core size (16 384 words) and the hybrid-interface capability
(24 analog-to digital converters and 24 digital-to-analog converters) of that machine.

The documentation of the program, together with the associated digital computer soft-
ware (available from the author upon request), should allow the direct use of the program
on another EAI 690 computer. The simulation techniques and resultant equations, pre-
sented in this report, should also serve as a guide in the development of both generalized
and specific turbojet and turbofan engine simulations for use with different computing
systems.

ENGINE CONFIGURATIONS

HYDES can be used to simulate a number of different engine configurations. These
configurations are referred to as configurations A to H. A discussion of each follows.

A schematic representation of configuration A is shown in figure 1. Configuration
A represents an unmixed, two-spool, three-stream turbofan engine with separate per-
formance maps for the fan-hub (low-pressure compressor) and fan-tip sections. All
other configurations can be considered as variations of this configuration. The fan is
driven by a separate low-pressure turbine, The fan-hub flow Wy discharges into a
high-pr2ssure-compressor-inlet volume V, | which supplies (1) bleed flow for control
purposes Wy ., (2) flow to the second stream W_,, (3) bleed flow to the third stream
Wbls’ and (4) flow to the core compressor Wc- All unscaled-variable symbols are de-
fined in appendix A. The core (high-pressure) compressor, which is driven by the
high-pressure turbine, discharges into a combustor-inlet volume V3 which supplies
(1) overboard bleed flow Wovb’ (2) cooling flow for the high-pressure turbine wb 11

(3) cooling ilow for the low-pressure turbine wblZ’ and (4) airflow to the combustor Wb
The combustor airflow reacts in high-pressure-turbine-inlet volume V 4 with the

injected fuel flow v'vF. The high-pressure~turbine flow ‘i’tl discharges into low-
pressure-turbine-inlet volume V5, where it is diluted by the high-pressure-turbine
cooling flow Wbll' Similarly, the low-pressure-turbine flow v'vtz discharges into
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Figure 1. - Schematic representation of configuration A,

core-duct volume V6 where it is diluted by the low-pressure-turbine cooling flow
vz’blZ‘ All turbine cooling bleeds are assumed to enter downstream of the rotor (or
rotors), thus contributing no work. Volume V6 supplies flow to the core nozzle w nl’
The second-stream flow ‘i’vz discharges into the second-stream-duct volume V2. 9
which, in turn, supplies flow to the second-stream nozzle virn4. The fan-tip flow vizfz
discharges into the bypass-fan-discharge volume V3' 9 where it is mixed with the
interstream bleed flow ‘i’bls' Volume V3. 9 supplies flow to the third stream virv3.
This flow discharges into the bypass-fan-duct volume V3. 5 Which, in turn, supplies
flow to the third-stream nozzle vilnz. Constants Kf1 and Ky may be set to nonunity
values to represent a gear-driven low-pressure compressor and fan, respectively. If
the low-pressure compressor represents the fan hub, Kfl and Kf2 are equal.

A schematic representation of configuration B is shown in figure 2. This configu-
ration is identical to configuration A except for the mixing of the core and third-stream
flows in the mixing volume V7. This volume then supplies flow to the mixed-flow nozzle
W3- The second-stream nozzle flow \izn 4 discharges to the atmosphere at station 8.

A schematic representation of configuration C is shown in figure 3. Configuration C
represents a two-spool, two-stream turbofan engine with the entire fan represented by
one set of performance maps. Thrust is generated by the separate exhaust flows v'vnl

B
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and \i/n 4 This configuration is obtained by eliminating the fan-tip and third-stream
calculations from configuration A (fig. 1). The mixed version of the two-spool, two-
stream turbofan engine is shown, schematically, in figure 4 and is referred to as config-
uration D.

A schematic representation of configuration E is shown in figure 5. Configuration E
represents a two-spool, two-stream turbofan engine with separate performance maps
for the fan hub and tip sections. This configuration is formed by eliminating the second-
stream calculations from configuration A. The mixed version of configuration E is
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referred to as configuration F and is shown, schematically, in figure 6.

A conventional one-spool turbojet engine is referred to as configuration G and is
shown, schematically, in figure 7. The one-spool turbojet configuration is formed from
configuration C (fig. 3) (1) by eliminating the fan and second-stream calculations, (2) by
equating the conditions in volume Vo 1 Wwith the inlet conditions at station 2, (3) by
eliminating the low-pressure-turbine calculations, and (4) by equating the conditions in
volumes V5 and V6'

A two-spool turbojet is referred to as configuration H and is shown, schematically,
in figure 8. This configuration is formed from configuration E (fig. 5) by eliminating
the fan-tip and third-stream calculations.

For configurations E and F, an option (-2) is provided in the HYDES program to
allow the simulation of the fan tip without simulation of the fan hub. An example of this
type of engine would be an aft-fan engine with a single core (high-pressure) compressor.
For this option, the program does provide for supercharging of the high-pressure com-
pressor (if required). A supercharger pressure ratio is computed as a linear function
of the fan corrected speed. The supercharger torque is computed by using the high-
pressure compressor flow (volume V2,1 is assumed to be negligible). If super-
charging is not required, the appropriate coefficients are set to give a supercharger
pressure ratio of 1.0. When a gear-driven aft-fan is being simulated, the constant
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Figure 6, - Schematic representation of configuration F.
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Kf2 is set equal to the gear ratio.

Another option (-1) is provided for those configurations requiring separate perfor-
mance maps for the fan hub and tip sections (A, B, E, and F). For these configurations
the fan-tip performance data may be in terms of either the total fan flow (virf1 + \i/fz) or
the fan-tip flow vizfz. Table I summarizes the configurations and options available with

the HYDES program. The simultaneous use of the -1 and -2 options is referred to as

the -3 option.

TABLE I. - ENGINE CONFIGURATIONS AND OPTIONS FOR HYDES PROGRAM

Configuration Description

A Two-spool, three-stream, unmixed turbofan; separate maps for fan
hub and tip sections

A-1 Same as configuration A with fan-tip performance in terms of total
fan flow

B Two-spool, three-stream, mixed turbofan; mixing of first and third
streams; separate maps for fan hub and tip sections

B-1 Same as configuration B with fan-tip performance in terms of total
fan flow

C Two-spool, two-stream, unmixed turbofan; entire fan described by
same map

D Two-spool, two-stream, mixed turbofan; entire fan described by the
same map

E Two-spool, two-stream, unmixed turbofan; separate maps for fan hub
and tip sections

E-1 Same as configuration E with fan-tip performance in terms of total
fan flow

E-2 Same as configuration E with fan hub performance simplified for super-
charger or aft-fan

E-3 Same as configuration E with fan-tip performance simplified for super-
charger or aft-fan

F Two-spool, two-stream, mixed turbofan; separate maps for fan hub
and tip sections

F-1 Same as configuration F with fan-tip performance in terms of total
fan flow

F-2 Same as configuration ¥ with fan-hub performance simplified for super-
charger or aft-fan

F-3 Same as configuration F with fan-tip performance simplified for
supercharger or aft-fan

G One-spool turbojet

H Two-spool turbojet




MATHEMATICAL MODEL

The first step in developing any simulation is the formulation of a mathematical
model. This model, in equation form, represents the functional relations that exist
between systém variables. In the case of turbojet and turbofan engine systems, these
variables are pressures, temperatures, flow rates, rotor speeds, and so forth.

Intercomponent Volumes
Pressures and temperatures are computed in each of the intercomponent volumes

shown in figures 1 to 8. In these volumes, storage of mass and energy occurs (ref. 6).
Modified forms of the continuity and energy equations written for each volume are

WNN MM
W= Z Win Wout, k dt + W, 1)
0 1 1
r b
t NN MM
Zwin,jhin,j -h Z Wout, k MM
1 1 1 .
T = — c - W. . = Z W t k dt + T.
W v 1 m,} 1 ou 3 1

@)
A summary of all equations written for specific components is given in appendix B.
With the results from equations (1) and (2), the pressure in the volume can be computed

from the ideal-gas law:

p-Rwr 3)
v

The thermodynamic properties of air and fuel-air mixtures (cp, Cy 7Y, h) are
calculated by considering variable specific heats and no dissociation. The air and

fuel-air property tables of reference 7 were curve-fit by the authors of references 1

10



and 2. Those curve-fits were further simplified and used in the HYDES program. For
each intercomponent volume in a particular engine configuration, the following gas prop-
erties are calculated:

¢y =1 (T,f/a) (4)
R = f2 (f/a) (5)
R
Cy = Cp 7 (6)
= EE (1)
\'4
h = fg (T,/a) (8)

where f/a is the local fuel-air ratio.

While the gas constant R is, in general, a variable when mixtures of gases are
considered, it was determined that the sensitivity of R to the fuel-air ratios expected
in this type of simulation could be neglected. Therefore, the gas constant of air R A
is used in equation (3). The use of a constant value of R also prevents the occurrence
of algebraic loops, which require iterative solutions.

Fans and Compressors

Fans and compressors can be modeled by a number of known techniques. One meth-
od is to represent multistage compressors with individual stage models (i.e., compute
pressure and temperature rises across each stage). This technique is referred to as
stage-stacking (ref. 8), but it requires a large computing facility when used in a total
engine simulation. For the HYDES program, fans and compressors are represented
by overall performance maps. This technique does not consider interstage gas dynam-
ics. The effects of interstage bleeds or variable geometry, if they exist, must be re-
flected in the overall performance data. Figure 9 shows the form of the fan and com-
pressor maps used in this program. Figure 9(a) shows a corrected flow parameter fpfc
plotted as a function of two variables - a pressure ratio pr and a corrected speed pa-
rameter fcnp. When performance data are not available for a particular fan or com-
pressor (as in the case of theoretical engines), it is necessary to scale available data
to the design point of the theoretical component. Scale factor (WACF, ETACF, PRCF)

11



il

— Design point
£ T
E= ‘@\’l
W ’
£ | Map speed ~ S
= parameter, fcnp /2
g 7 stall line
2 /
5 \ S
10 (a) Flow map.
1.0 fEDB I Design point
5
)
[ =4
K]
S
B
g
=
1.0

Map pressure ratio, pr
(b) Efficiency map.

Figure 9. - Form of fan and compressor perfor-
mance maps used in hybrid simulation.

are used to accomplish the performance scaling within the HYDES program. The valid-
ity of the scaled data decreases as the scale factors deviate from unity. Figure 9(b)
shows fan or compressor efficiency eff plotted as a function of the same two independ-
ent variables. The following equations are used to compute fan or compressor flow,
discharge enthalpy, and torque from specified inlet conditions, rotor speed, and back-
pressure:

1!
+
-t

pr ©)

fenp

(10)

12




fpfc = f4(pr, fenp) (11)

P.
(WACF)(fpfc) —

W= 8l (12)
eff = f5(pr, fenp) (13)
N = (ETACF)(eff) (14)
y-1
P t L4
tr = [ 22 -1 (15)
in
T :(t_r + l)T (16)
out \n in

) 305 (e, ¢ - by Iw

L (17)

TN

The fan or compressor discharge temperature T(‘) and the corresponding en-

thalpy héut represent the inlet conditions to the downslili:‘eam volume (eq. (2)). If the
fan or compressor is the only component feeding the volume, the discharge conditions
T(;ut and héut will equal (in steady state) the temperature and enthalpy, respectively,
in the downstream volume.

The solution of equation (15) requires a knowledge of the "average' thermodynamic
properties in the fan or compressor. Since these properties are functions of temper-
ature, they vary throughout the component. For this reason, a temperature interpo-
lation constant B is adjusted for each fan or compressor to match available steady-
state cycle data for the engine being simulated. That is,

T=BT,_+(1-BT (18)

out
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Cy = £,(T, {/a) (19)

R = £,(f/a) (20)
- - R
CV = Cp - J— (21)
_ ¢
V=P (22)
C
v

The calculated value for Y should agree with the specific-heat ratio used to define the

fan or compressor efficiency n. The temperature in the discharge volume T is

out
used in calculating T to avoid the occurrence of algebraic loops associated with the
use of Téut'

Turbines

As in the case of fans and compressors, the most direct approach to modeling
multistage turbines would be to apply stage-stacking techniques. However, individual
stage performance data are usually not available. It is therefore necessary to repre-
sent turbines by overall performance maps. Figure 10 shows the form of the turbine
maps used in the HYDES program. Figure 10(a) shows a turbine flow parameter fpt
plotted as a function of pressure ratio pr and a turbine speed parameter tnp.

Figure 10(b) shows a turbine enthalpy drop (work) parameter hpt plotted as a function
of the same two independent variables. As in the case of fans and compressors, scale
factors (CNCF, DHCF, TFCF) are used to scale available performance data to the design
point of theoretical turbines. The following equations are used to compute the turbine
flow, discharge enthalpy, and torque from specified inlet conditions, rotor speed, and

back-pressure:

pr = Pout (23)

in
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It should be noted that a factor of 1000 has been included in the definition of the enthalpy

parameter hpt.
In general, the discharge enthalpy for the turbine h(')ut does not equal (in steady-

state) the enthalpy in the downstream volume hOut because of the mixing of the turbine

flow with the turbine cooling bleed.

Rotor Dynamics

After the fan, compressor, and turbine torques are computed, the rotor speed

(or speeds) is computed by using the conservation of angular momentum. That is,
30
N=—/ALdt+Ni (31)
m1J0

where AL denotes the difference between the driving turbine torque and the load torque

(fans or compressors) and I represents the polar moment of inertia for the spool.

Nozzles

For all the engine configurations being considered (figs. 1 to 8), flows must be
computed for each nozzle. All nozzles are assumed to be the convergent type, and the
flow processes are assumed to be isentropic. For a specified inlet pressure, there

exists, for each nozzle, a critical back-pressure (ref. 6) given by

Y

9 7-1
1)cr - ( ) Pin (32)
Y+1

If the back-pressure is higher than the critical pressure, the flow is subsonic at

the nozzle throat and may be expressed as
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1- out (33)

If the back-pressure is lower than the critical pressure, the flow is sonic or "choked"
at the nozzle throat. For this case, the flow is given by

741

g Y-1
w =P, C A y (-2 (34)
RT,, Y+ 1

For those nozzles where thrust calculations are required, the following equations are

y-1
y
P
F=C\iv‘/2—‘] e T. |1 -[—out (35)
v p in
¢ Pin

i 7-1
Y
: 2J Pcr
F = CVW = cT. |1 -] —— + A(Pcr -
¢ in

used:

for subsonic flow, and

Pout) (36)

for sonic flow.

To minimize the digital computation time, the effects of varying v and R in the
nozzle flow and thrust calculations have been neglected in the HYDES program. A
constant value of y, 1.35, and the gas constant of air are used for all nozzle calcu-
lations.

The turbine cooling, control, and overboard bleed flows are treated in the same
manner as the nozzle flows. However, the high pressure ratios between the compressor
discharge volume V3 and the turbine discharge volumes V5 and V6 and the ambient
pressure allow the turbine cooling and overboard bleed flows to be computed by using
equation (34) without testing the pressure ratio.



Combustor and Ducts

For all engine configurations, total pressure losses are assumed in the combustor
and in each of the bypass ducts (for turbofans) Mach numbers in the combustor and
ducts are assumed to be low enough to allow the assumption of incompressible flow,
Flows are computed from

- . in - " out (37)

where A 1is the flow resistance as determined from steady-state design-point data.
The inlet and discharge pressures for the combustor and bypass ducts are computed
by using equations (1) to (3). For the bypass ducts, no heat addition to the ducts is
assumed. Therefore, the input enthalpy for the duct-discharge temperature calculation
is the enthalpy in the duct inlet volume. For the combustor, heat addition due to the
burning of the injected fuel is assumed to take place in the combustor discharge volume
V4. Inthe calculation of the combustor discharge temperature T 4» the input energy
to the volume V4 is given by

NN _
Z Win,j hin,j = thb +nwaHVF (38)
1

where Hb denotes the enthalpy of the combustor air. For this program, a constant
combustor efficiency M, is assumed. An interpolation constant Bb is adjusted to
satisfy steady-state cycle data. That is,

Tb =/3bT3 + (1 -Bb)T4 (39)
hy = fy [Tb, (f/a) 4] (40)
(f/a)y = E (41)

¥b
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HYBRID COMPUTER PROGRAM
Hybrid Computing System

The HYDES program was developed for running on the Lewis Research Center’'s
Electronic Associates (EAI) Model 690 Hybrid Computing System. The 690 System
(ref. 9) consists of an EAI 640 Digital Computer, an EAI 693 Hybrid Interface Unit,
and an EAI 680 Analog Computer.

The basic digital computer has 16 384 words of core storage. Floating-point (real)
numbers are represented by two 16-bit words. Scaled-fractions (numbers less than 1.0)
are represented by a single 16-bit word. Arithmetic operations can be performed by
the digital computer for both floating-point and scaled-fraction numbers. For digital
input and output, the hybrid computer uses a teletypewriter, a high-speed paper-tape
reader, and a high-speed paper-tape punch.

The interface unit provides the necessary communication between the analog and
digital computers. Twenty-four analog-to-digital converters (ADC's) are used to
transmit analog signals to the digital. Twenty-four digital-to-analog converters (DAC's)
are used to transmit digital signals to the analog. The interface system also contains
16 control lines and eight sense lines. The logical states of the control lines are set
by the digital program and may be sensed on the analog. Similarly, the logical states
of the sense lines are set by the analog and sensed by the digital. Eight sense switches
can be positioned at the digital control console and tested by the digital program.

The analog computer performs all the operations characteristic of analog machines
(i.e., summing, integration with respect to time, limiting, attenuation, multiplication,
function generation, etc.). The analog computer contains a total of 156 amplifiers,

124 potentiometers, and 24 quarter-square multipliers. In addition, the analog contains
16 comparators and 16 function relays which can be positioned by either the digital or
analog computers. The use of peripheral equipment such as x-y plotters and strip-chart
recorders allows continuous monitoring by the user of computed variables.

Scaling

To reduce the core requirements and computation time of the digital portion of the
HYDES program, it was decided to use scaled fractions throughout the digital program.
Therefore, all digital variables are scaled so as not to exceed unity during the program
execution. For each variable x, a scale factor SFX is chosen so as to limit the scaled
variable X = x/SFX to the range -1<X < +1. Similarly, all analog variables are scaled
so that no analog signal exceeds 1.0 computer unit (10 volts on the EAI 680 computer).
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While the choice of most scale factors is left to the user, certain variables have
been prescaled to minimize core storage requirements. For example, all fuel-air
ratios are scaled for a maximum of 0. 05. In addition, certain variables are assumed to
have the same scale factors as other variables. Table II contains a list of prescaled
variables, their respective scale factors, and the implied relations between scale
factors.

In addition to the previously described amplitude scaling, it is often necessary to
time-scale the analog portion of a dynamic simulation. To allow the treatment of dig-
ital outputs as continuous input signals to the analog, a sufficient number of cycles
through the digital loop must occur for each cycle of the analog frequencies. In some
cases, computational stability can only be achieved by decreasing the analog frequencies.
A time-scale factor SFtT is selected such that the computer time t' equals SFt, t. For

TABLE II. - PRESCALED VARIABLES FOR

HYDES PROGRAM

Variable, x Scale factora, SFX
Te To.1 Ta.10 T30
Ty 95 Ty 9, T3 5 Tfl, 555.55 K (1000° R)
Teo
Ty, T3 T, 1111.1 K (2000° R)
Ty Ty 2777.8 K (5000° R)
Th, Tg 2222.2 K (4000° R)
Ty, Tg. Ty 1388.9 K (2500° R)
hy SFTLSFCPL
Cpr Cy 2092.2 J/kg-K (0.5 Btu/1bm-°R)
y 2.0
Fy 1.0
Fy 1.0
tr 1.25
f/a 0.05

The following relations between scale factors are assumed:
SFrreT1=3F 1RQC
SFypr1=5Fwpe=SFwpp=SFwpT1=*FwpT2-SFwDN1
SFywpr2SFwpv3=SFwpne
SFwpv2=SFywpna
SFp3=SFp,

SFp3p=SFpas
SFPS=SFPIN for nozzles
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this definition of SFt,, a value exceeding 1.0 corresponds to a "slowing down'' of the
analog problem.,

The selection of a suitable time-scale factor requires the user to estimate the real-
time frequencies associated with the engine dynamics. Analog frequencies can be esti-
mated for each intercomponent volume by assuming a "resistive' termination down-
stream. For this simplified first-order model, the time constant associated with each
volume is given by

T:E.:—p_y-_.:-l— (42)
w RTw W

where W is the stored mass in the volume, w is the total flow through the volume,
and w, is the real-time analog frequency. The ratio of digital frequency to the scaled
cutoff frequency associated with the volume is given by

W 27r(SF ,)'r
Ta_ N SF)T (43)
W t

a d

where t d is the cycle time for the digital program. The cycle time for the existing
digital program varies depending on the engine configuration but is between 23 and
44 milliseconds. Experience has shown that a minimum frequency ratio of 50:1 at the
design point results in computational stability. A smaller ratio might prove satisfactory
for a particular engine simulation, however. The achievement of this minimum ratio
usually requires a combination of time scaling (SFt,) and increasing of the smaller inter-
component volumes V. When increasing the volume above the actual value, care should
be taken to keep the decreased cutoff frequency above the range of frequencies of
interest.

For solution on the analog or digital computer, the equations given in appendix B
must be rewritten in terms of scaled variables. Appendix C contains the definitions
of the scaled (computer) variables. For the scaled equations solved on the digital com-
puter, the scale factors and engine parameters are combined to form digital coeffi-
cients SC(i). Similarly, the scale factors and engine parameters appearing in the
analog-solved equations are combined to form analog coefficients C(i). Appendix D con-
tains the definitions of the digital and analog coefficients.
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Engine Definition

The use of the HYDES program to simulate any of the configurations described in
table I requires the user to supply to the computer information which defines the engine
to be studied. The engine configuration is specified by a set of logical variables. These
variables are either "TRUE'" or "FALSE." The means of setting these variables is dis-
cussed in the section Input Data Preparation. Table III lists the combinations of these
variables which define the 16 configurations (with options) previously discussed. Combi-
nations of the variables which do not appear in table IIIl may lead to fallacious results
and should be avoided.

The logical variable HBPR="TRUE" denotes a fan requiring separate performance
maps for the fan hub and tip sections (configurations A, B, E, and F). The variable
MIX="TRUE" denotes mixed turbofans (configurations B, D, and F). The variable
STRM3="TRUE" denotes three-stream turbofans (configurations A and B).
TURBJ1="TRUE'" and TURBJ2="TRUE" denote one-spool and two-spool turbojets,
respectively (configurations G and H). For the HBPR="TRUE" configurations,
SPLIT="TRUE" denotes the fan-tip performance data expressed in terms of total fan
flow (-1 option). For the case when HBPR="TRUE" and STRM3="FALSE", SUPER=
"TRUE" denotes the simplified fan-hub performance map previously discussed (-2

TABLE III. - LOGICAL VARIABLES DENOTING ENGINE CONFIGURATIONS

AND OPTIONS FOR HYDES PROGRAM?

Configuration Logical variable
HBPR | MIX | STRM3 | TURBJ1 | TURBJ2 | SUPER | SPLIT
A T F T F ¥ F F
A-1 F T
B J T l F
B-1 T T
C F F F F
D F T F
E T F F
E-1 Y T
E-2 1 T F
E-3 T T
F T F F
F-1 F T
F-2 l T F
F-3 Y J T T
G F F T F F
H F F Y F ] F F

A7 denotes "TRUE' and F denotes "FALSE, "
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option).

To simulate a particular engine, the user must supply the values for the analog and
digital coefficients defined in appendix D. The means of inputting these coefficients to
the computer is discussed in the section Input Data Preparation. The digital coefficients
are assumed to be scale fractions (less than unity). If a ecalculated value exceeds unity
for the selected scale factors and/or engine parameters, the coefficient must be rede-
fined and the corresponding equation (or equations) modified accordingly, Similarly,
the analog coefficients defined in appendix D represent potentiometer settings which
should be less than 1.0. Redefinition of an analog coefficient requires a corresponding
change in an amplifier gain on the analog computer. The definitions of the analog and
digital coefficients listed in appendix D have been chosen so as to minimize the changes
required to simulate a wide range of engine types and sizes.

Digital Program

The digital portion of the HYDES program is used, primarily, to compute the time
derivatives associated with the engine system's dynamics. The bracketed terms in
equations (1) and (2) and the torque differentials associated with equation (31) are com-
puted on the digital and transmitted to the analog by means of the DAC's. The analog
computer is then used to compute the pressures, temperatures, and rotor speeds which
are required as input to the digital program and are input through the ADC's.

Because of the large size of the simulation, the digital program was divided into
two parts - a data input program and the main program.

Data input program. - The data input program reads and stores (1) digital coeffi-
cients SC(i), (2) initial conditions for the DAC's AI(i), (3) scale factors for the compon-
ent map data, and (4) unscaled component performance data. The program proceeds to
scale the component map data and stores the SC(i)'s, AI(i)'s, and scaled map data in
COMMON blocks shared by the main program and associated subprograms. The pro-
gram then tests the position of user-set sense switches to determine the states of the
logical variables HBPR, MIX, etc. (see table IlI). Based on the specified configuration,
the scaled component map data are stored in the proper storage locations.

The data input program (and associated library routines) requires 7367 words of
core storage. Included in this total are 2214 words of storage used for the COMMON
data. Appendix E contains a FORTRAN listing of the data input program as written for
the Lewis Research Center's hybrid system. (The reading-in of the scaled-fraction
SC(i) and AI(i) data requires the use of a special S format (ref. 10) in statement 5 of
the listing. )

Main program. - The main digital program is used to perform all the algebraic
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computation and function generation required to compute the temperature, stored- mass,
and rotor-speed derivatives. The main program also tests sense switches to determine
the engine configuration and proper branching within the program.

To reduce the core storage requirements, the main program utilizes subroutines to
perform repeated operations. For example, a subroutine FNCMP is used to solve the
scaled versions of equations (9) to (17) for each of the fans and/or compressors. The
following section describes each of the subroutines utilized by the main program. The
main digital program (and associated subroutines and library routines) requires 11 304
words of core storage. Included in this total are the 2214 words of storage used for
COMMON data.

The main program accepts current values of pressures, temperatures, rotor
speeds, nozzle areas, and fuel flow as input from the analog computer. Updated values
for temperature derivatives, stored-mass derivatives, torque differentials, compressor
map variables, and thrust are output to the analog through the DAC's. The user, by
depressing a sense switch, can direct the program to output current values of selected
engine variables on the teletype. The program also tests for scaled-fraction overflows
and will output an appropriate message at the teletype if an overflow occurs. Appendix
E contains a FORTRAN listing of the main program as written for the Lewis hybrid
system. (The use of scaled fractions in the main program requires the suffix S on
fractional constants and a special routine SSQRT to perform the square root operation
(ref. 10)).

Subroutines. - The various subroutines called by the main digital program are
listed here and the function of each is described. FORTRAN listings of the subroutines
are included in appendix E.

PROCOM: Subroutine PROCOM calculates thermodynamic gas properties either for
air or for a JP4-air mixture using curve-fits of the tables of reference 7. Inputs to the
subroutine are the scaled-fraction temperature (rescaled for a maximum of 277.8 K
(50000 R) prior to being input) and the scaled-fraction fuel-air ratio (scaled for a maxi-
mum of 0.05). The outputs of the subroutine are the scaled-fraction specific heats
(scaled for a maximum of 0. 5), the specific-heat ratio (scaled for a maximum of 2. 0),
and enthalpy (scaled for a maximum of 3. 4:8’7><106 J/kg (1500 Btu/lbm). A FORTRAN
listing of subroutine PROCOM is given in appendix E.

TRAT: Subroutine TRAT calculates the isentropic temperature rise parameter
(AT/ Ti n)id for a fan or compressor. The subroutine is called by the main program
when SUPER=""TRUE" and by FNCMP. The inputs to TRAT are the scaled-fraction
pressure ratio (rescaled for a maximum of 15.0 prior to being input) and the average
specific-heat ratio (scaled for a maximum of 2.0). The output of the subroutine is the
scaled-fraction temperature rise parameter (scaled for a maximum of 1.25). Subroutine
TRAT makes use of calls to subroutines NMXTR and CLCTR to perform the necessary
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calculations. A FORTRAN listing of subroutine TRAT is given in appendix E.

NOZZL: Subroutine NOZZL computes those terms, sensitive to pressure ratio and
specific-heat ratio, required in the calculation of flow and thrust for a convergent nozzle.
The inputs to the subroutine are the scaled-fraction inlet and exit pressures and the
ratio of the exit and inlet pressure scale factors. The outputs of the subroutine are the

functions
1 i 7-1
Y Y
Pout 27 1- Pout
Pin (7-1) Pin
and
7-1
7
1 - Pout
Pin

(both scaled for a maximum of 1.0) and the static pressure at the nozzle throat P s
(scaled the same as Pin). The specific-heat ratio ¥ is assumed to be 1. 35 for these
calculations. Subroutine NOZZL makes use of calls to subroutines NRMPN, CLCFN,
and CLCWN to perform the necessary calculations. A FORTRAN listing of subroutine
NOZZL is given in appendix E,

FNCMP: Subroutine FNCMP calculates the flow, discharge enthalpy, and torque
for a fan or compressor. The inputs to the subroutine are a component index N (N=1
for the fan hub or low-pressure compressor, N=2 for the high-pressure compressor,
N=3 for the fan tip) and the scaled-fraction inlet pressure, inlet temperature, inlet
enthalpy, exit pressure, exit volume temperature, and fraction of design rotor speed
(the latter scaled for a maximum of 2, 0). The outputs of the subroutine are the scaled-
fraction flow, discharge enthalpy, torque, map pressure ratio, and map flow parameter.
Subroutine FNCMP makes use of calls to subroutine MAPFUN to perform the radial
interpolation of the map data stored in COMMON arrays. A FORTRAN listing of sub-
routine FNCMP is given in appendix E.

TURB: Subroutine TURB calculates the flow, discharge enthalpy, and torque for
turbines. Subroutine TURB is similar to subroutine FNCMP in operation. The inputs
to TURB are a component index N (N=1 for the high-pressure turbine, N=2 for the low-
pressure turbine) and the scaled-fraction inlet pressure, inlet temperature, inlet
enthalpy, exit pressure, and fraction of design rotor speed (scaled for a maximum of
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2.0). The outputs of the subroutine are the scaled-fraction flow, discharge enthalpy,
and torque. The FORTRAN listing of subroutine TURB is given in appendix E.
NRMPN: Subroutine NRMPN converts a scaled-fraction pressure ratio to a format
suitable for use with the library-supplied function generation routines. Subroutine
NRMPN is called by subroutine NOZZL and contains the pressure-ratio breakpoints
used in the computation of the nozzle flow and thrust functions. The input to the sub-
routine is the scaled-fraction pressure ratio (scaled for a maximum of 1.0). The out-
puts of the subroutine are the normalized pressure ratio and an integer ERRFLG used
to signal an out-of-range input. A FORTRAN listing of NRMPN is given in appendix E.
CLCFN: Subroutine CLCFN generates the function

required for convergent nozzle thrust calculations. Subroutine CLCFN is called by sub-
routine NOZZL and contains the function values (scaled for a maximum of 1.0) corres-
ponding to the breakpoints contained in NRMPN with ¥ equal to 1.35. The input to the
subroutine is the normalized pressure ratio. The output of the subroutine is the scaled-
fraction thrust function. A FORTRAN listing of CLCFN is given in appendix E.

CLCWN: Subroutine CLCWN generates the function

1 Y-1

Y Y
P out 27 1 - P out

P (v-1) P

required for convergent nozzle flow calculations. CLCWN is called by subroutine NOZZL
and contains the function values (scaled for a maximum of 1. 0) corresponding to the
breakpoints contained in NRMPN with v equal to 1.35. While the input to the sub-
routine is the normalized pressure ratio, it need not be included as an argument in the
call statement when following a similar call to CLCFN, The output of the subroutine is
the scaled-fraction flow function. A FORTRAN listing of CLCWN is given in appendix E.
NMXTR: Subroutine NMXTR converts a scaled-iraction pressure ratio to a format
suitable for use with the library-supplied function generation routines. NMXTR is
called by subroutine TRAT and contains the pressure ratio breakpoints (scaled for a
maximum of 15. 0) used in the computation of the isentropic temperature rise parameter
for fans and compressors. The input to the subroutine is the rescaled pressure ratio.
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The outputs of the subroutine are the normalized pressure ratio and an integer ERRFLG
used to signal an out-of-range input. A FORTRAN listing of NMXTR is given in appen-
dix E.

CLCTR: Subroutine CLCTR generates the isentropic temperature rise parameter
(AT/Tin)id for a fan or compressor. CLCTR is called by subroutine TRAT and con-
tains the parameter values (scaled for a maximum of 1. 25) corresponding to the break-
points contained in NMXTR with ¥ equal to 1,35, The input to the subroutine is the
normalized pressure ratio from NMXTR. The output of the subroutine is the scaled-
fraction temperature rise parameter. A FORTRAN listing of CLCTR is given in appen-
dix E.

MAPFUN: Subroutine MAPFUN generates functions of two variables by radial
interpolation. MAPFUN is called by subroutines FNCMP and TURB to calculate perfor-
mance map outputs for specified pressure ratios and rotor speeds. The inputs to
MAPFUN are a map index MN, the scaled-fraction pressure ratio, and the scaled-
fraction corrected speed parameter, The map index is defined as follows: MN=1 for a
fan-hub flow map, MN=2 for a fan-hub efficiency map, MN=3 for a high-pressure-
compressor flow map, MN=4 for a high-pressure-compressor efficiency map, MN=5 for
a high-pressure-turbine flow map, MN=6 for a high-pressure-turbine enthalpy drop map,
MN-=7 for a low-pressure-turbine flow map, MN=8 for a low-pressure-turbine enthalpy
drop map, MN=9 for a fan-tip flow map, and MN=10 for a fan-tip efficiency map. The
output of the subroutine is the appropriate scaled map variable. The scaled map data
and search indices are shared by MAPFUN through the use of COMMON arrays. A
FORTRAN listing of MAPFUN is given in appendix E.

MOOR: Subroutine MOOR signals the occurrence of out-of-range inputs to maps
generated by MAPFUN, Termination of input data for fans and compressors at the stall
line results in MOOR signaling fan or compressor stall. Subroutine MOOR may be
written to suit the needs of the user. A FORTRAN listing of the existing version of
MOOR in given in appendix E,

In addition to the subroutines previously described, the digital program makes use of
a number of library-supplied routines, Subroutines VBNS, FNGNI1, FNLKI1, and CBNS
are part of the library function generation system (ref. 11) and are used to generate
functions of one variable. These routines are called by subroutines CLCFN, CLCWN,
and CLCTR, For other computing systems, similar function generation routines are
usually available. Library routines are also required for performing scaled-fraction
arithmetic, integer and logical operations, input-output control, and hybrid linkage.
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Analog Program

The analog portion of the HYDES program is used, primarily, to perform the inte-
gration with respect to time associated with the engine dynamics. Appendix F is a
summary of the scaled equations, solved on the analog computer. For each intercom-
ponent volume, the scaled-fraction stored mass, temperature, and pressure are compu-
ted by using the scaled versions of equations (1) to (3). Figure 11 illustrates the analog

calculation of pressure P, and temperature T3. Other pressures and temperatures

are calculated in the same3way.

The analog coefficients C(i) are calculated by the user from the definitions contained
in appendix D. Scaled-fraction rotor speeds are computed by using the scaled version
of equation (31).

Inputs to the analog (through the DAC's) are the scaled stored-mass derivatives
DW_, the scaled temperature derivative terms T DN, and the scaled torque differen-
tials DTQT1 and DTQT2. Derivdtives for volumes or spools not being used are set to
zero by the digital program (see main program listing). Control lines are also set to
allow the user to hold the appropriate analog integrators in the initial condition (IC) if
drift becomes a problem. Also input to the analog (for display purposecg) are the high-
pressure-compressor map pressure ratio PRC and flow parameter FPC, total engine

thrust TAUT, and either the fan-hub flow WDF1 for HBPR="FALSE" or the fan-tip flow

ADC

+3

(O cay

-DwW3

DAC

Figure 11. - Analog computation of high-compressor discharge conditions in
combustor inlet volume.
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WDF2 for HBPR=""TRUE." The choice of variables to be transmitted to the analog for
display was dictated by the shortage of available DAC channels and might be changed by
the user for a particular problem. The outputs from the analog (through the DAC's) are
the scaled pressures P, temperatures T , and the fraction of design rotor speeds
PCNT1 and PCNT2. Also supplied to the digital by the analog are the scaled nozzle
areas AN1 and AN2, the scaled inlet pressure P2, and fuel flow WDF. Again, the
choice of these variables was dictated by the shortage of available ADC channels.

The basic HYDES program does not provide for the simulation of control system
dynamics. The shortage of hybrid interface channels does, however, dictate that the
simulation of controls take place on the analog computer. The simulation of a selected
engine and fuel control is described in a following gsection. That example illustrates
the relation between an analog-simulated fuel control and the basic hybrid engine simula-
tion and demonstrates the transient operation of the program. The analog portion of the
simulation (without controls) requires 16 summers, 20 integrators, 18 quarter-square
multipliers, and 57 attenuators.

Input Data Preparation

The use of the HYDES program requires that the user provide input data appropriate
to the engine system being simulated. These data include (1) values for the logical
variables HBPR, MIX, STRM3, TURBJ1, TURBJ2, SUPER, and SPLIT which define
the engine configuration; (2) values for the digital coefficients SC(i); (3) initial condi-
tions AI(i) for the DAC variables; (4) unscaled performance data for the fans, compres-
sors, and turbines; (5) scale factors to be used in scaling the component performance
data; and (6) values for the analog coefficients C(i). The following sections describe
the preparation of this input data and the steps required to input the data to the computer.

Configuration specification, - The execution of the data input program and the main
digital program (appendix E) requires that the user specify the engine configuration to
be simulated. For the existing programs, the configuration specification is accomplished
by depressing sense switches at the control console. Table IV summarizes the configu-
ration specification procedure.

Prior to executing the data input program, the user must position sense switches 2,
5, 6, and 7 as dictated by table IV. For the one-spool turbojet case (configuration G),
depressing sense switch 5 results in the logical variable TURBJ 1 being set "TRUE" in
the data input program. By sensing this value of TURBJ1, the data input program
accepts performance data for only one compressor and turbine and stores the resultant
scaled component data in the proper locations. For configurations A, B, E, and F,
sense switch 2 is depressed by the user, resulting in the logical variable HBPR being
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set "TRUE" in the data input program. This provides for the input and storage of per-
formance data for a fan or compressor in the bypass stream (fig. 5). For either configu-
ration E or F, the user may depress sense switch 7, resulting in the variable SUPER
being set "TRUE" in the data input program. This option (-2) bypasses the data input

and storage required for mapping the fan hub (low-pressure compressor). A linear
relation between the ''supercharger' pressure ratio and corrected speed is used in the
main program in place of the usual performance map.

The execution of the data input program results in the required component perfor-
mance data, digital coefficients, and DAC initial conditions being stored in the proper
storage locations for the selected configuration. However, further configuration defini-
tion is required prior to executing the main program (table IV). If mixing of streams is
desired (configurations B, D, or F), sense switch 3 is depressed, resulting in a logical
variable MIX being set "TRUE" in the main program, This variable is tested in the
program to accomplish the necessary branching and computation associated with volume
Vr7 and the mixed nozzle. For the three-stream configurations (configurations A or B),
sense switch 4 is depressed, resulting in the logical variable STRM3 being set "TRUE. "
This option provides for the branching and computation associated with volume Vz. 9
and the fourth nozzle (fig. 1). For configurations A, B, E, and F, depressing sense
switch 8 results in the variable SPLIT being set "TRUE" in the main program. The
program then interprets the fan-tip data as being in terms of the total fan flow (-1
option). For this case, the flow output of the N=3 call to subroutine FNCMP (fan tip)
is assumed to be the total fan flow. The bypass flow is then calculated by subtracting
the fan-hub flow from the total fan flow. Since the torque output of the N=3 call to
FNCMP is computed by using the total fan flow, it must be multiplied by the ratio of
bypass flow to total fan flow.

Digital coefficients and DAC initial conditions., - The solution of the scaled equations

in the main program (appendix E) requires that the digital coefficients SC(i) be stored 1n
a COMMON array by using the data input program. The data input program is set up to
accept NSC values of SC(i), where NSC < 125. The existing program uses 103 values
of SC(i). The addition of a limited number of new equations and coefficients to the main
program may be accomplished without modifying the data input program. The values of
the SC(i)'s are calculated by the user from the definitions given in appendix D. The
ordering of calculations in the program was chosen to allow the SC(i)'s to be represented
as scaled fractions. If a calculated SC(i) equals or exceeds unity, the coefficient must
be redefined or scale factors changed to correct the situation.

In addition to the NSC values of the digital coefficients, the user must also specify
initial conditions to be transmitted to the analog through the 24 DAC's. Since, for the
existing program, the DAC's are used only for transmitting derivatives and display
variables, the initial conditions may be set to zero.
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In the Lewis hybrid computing system, digital input is accomplished by using paper
tape and a high-speed paper-tape reader, Table V illustrates the format used for the
input of the digital coefficients and DAC initial condition data. The first line (starting
in column 1) contains the integer value of NSC (14 format). The next lines contain the
scaled-fraction values of the digital coefficients (5S8 format). The last five lines con-
tain the scaled-fraction values of the DAC initial conditions (588 format).

For certain engine configurations, a particular digital coefficient may not be needed.
A value of unity (0. 99999) should be inserted in the data,

Component performance data, - The data input program is used to input, scale, and
store performance data for the fans, compressors, and turbines associated with the
engine being simulated. Fan and compressor data, in the form shown in figure 9, are
required., Turbine data must be in the form shown in figure 10.

Fan and compressor performance data are usually found in the form shown in figure
12. The conversion of this data to the desired form merely involves reversing the
pressure ratio and corrected flow axes for the flow map and the reading of efficiency
values along constant speed lines at selected values of pressure ratio for the efficiency

map.

TABLE V., - DIGITAL COEFFICIENT AND DAC INITIAL

CONDITION INPUT DATA (CONFIGURATION E)

103 Integer value of NSC
.51867  .00000 .00000 .99999 . 99999 A
.45731  .59066  .66125 . 40000, .99999
.31877 . 40000  .06667 .03333 . 80000
.38623 . 80000 43427 .16491  .26667
.00000 . 00000 .00000 .10000  .99999
.00000  .07500 . 00000 .00000 . 00000
.00000 . 00000 00000 .00000 . 00000 Scaled-fracti Lues of
.00000  .13906  .20000 .06667  .03333 caled-iraction values
.02000 . 99158  .14615 .02000 .03333 digital coefficients
.02667  .99993 . 00000 .00000  .20000
.99999 . 99993 20000 .25000 40472
.30203  .23858 37063 .00000 . 00000
,12752 . 17090 . 10000 .12500 . 29280
.40436  .76349 49547 .63501 . 96400
.79212 . 96400  .62554 .82422 75317
.99999  ,54454 . 99999 16667  .66667
.08333  .04122  .28516 .01532 . 00000
.00000  .00000 .22443 .00000 . 00000
.00000 -.10539  ,00045 -,00801 .25409
.24941 ., 25028  .50000 .28284 . 00500 y
.06667  .00000 . 73500
N
.00000 . 00000 .00000 .00000 . 00000
.00000  .00000 .00000 .00000 . 00000 Scaled-fraction values
. 00000 . 00000 . 00000 . 00000 . 00000 of initial conditions
.00000 ., 00000 .00000 .00000 . 00000
.00000  .00000 .00000 . 00000
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.~ Constant
map effi-
ciency, eff

~ Constant
map speed
parameter,
fcnp

Map pressure ratio, pr

Map flow parameter, fpfc

Fiqure 12. - Typical fan or compressor performance data.

~ Constant map
corrected flow, tff

_~ Constant map
- ~< cefficiency, eff

~N

7

Map work function, dht

Map corrected speed, tnp

Figure 13, - Typical turbine performance data.

Turbine performance data are usually found in the form shown in figure 13. A
turbine work function dht = Ah/ T is plotted against the turbine corrected speed for
constant values of the turbine corrected flow function tff = w {_ / P and efficiency.
Since the hybrid program uses pressure ratio as an independent varlable in turbine
calculations, the performance data shown in figure 13 must be converted to a more
suitable form.

A digital program, written in FORTRAN for running on the IBM 7094 computer, has
been developed by the authors of reference 8 to accomplish the turbine map conversion.
Appendix G contains a listing of that program. For each selected speed parameter (in
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ascénding order), values of the flow function and efficiency are read from figure 13 for
selected values of the work function. These values, together with the desired pressure
ratio breakpoints, are read into the conversion program. The conversion program
proceeds (1) to compute the pressure ratio at each specified point on the map; (2) to
interpolate, for each speed parameter, the input data to determine values of the work
function and flow function at the specified pressure-ratio breakpoints; (3) to convert
the work function and flow function values to the desired flow and enthalpy drop para-
meters (i.e., hpt = dht/tnp and fpt = tff/tnp). Since the available turbine map data
might have to be scaled to the design point of a theoretical engine, the map scaling
coefficients DHCF and ETTCF must be used in the calculation of actual pressure ratios
in the conversion program. Also required as input to the conversion program are the
specific-heat ratio GAM and the specific heat CP for the turbine. The values corres-
ponding to the design-point discharge temperature and turbine fuel-air ratio are used.
The output data from the conversion program are plotted in the form shown in figure 10
to facilitate the removal of any irregularities that may exist in the computed data.

The configuration specification outlined in table IV enables the user to input only the
data for components actually required in the simulation. The order of input of map data
is (1) fan-hub flow map (if required), (2) fan-hub efficiency map (if required), (3) high-
pressure-compressor flow map, (4) high-pressure-compressor efficiency map, (5)
high-pressure-turbine flow map, (6) high-pressure-turbine enthalpy drop map, (7) low-
pressure-turbine flow map (if required), (8) low-pressure-turbine enthalpy drop map
(if required), (9) fan-tip flow map (if required) (in terms of total fan flow for SPLIT=
"TRUE" option), and (10) fan-tip efficiency map (if required).

For the existing data input program, the number of curves per map NCV and the
number of points per curve NPT have been set to eight. These values may be changed
by the user, provided the limits of MAPFUN (NPT < 10, NCV < 8) are not exceeded.

Table VI illustratesthe format used for the input of the component performance
data. For convenience, all data are placed on one data tape. For each map, the first
line of data (starting in column 1) contains the map scale factors XSC, YSC, and ZSC
(3F9.4 format). These scale factors are real numbers and are used to scale the map
pressure ratio, speed parameter, and map output, respectively. For example, if the
maximum pressure ratio on the map is 10.0, a scale factor of XSC=20 might be chosen.
The second line of data contains the eight values of the unscaled speed parameter for the
map in ascending order (8F9.3 format). The next 16 lines contain the unscaled-pressure-
ratio map output pairs for each specified speed parameter. The data are arranged
(four pairs to a line) in order of ascending pressure ratio, starting with the data for the
lowest speed parameter. An 8F9.4 format is used. (The scale factor on the speed
parameter for fans and compressors must be 2. 0, and the scale factor on turbine
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pressure ratio must be 1. 0.) The inclusion of scale factors as input data allows the
user to input dimensioned map data in any desired system of units.

Analog coefficients, - Prior to the execution of the main program, the analog pro-
gram should be set up to perform the calculations listed in appendix F. The amplifier
gains and attenuator settings should be set to achieve the analog coefficients C(i)
defined in appendix D. The existing program (without controls) uses 57 values of C(i).

If, for a particular engine configuration, a portion of the analog simulation is not
used (e.g., calculation of W22, T22, and P22 for STRM3=""FALSE" engines), the
corresponding coefficients should be set by the user to values that will not result in
analog component overloads. Since the initial condition on the stored mass is used as
the denominator in the temperature calculation (fig. 11), it should not be set to zero.

EXAMPLES

To demonstrate the flexibility of the hybrid computer program, together with its
steady-state and transient computing capabilities, two engine types are discussed as
examples. The first - a single-spool, nonafterburning turbojet (configuration G) -
represents the minimum requirement in terms of component performance mapping
capability. The second - a high-bypass, two-spool, two-stream turbofan (configura-
tion E) - requires the full performance mapping capability of the program.

Single-Spool Turbojet (Configuration G)

A single-spool turbojet, described in table VII, was operated at NASA's Lewis
Research Center to determine the effect of inlet distortion on compressor stall limits.
The HYDES program was used to support those studies, and results from the program
will serve to demonstrate both the off-design and dynamic capabilities of the program.

Table VII lists the design-point and engine parameter data for the selected turbojet
engine. The unity values for the component scaling coefficients (WACCYF, DHHPCF,
etc.) shown in table VII indicate that the performance data for the compressor and
turbine were available and not a result of scaling of other component data. The
compressor temperature interpolation constant /3c was adjusted to give T’?: = T3 at the
design point by using equations (B20) to (B23). Similarly, the temperature interpolation
constant for the combustor Bb was adjusted to give

hy, = [l + (f/a)4] hy - (t/a)M, (HVF) (44)
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are summarized in table VIIL
scale factors (table II). The specified en
factors were used to calculate the values
of the definitions in appendix D. The pr
the digital coefficient and DAC initial condition data tape.
shown in table IX.

TABLE VIII. - SCALE FACTORS FOR SELECTED ONE-SPOOL

TURBOJET (CONFIGURATION G)

[Computer time, t', 100 t.]

Scale factor, SFX

Unscaled variable, x | Scaled variable, X
P2_ 1 P21
P3 P3
P, P4
P5 P5
Py P7
W3 w3
W‘1 w4
W5 W5
\izc wDC
vi/b WDB
Wiq WDT1
w1 WDN1
“"F WDF
Vbbll WDBL1
Lit L. TRQT1, TRQC
ALy AN1
F s Fiot TAUN1, TAUT
tinp TINP
fptl FPT1
Ahyy DHT1
hpt1 HPT1
prc PRC
fpc FPC
cnp CNP
ceff CEFF

13.790 N/em? (20 psia)
137.90 N/cm? (200 psia)
137.90 N/cm? (200 psia)
34,474 N/cm? (50 psia)
13.790 N,/cm2 (20 psia)
0. 22680 kg (0.5 Ibm)
0.09072 kg (0.2 Tbm)
0.09072 kg (0.2 Tbm)
45.359 kg/sec ( 100 1bm/sec)

|

0. 45359 kg/sec (1.0 lbm/sec)
0.90718 kg/sec (2.0 1bm/sec)
4. 5194x10° N-cm (4x10% in. -1bf)
1290.3 cm? (200 in. %)
2. 2241x10% N (5000 1bf)
1341.6 rpm/K Y/ 2 (1000 rpm/°RY2)

Op . 2
0.09137 N-K-cm Ibm-"R-in.
sec-rpm-N sec-rpm-1bf
2.1088x10° J/kg (200 Btu/1bm)
3118.7 J 1.0—-Btv
kg-K'l/z-rpm 1om-°RY/2-rpm
10
45. 359 kg/sec (100 I1bm/sec)
2.0
1.0

at the design point by using equations (B27)
values for Bc and B,

4

Based on the design-point data, scale fa
As noted previously, certain engine variables have fixed
gine parameters and selected amplitude scale
of the 103 digital coefficients SC(i) by means
eviously discussed FORMAT was used to prepare
The contents of that tape are

assure a steady-stat

to (B30) and equation (B39). The resulting
e balance (dT3/dt = 0 and dT4/dt = 0) of

energy in volumes V3 and V, when continuity of flow is satisfied.
ctors were selected for each variable and




TABLE IX, - DIGITAL COEFFICIENT AND DAC INITIAL CONDITION

INPUT DATA (CONFIGURATION G)

103 Integer value of NSC
. 51867 . 00000 . 00000 . 00000 . 00000 h

. 74996 . 00000, . 00000 . 00000 . 00000

. 45180 . 20000 . 02000 . 00000 . 00000

. 64372 . 00000 . 00000 . 00000 . 40000

. 00000 . 00000 . 00000 . 99999 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000

. 00000 . 20338 . 50000 . 02000 . 00000

. 00000 . 98028 . 07271 . 01000 . 01000

. 00000 . 00000 . 00000 . 00000 . 00000 Scaled-fraction values of
. 00000 . 00000, . 25000 . 00000 . 23334 r digital coefficients
. 00000 . 31390 . 00000 . 20000 . 00000

. 08571 . 00000 . 08000 . 00000 . 87570

. 00000 . 00000 . 99999 . 00000 . 00000

. 96400 . 00000 . 00000 . 68046 . 00000

. 00000 . 32117 . 00000 . 00000 . 66667

. 00000 . 00000 . 10012 . 00000 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000

. 25000 . 00000 . 00000, . 00000 . 00000 J

. 00000 . 00000 . 73500

. 00000 . 00000 . 00000 . 00000 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000

. 00000 . 00000 . 00000 . 00000 . 00000 Scaled-fraction value of
. 00000 . 00000 . 00000 . 00000 . 00000 initial conditions

. 00000 . 00000 . 00000 . 00000

The compressor and turbine performance data, in the form required by the hybrid
program, are available in reference 8. Table X shows the contents of the prepared
component performance data tape.

The volumes listed in table VII resulted in a minimum time constant (eq. (42)) of
2.6 milliseconds. A time scale factor SFt' of 100 was selected to give 2 minimum ratio
of digital to analog frequencies equal to 70.8. The amplitude and time-scale factors
were used in the calculation of the analog coefficients C(i) as defined in appendix D.

The resulting coefficients were implemented by using amplifiers and attenuators and are
listed in table XI.

Prior to loading and executing the data input program, configuration G was specified
as per table IV. Sense switch 5 was depressed for the single-spool turbojet case. The
data input program (appendix E) prompts the user to load (in order) the digital coeffi-
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TABLE XI. - CALCULATED ANALOG

COEFFICIENTS FOR SELECTED

TURBOJET ENGINE (CONFIGURATION G)

i | Coefficient, i | Coefficient,
i G
1 0 30 0
2 . 9999 31 . 9999
3 0 32 0
4 . 5187 33 0
5 . 0000 34 . 1362
6 . 9999 35 . 9999
7 0 36 . 3542
8 0 31 . 0187
9 L7472 38 . 1969
10 . 4843 39 . 5000
11 . 2000 40 0
12 . 2000 41 . 2732
13 .5636 42 0
14 L4112 43 0
15 . 5000 44 0
16 .5000 45 0
17 . 5851 46 0
18 .4102 47 0
19 .5000 48 0
20 . 5000 49 . 2075
21 . 9999 50 0
22 0 51 0
23 0 52 0
24 0 53 0
25 0 54 0
26 . 1417 55 . 7350
27 . 9999 56 . 5260
28 57 . 7030
29 0

cients, DAC initial conditions, and component performance data tapes. After the user
loads the data listed in tables IX and X, the data are stored in the appropriate COMMON

blocks.

As indicated in table IV, no further steps are required to define the single~spool
turbojet configuration prior to loading and executing the main digital program. Prior to
reading ADC values and calculating derivatives, the main digital program outputs initial
conditions for the derivatives (through the DAC's) and puts the analog console in the
initial condition (IC) mode. The design-point values of pressure, temperature, nozzle
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area, and fuel flow rate are computed by using the preset analog coefficients and are
transmitted to the digital through the 24 ADC's. The stored digital coefficients result
in the digital program computing near-zero derivatives for the temperatures and stored
masses, which are transmitted to the analog through the 24 DAC's. This balanced
condition results in minimal changes in the engine variables when the analog is manually
placed in the "operate" mode and the integrations commence.

To allow transient variations in the simulated turbojet's operating point, a simplified
fuel control model was added to the analog portion of the simulation. A proportional-
plus-integral speed controller was assumed. The unscaled equation, des cribing the
controller, is

t
Avg =Ky (Nyy gem = N +Ky A- (N1, dem = Nep)dt (45)

Gain values of K, = 2.211x10”* kg/sec-rpm (9. 306x10™4 1bm/sec-rpm) and
K, = 5.620x10™4 kg/secz—rpm (1.239><1O'3 lbm/secz—rpm) were selected to give satis-
factory response characteristics. The scaled version of equation (45) was implemented
on the analog to provide the scaled fuel flow WDF to the digital program through an ADC.

With the fuel controller maintaining the compressor spéed at the design-point value,
a steady-state listing of selected engine variables (scaled) was obtained at the teletype
by depressing sense switch 1 (appendix E). The resulting listing is shown in table XII,
together with the corresponding values of the unscaled variables. A comparision of
tables XII and VII indicates the following maximum differences between the computed
and specified design points: pressures, 0.27 percent; temperatures, 0.30 percent;
flow rates, 0.56 percent; thrust, 0.44 percent.

For the Lewis turbojet tests, a baseline stall limit was to be established, experi-
mentally, by reducing the core nozzle area Anl at selected rotor speeds until stall was
observed. Difficulties arose, however, at high speeds because turbine temperature
limits were reached before stall occurred. The possibility of decreasing the stall mar-
gin by decreasing the turbine nozzle area was investigated by using the hybrid simula-
tion. The experimental tests were to be conducted with a compressor inlet pressure of
6.895 N/cm2 (10 psia). The hybrid-simulated inlet pressure was reduced by decreasing
the analog coefficient C(26) (appendix D) and thus causing a shift in the 100-percent-speed
operating point., Table XIII shows the steady-state computer listing for the reduced in-
let pressure.

Stall data were obtained for both the nominal turbine area and an area equal to 85,7
percent of the nominal area. The decreasing of the turbine nozzle area was simulated
by increasing the digital coefficient SC(57) (appendix D). The fuel controller was used
to maintain the rotor speed at desired values, ranging from 100 percent to 87 percent of
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TABLE XII. - STEADY-STATE DATA FOR SELECTED TURBOJET ENGINE

(CONFIGURATION G) AT HIGH-PRESSURE-COMPRESSOR INLET

PRESSURE OF 10,133 N/cm? (14.696 psia)

(a) Scaled teletype output

WDF1 wDC
. 00009 .43911
WDN1 WDN2
. 44580 . 00000
P2 P21
. 173498 .73437
P5 P6
.65283 .67283
T35 T3
. 00000 .48376
T7 T2
. 20727 .51867
TAUN3 WDF
. 00000 .59836
PCNF2 PCNC
.00000. .49938
AN4 ABLC
. 00000 .00000

WDB
. 42703

WDN3
. 00000

P35
-.00036

P7
.73474
T4
.41027

T21
.51818

PCNT1
.49938

AN1
. 52600

ABLS
. 00000

WDT1
.43124

WDN4
. 00000

P3
. 49206

P22
. 00024

TS5
.40905

TAUN1
. 56680

PCNT2
.00000

AN2
.00000

TAUN4
. 00000

(b) Unscaled data

[Percent of design speed, 100. ]

WDT2
. 44580

WDF 2
.00000

P4
.45483

P32
.00000

T6
.65447

TAUN2
.000600

PCNF1
.00000

AN3
. 00000

TAUT
. 56677

Core nozzle flow rate, w ., kg/sec (lbm/sec)
High-pressure-compressor inlet pressure, Pz_ 1 N/em® (psia) . . . . .. .. 10.
Combustor inlet pressure, P, N/em” (psia)
High-pressure-turbine inlet pressure, P4, N/cm” (psia)
Low-pressure-turbine inlet pressure, Pg, N/em® (psia) , .
High-pressure-compressor inlet temperature, Ty 4, K °R)

Combustor inlet temperature, T, K (°R)

High-pressure-turbine inlet temperature, T,, K ©
Low-pressure-turbine inlet temperature, T5. K (R
Fuel flow rate, \ilF, kg/sec (IDM/SEC) v v v v v v v e e e e e e e e e e

Total thrust, F . N (Ibf) . . ... ...

o}

High-pressure-compressor flow rate, vbc, kg/sec (Ibm/sec)
Combustor flow rate, v?zb, kg/sec (lbm/sec)
High-pressure-turbine flow rate, v}n, kg/sec (lbm/sec)

.92 (43.
.37 (42.
.56 (43.
.22 (44,
12 (14.
.85 (98,
.72 (90.
.50 (32.

91)
70)
12)
58)
68)
41)
97)
64)

.......... 287.9 (518.2)

Y e e e e e e 908.9 (1636)

0.3168 (0.6984)

Ratio of high-pressure-turbine rotational speed to design, N;/Nij geg:« - - - - -
, des

537.5 (967.5)
1139 (2051)




TABLE XIII. - STEADY-STATE DATA FOR SELECTED TURBOJET ENGINE
(CONFIGURATION G) AT HIGH-PRESSURE-COMPRESSOR INLET
PRESSURE OF 6. 895 N/cm (10 psia)

[Percent of design speed, 100, ]

(a) Scaled teletype output

WDF1 wDC WDB WDT1 wWDT2
. 00009 . 29873 .28720 .29428 . 30361
WDN1 WDN2 WDN3 WDN4 WDF2
.30361 . 00000 . 00000 . 00000 . 00000
P2 P21 P35 P3 P4
. 73498 . 49938 . 00024 . 33068 . 31384
P5 P6 P7 P22 P32
. 46362 . 46362 . 73425 .00000 -.00024
T35 T3 T4 Tb5 T6
. 00000 . 48291 .41918 .42114 .67382
T T2 T21 TAUN1 TAUN2
. 20727 . 51867 .51855 . 30416 . 00000
TAUN3 WDF PCNT1 PCNT2 PCNF1
. 00000 . 49951 . 50012 . 00012 . 00000
PCNF2 PCNC AN1 AN2 AN3
.00000 . 50012 .52612 . 00000 . 00000
AN4 ABLC ABLS TAUN4 TAUT
. 00000 . 00000 , 00000 . 00000 . 30413
(b) Unscaled data
High-pressure- compressor flow rate, v;/C. kg/sec (lbm/sec). . . . . . . . . ... 13.55 (29.87)
Combustor flow rate, “"b‘ Kg/sec (IDM/SeC)e v v v v v v v e e e e 13.03 (28.72)
High-pressure-turbine flow rate, “'lu, kg/sec (lbm/sec). . . . . . . . v o o ... 13.35 (29.43)
Core nozzle flow rate, ‘i’nl’ kg/sec (Ibm/Sec) . v v v v v b v v e e e e 13.77 (30.36)
High-pressure-compressor inlet pressure, P, ,, N/cm2 (psia). . . . ... ... 6.886 (9.988)
Combustor inlet pressure, P3, N/em“ (psia) . . . . . v v v v v v o e e 45.60 (66.14)
High-pressure-turbine inlet pressure, P,. N/em® (psia). . . . . v v oo oo 43.28 (82,77)
Low-pressure-turbine inlet pressure, Pg. N/c:m2 (psia)., . . .. .. ... ... 15.98 (23.18)
High-pressure-compressor inlet temperature, T, ;. KCR). .. ... .. ... 288.1 (518.6)
Combustor inlet temperature, T3‘ K (OR) ...................... 536.6 (965.8)
High-pressure-turbine inlet temperature, T,. K OR) . o e 1164 (2096)
Low-pressure-turbine inlet temperature, Tg. K CR). . v oo e 935.5 (1684)
Fuel flow rate, wg, kg/sec (lbm/sec). . .. ... ... ... 0.2266 (0.4995)
Ratio of high-pressure-compressor rotational speed to design, Nc/Nc des* * c vt 1.000
Total thrust, F N DbE) . o st e e e e e e e e e e e e e e e e e 6765.7 (1521)

tot’
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Figure 14. - Effect of turbine nozzle area on compressor
stall margin for turbojet engine (configuration G).

the design speed. At each selected speed, the core nozzle area was reduced by decreas-
ing the coefficient C(56) on the analog. Compressor stall was detected by monitoring

the compressor flow map variables PRC and FPC on an x-y plotter. These variables
are transmitted to the analog through the DAC's. Oscillations along constant-speed lines
were observed when stall was initiated, Figure 14 shows the results of that study. With
the nominal turbine area, stall could not be initiated without exceeding the maximum T5
or minimum An1 limits. For the 100-, 94-, and 87-percent rotor speeds, however, the
reduced turbine area allowed the compressor to stall with temperatures below the T5
limit and nozzle areas above the minimum Anl' With this information, the required
turbine modifications were made and the experimental program continued.

Turbofan (Configuration E)

To further demonstrate the capabilities of the HYDES program, a two-spool, two-
stream turbofan (configuration E) was selected for simulation. Configuration E was
selected because of its extensive function generation requirements. A total of 10 func-
tions of two variables were required to describe the low-pressure compressor (boosted
fan hub), high-pressure compressor, high-pressure turbine, low-pressure turbine, and
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bypass fan (fan tip). Table XIV lists the steady-state characteristics of the selected
turbofan engine at 50 percent of its design thrust. The nonunity values of the component
scaling coefficients indicate that the performance data being used were scaled from other
engine components. As in the case of the turbojet, temperature interpolation constants
Bﬂ, sz, ﬁc, and 'Bb were adjusted to give steady-state energy balances in volumes
V2. 1° V3. 9 V3, and V4, respectively.

Scale factors were selected for each variable and are summarized in table XV. The
specified engine parameters and selected amplitude scale factors were used to calculate
the 103 digital coefficients SC(i). The contents of the digital coefficient and DAC initial
condition tape are shown in table V.

The fan, compressor, and turbine performance data for the selected engine were
available in the forms shown in figures 12 and 13, The turbine data conversion program
(appendix G) was used to convert the data for each turbine to the required form. Table
VI shows the contents of the component performance data tape for the selected turbofan.

The volumes listed in table XIV resulted in 2 minimum time constant of 4. 75 milli-
seconds. A time scale factor SF} of 100 was selected to give a minimum ratio of digital
to analog frequencies equal to 68. 3. The amplitude and time scale factors were used to
calculate the analog coefficients C(i). The resulting coefficients are listed in table XVI.

Before the data input program was loaded and executed, configuration E was speci-
fied as per table IV. Sense switch 2 was depressed to denote the HBPR="TRUE" case.
Sense switch 7 was not depressed since the fan hub or low-pressure-compressor had to
be represented by a full set of data (SUPER="FALSE"). After the digital coefficient,
DAC initial condition, and component performance data were loaded, no further steps
were required to define the engine. The main program was then loaded.

To allow transient variations in the simulated turbofan's operating point, a portion of
a proposed fuel control system was implemented on the analog computer. The features
of the fuel control system and its implementation are described in appendix H. Basically,
the control provides for closed-loop control of fan speed under quasi-steady-state
conditions.

With the fuel control maintaining the fan speed at the initial value (73. 2 percent of
design), a steady-state listing of selected engine variables was obtained at the teletype
by depressing sense switch 1. The resulting listing is shown in table XVII together with
the corresponding unscaled values.

A transient was initiated by ramping the demanded low rotor speed Nt2, dem from the
73. 2 percent value to 100 percent of the design-point value in 50 milliseconds (5 sec of
computer time). Figure 15 shows the resultant responses of thrust and turbine inlet
temperature T4, respectively. These plots were obtained by monitoring the outputs of
the corresponding analog amplifiers with an x-y plotter. An integrator was used to time
the transient. With the nominal acceleration schedule of fuel flow (eq. (H12)), 63 per-
cent of the desired thrust change was achieved in about 1.1 seconds. However, the
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TABLE XVI. - CALCULATED ANALOG
COEFFICIENTS FOR SELECTED
TURBOFAN ENGINE

(CONFIGURATION E)

i |Coefficient, i | Coefficient,
Ci Ci

1 0.7500 30 0
2 . 6390 31 . 6954
3 . 7500 32 . 1754
4 .5800 33 0
5 0 34 . 1672
6 . 9999 35 . 9999
ki 0 36 . 3542
8 0 37 . 0042
9 . 3752 38 . 2014
10 . 5758 39 . 4438
11 . 0750 40 . 0139
12 . 0750 41 . 1802
13 . 3849 42 . 3660
14 . 4446 43 . 1319
15 . 1000 44 . 2000
16 . 1000 45 . 5387
17 . 6284 46 . 2000
18 . 4195 47 .5392
19 . 3000 48 0
20 . 3000 49 . 2075
21 . 8940 50 0
22 .5206 51 0
23 . 1500 52 0
24 . 1500 53 0
25 . 2000 54 . 6684
26 . 1087 55 .7238
27 . 6810 56 . 7358
28 . 1754 57 . 3358
29 . 2000




[

[N
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TABLE XVII. - STEADY-STATE DATA FOR SELECTED TURBOFAN ENGINE

(CONFIGURATION E) AT 73.2 PERCENT OF DESIGN SPEED

{(a) Scaled teletype output

WDF1 WDC WDB WDT1 WDT2
.43469 . 43475 .39212 . 40072 . 42034
WDN1 WDN2 WDN3 WDN4 WDF2
, 44061 . 52441 . 00000 . 00000 . 52346
P2 P21 P35 P3 P4
.72378 . 40197 .64294 . 36254 . 34692
P5 P6 P17 P22 P32
.47534 .61486 .73474 -.00048 . 65649
T35 T3 T4 T5 T6
. 53857 . 5T7617 ,44458 .41662 . 51660
T7 T2 T21 TAUN1 TAUN2
.20727 . 51867 . 57958 . 16723 . 24221
TAUN3 WD¥F PCNT1 PCNT2 PCNF1
. 00000 . 33044 .44409 . 36584 . 36581
PCNF2 PCNC AN1 AN2 AN3
.36581 . 44409 . 13547 .66809 . 00000
AN4 ABLC ABLS TAUN4 TAUT
. 00000 . 00000 . 00000 . 00000 . 25891
(b) Unscaled data
Low-pressure-compressor flow rate, »{rﬂ, kg/sec (lbm/sec) . . . .« o o - . . .. 29.57 (65.20)
High-pressure-compressor flow rate, V\'IC, kg/sec (lbm/sec) . . . . o . oo 29,57 (65.20)
Combustor flow rate, wy,, kg/sec (lbm/sec). . . . . e e e e e e e e e e e e 26.68 (58.82)
High-pressure-turbine flow rate, . kg/sec (lbm/sec) . . . . .. ... 27.26 (60.10)
Low-pressure-turbine flow rate, v} , kg/sec (Ibm/sec) . . . .. . ..o 28,59 (63.04)
Core nozzle flow rate, vir kg/sec lbm/sec .................... 29.98 (66.09)

Fan flow rate, W{Z* thlrd stream nozzle flow rate, w no kg/sec (lbm/sec) . . . . 475.8(1049)

Fan inlet pressure, N/cm (PSIA) « v v v e e e e e e 9.984 (14.48)

High-pressure- compressor inlet pressure P2 1 N/cm (psia) « . . . ¢ ... 13.86 (20.10)
Combustor inlet pressure, N/cm (PSIA) & v v e e e e e e e e e 124.9 (181.2)
High-pressure-turbine inlet pressure Py N/em® . . ... 0o 119.56 (173.4)
Low-pressure-turbine inlet pressure, Pg, N/em®, . . . ... o 32,77 (47.53)
Core duct pressure, Pg, N/cm2 (PSIA) . v v v v e e e e e e e e e 10.60 (15.37)
Bypass fan discharge pressure, Pg o, N/cm .................... 11,31 (16.41)
Bypass fan duct pressure, P3‘ , N/cm (psia) . . . . . e 11.08 (16.07)
Fan inlet temperature, Tq, K CR) . v v o e e e e 288.2 (518.7)
High-pressure-compressor inlet temperature, Tz. T KCR). ... ... .. ... 322.0 (579.6)
Combustor inlet temperature, , K (OR) ...................... 640.0 (1152)
High-pressure-turbine inlet temperature Ty, K (OR) ................. 1235 (2223)
Low-pressure-turbine inlet temperature, Ts. KCRY., . o oo e e i 925.5 (1666)
Core duct temperature, T6 KEOR) v o v e e e e e e e e e 717.8 (1292)
Fuel flow rate, w , kg/sec (lbm/sec) . . . . ... e e e e e e e e e e 0.4496 (0.9912)
Ratio of high- pressure turbine rotational speed to design, Ntl/Ntl des * "ttt 0.8882
Ratio of low-pressure-turbine rotational speed to design, NtZ/NtZ,des .......... 0.7316
Total thrust, Ftot’ b 1o J T 57 582 (12 945)




High-pressure turbine inlet temperature, T4

== Fot 1
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stali »
/
/

/
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Time, t, sec

(@) Thrust.

T Fan booster stal!
I

X Td,f:s
: ~ 7.308x1074 (-4)
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Figure 15, - Response of selected turbofan engine to 50-mitlisecond ramp demand in low rotor speed.
Initial speed demand, 73, 2 percent of design; final speed demand, 100 percent of design, Analog-
simulated fuel control, Variable coefficient K,p in acceleration schedule,
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TABLE XVIII. - STEADY-STATE DATA FOR SELECTED TURBOFAN ENGINE
(CONFIGURATION E) AT 100 PERCENT OF DESIGN SPEED
(a) Scaled teletype output
WDF1 wWDC wWDB WDT1 WDT2

.63925 .63973 .57156 . 58990 .62103

WDN1  WDN2 WDN3  WDN4  WDF2
‘64282  .72888  .00000  .00000  .72671

P2 P21 P35 P3 P4
.1723178 . 51513 .69653 .61328 . 58007
P5 P6 P7 P22 P32
. 77160 .64953 .13474  -.00036 .72326
T35 T3 T4 T5 T6
. 55590 .68188 . 57385 . 54235 .62341

T7 T2 T21 TAUN1 TAUN2

. 20727 . 51867 .63146 . 43151 .47259

TAUN3 WDF PCNT1 PCNT2 PCNF1
.00000 . 72692 . 50024 .49951 .49948

PCNF2 PCNC AN1 AN2 AN3
. 49948 . 50024 .73559 .66809 . 00000

AN4 ABLC ABLS TAUN4 TAUT
. 00000 . 00000 . 00000 .00000 L5157

(b) Unscaled data

Low-pressure-compressor flow rate, virfl, ke/sec (lbm/sec). . . . .« « o oo 43. 51 (95.92)
High-pressure-compressor flow rate, v’vc, kg/sec (Ibm/sec) . . . . . . 000t 43. 51 (95.92)
Combustor flow rate, \ilb, kg/sec (Ibm/SECY . + o v o v v o w e e 38.89 (85.74)
High-pressure-turbine flow rate, v'vtl. kg/sec (Ibm/Sec) . . . v . oo e e e 40.13 (88.48)
Low-pressure-turbine flow rate, “}tZ’ kg/sec (lbm/sec) . . v ..o 0o e e 42,25 (93.15)
Core nozzle flow rate, »\'Inl, kg/sec (Ibm/S€C). . .« v v v e v v e 43,74 (96, 42)
Fan flow rate, v'vfz; third-stream nozzle flow rate, v'vnz, kg/sec (lbm/sec) . . . . . . . 660. 4 (1456)
Fan inlet pressure, Py, N/cm2 (DSIA) & v v v v e e e e e e 9.984 (14.48)
High-pressure-compressor inlet pressure, Pz‘ T N/cm2 (psia) . . .« v v v v v oot 17.776 (25.76)
Combustor inlet pressure, Pg, N/cm2 (PSIR) v v v e e e 211.4 (306.6)
High-pressure-turbine inlet pressure, Py, N/em®(psia) . . v v v v o v v v v e 199.9 (290.0)
Low-pressure-turbine inlet pressure, P5, N/cm2 (Psi@) v v v v v v e e e e e 53,20 (77.16)
Core duct pressure, Pg, N/cm2 (PSIA). v v o v e e e e e e e 11.20 (16.24)
Bypass fan discharge pressure, Pg o N/cm2 (pSia) . . . v h e e e e e 12.46 (18.08)
Bypass fan duct pressure, Pq o, N/cm2 (PSIA) . v v v e e e e e 12.00 (17, 41)
Fan inlet temperature, T, KEOR) . .o e e e e e e e e 288.2 (518.7)
High-pressure- compressor inlet temperature, Ty 4. KCR). ... .o v iiei s 350, 8 (631.5)
Combustor inlet temperature, Tg, K(°R) . oo o oo oo 757.8 (1364)
High-pressure-turbine inlet temperature, Ty K 0 3 1594 (2869)
Low-pressure-turbine inlet temperature, Ts, K (OR) .................... 1205 (2170)
Core duct temperature, Tg, K (OR). . o .o oo oo 865. 5 (1558)
Fuel flow rate, virF. kg/SeC (IDM/SEC) « o v v v v v o oo 0.9893 (2.181)
Ratjq of high-pressure-turbine rotational speed to design, Ntl/Ntl,des ............ 1.0000
Ratio of 1ow-pressure-turbine rotational speed to design, N-tz/Ntz,des ............ 0.9990
Total thrust, Ftot‘ N B o v v v e e e e e e e e 1. 1507><105 (25.870)

1




transient was terminated automatically after 1.2 seconds when the boosted-fan-hub map
inputs went out of range (booster stall). The stall condition was caused by the excessive
turbine inlet temperature shown in figure 15(b).
To demonstrate the effects of reducing the acceleration schedule of fuel flow, the
coefficient ch (eq. (H12)) was reduced in steps of 1.827x10™4 kg- cm2/sec-N
(1.0 Ibm/hr-psia). The engine was accelerated successfully with the acceleration
schedule reduced by more than 3. 654x10~4 kg-cmz/sec—N (2.0 Iom/hr-psia). Figure 15
shows the trade-off between reduced turbine inlet temperatures and fast thrust response.
At the end of one of the transients, a teletype listing of steady-state variables was
obtained by depressing sense switch 1. The resulting listing is shown in table XVIII.
A comparison of table XVIII with steady-state data generated with GENENG II (ref. 4)
at this operating point indicates the following maximum differences between the two
programs: pressures, 0.07 percent; temperatures, 0.42 percent; flows rates, 0.77
percent; thrust, 4.4 percent,

CONCLUDING REMARKS

This report has described HYDES, a hybrid computer program capable of simulating
either one-spool turbojet, two-spool turbojet, or two-spool turbofan engine dynamics.
The program is also capable of simulating two-or three- stream turbofans with or with-
out mixing of the exhaust streams. HYDES was developed for running on the Lewis
Research Center's Electronic Associates (EAI) 690 Hybrid Computing System. The
hybrid computer combines the precision and logic capabilities of the digital computer
with the integration and data output capabilities of the analog computer. The HYDES
program is intended to eliminate the need for developing individual simulations for
each new engine study.

In the HYDES program, the analog computer is used, primarily, for performing
integration with respect to time. The use of the digital computer to perform all function
generation and most of the algebraic calculations results in digital cycle times between
23 and 44 milliseconds. These long cycle times make real-time simulation impossible
and require time scaling of the dynamics on the analog computer.

The documentation of the HYDES program, together with the digital computer soft-
ware (available from the author upon request), should allow the user to quickly imple-
ment the program on a similar computer. It is expected that this report will also prove
valuable in the development of both generalized and specific engine simulations on other
computers. The scaling techniques, discussed in the report, are applicable to all

59



analog simulations. The branching techniques and program structure associated with
the generalization of the HYDES program should be applicable to all digital simulations.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 25, 1973,
501-24.
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a

b

CV
CNCF
CNHPCF

CNLPCF

ctr

DHCF
DHHPCF

DHLPCF
dht
ETACCF
ETACF
ETAFCF
ETAICF
ETTCF
eff

F

AF

Fy

&

APPENDIX A

UNSCALED-VARIABLE SYMBOLS
effective cross-sectional area, cm2 (in.2)
supercharger map intercept
supercharger map slope
nozzle velocity coefficient
general turbine speed scaling coefficient
high-pressure-turbine speed scaling coefficient
low-pressure-turbine speed scaling coefficient
specific heat at constant pressure, J/kg-K (Btu/lbm-°R)
specific heat at constant volume, J/kg-K (Btu/l1bm-°R)
high-pressure-compressor map efficiency
high-pressure-compressor map speed parameter

high-pressure-compressor temperature rise parameter

general turbine enthalpy scaling coefficient
high-pressure-turbine enthalpy scaling coefficient

low-pressure-turbine enthalpy scaling coefficient
general turbine map work function, J/kg-K (Btu/lbm—OR)
high-pressure-compressor efficiency scaling coefficient
general fan or compressor efficiency scaling coefficient
fan efficiency scaling coefficient
low-pressure-compressor efficiency scaling coefficient
general turbine efficiency scaling coefficient

general component map efficiency -

thrust, N(Ibf)

thrust increment, N(1bf)

nozzle function, i = 1 for flow, i = 2 for thrust

functional relation
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f/a
fcnp
fleff
finp
fitr
fpc
fpfc
fpfl
fpf2
fpt

fptl

fpt2

f2eff
f2np
f2tr

HVF

Ah

hpt

hptl

hpt2

62

local fuel-air ratio

general fan or compressor map speed parameter
low-pressure-compressor map efficiency
low-pressure-compressor map speed parameter
low-pressure-compressor ideal temperature rise parameter
high-pressure-compressor map flow parameter, kg/sec (lbm/sec)
general fan or compressor map flow parameter, kg/sec (lbm/sec)
low-pressure-compressor map flow parameter, kg/sec (lbm/sec)
fan map flow parameter, kg/sec (lbm/sec)

general turbine map flow parameter,
kg-K-cmz/N-rpm-sec (1bm-°R-in. 2/lbf-rpm—sec)

high-pressure-turbine map flow parameter,
kg—K-cmZ/N-rpm-sec (1bm-°R-in. 2/1bf— rpm-sec)

low-pressure-turbine map flow parameter,
kg-K-cmZ/N—rpm-sec (Ibm-°R-in. 2/ 1bf-rpm-sec)
fan map efficiency
fan map speed parameter
fan map ideal temperature rise parameter
gravitational conversion factor, 100 cm—kg/N-sec2 (386.3 lbm-in./lbf—secz)
heating value of fuel, 4.302x10" J/kg (18 500 Btu/1bm)
enthalpy, J/kg, (Btu/lbm)
general turbine enthalpy drop, J/kg (Btu/lbm)

general turbine map enthalpy drop parameter,
1/2 0npl/2
J/kg-K/ “-rpm (Btu/lbm-"R"/ “-rpm)

high-pressure-turbine map enthalpy drop parameter,
J/kg-Kl/z-rpm (Btu/lbm—OR1 2—rpm)

low-pressure-turbine map enthalpy drop parameter,
J/kg-Kl/z-rpm (Btu/lbm-oR1 2-rpm)

polar moment of inertia, N-cm-sec2 (in. -lbf—secz)

mechanical equivalent of heat, 100 N-cm/J (9339.1 in. -1bf/Btu)




prc

prfl
pri2
prtl
prt2

wn

AT

low-pressure-compressor/low-pressure-turbine speed ratio
fan/low-pressure-turbine speed ratio

controller gain

acceleration schedule coefficient, kg-cmz/sec-N (Ibm-hr-psia)

torque, N-cm (in. -1bf)

differential torque, N-cm (lbf-in.)

number of streams fed by control volume

rotational speed, rpm

number of streams feeding control volume

total pressure, N/cm2 (1bf/in. 2)

static pressure, N/cm2 (lbf/in.z)
high-pressure-compressor pressure-ratio scaling coefficient
general fan or compressor pressure-ratio scaling coefficient
fan pressure-ratio scaling coefficient
low-pressure-compressor pressure-ratio scaling coefficient
map pressure ratio

high-pressure-compressor map pressure ratio
low-pressure-compressor map pressure ratio

fan map pressure ratio

high-pressure-turbine pressure ratio

low-pressure-turbine pressure ratio

gas constant, N-cm/kg-K (in.-1bf/1bm-°R)

gas constant of air, 44.83 N-cm/kg-K
(640.1 in. -1bf/1bm-°R)

pressure loss coefficient, N-secz/kgz-cmz

Laplacian operator, sec™ 1
total temperature, K(OR)

fan or compressor temperature rise, K(OR)
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TFCF general turbine flow scaling coefficient
TFHPCF high-pressure-turbine flow scaling coefficient

TFLPCF low-pressure-turbine flow scaling coefficient

t time, sec
dt differential time, sec
tf general turbin/e map flow function, kg-Kl/z—cmz/N—sec
(bm-°RY/ 2-in. 2/1bt-sec)
tnp general turbine map speed parameter
tr general fan or compressor temperature rise parameter
tinp high-pressure-turbine map speed parameter,
1/2 0n1/2
rpm/K" © (rpm/“R™ ©)
t2np low-pressure-turbine map speed parameter,
1/2 ) 1}32
rpm/K (rpm/“R™ “)
\' volume, cm3 (in.3)
w stored mass, kg (lbm)

WACCF  high-pressure-compressor flow scaling coefficient
WACF general fan or compressor flow scaling coefficient
WAFCF fan flow scaling coefficient

WAICF low-pressure-compressor flow scaling coefficient

w flow rate, kg/sec (Ibm/sec)

A\i;f output of fuel controller, kg/sec (lbm/sec)
X general unscaled variable

y position signal

o power lever angle

B temperature interpolation constant

Y specific-heat ratio

€ control error signal

n efficiency

T time constant, sec

@ acceleration schedule output, kg—cmz/sec—N (lbm/hr-psia)
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frequency, sec™!

Subscripts:

accel

ble
bls
bil
bl2

cr

dem

des

FB

fm

fl

f2

id

in

max

analog

acceleration

combustor

control bleed

interstream bleed
high-pressure-turbine cooling bleed
low-pressure-turbine cooling bleed
high-pressure compressor

critical

digital

demanded value

design value

fuel

feedback

final value

fan map

low-pressure compressor

fan

initial value

ideal

input to control volume

index on flows into control volume
index on flows out of control volume
measured

maximum value
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min
nom
nl
n2
n3
n4
out
ovb
sc
sl
std
tot
t1
t2
v2
v3

2.1
2.2

3.2
3.5

c -1 o

66

minimum value

nominal value

core nozzle

third-stream nozzle

mixing nozzle

second-stream nozzle

out of control volume

overboard bleed

supercharger

sea level, 10.133 N/cm? (14.696 psia)
standard day, 288.1 K (518.67° R)
total

high-pressure turbine
low-pressure turbine
second-stream valve or duct
third-stream valve or duct

fan inlet
high-pressure-compressor inlet
second-stream duct

combustor inlet

bypass fan discharge

bypass fan duct
high-pressure-turbine inlet
low-pressure-turbine inlet

core duct

mixing volume

nozzle discharge




Superscripts:

) average value

L
() inlet to control volume
(*) time derivative

67



APPENDIX B

SUMMARY OF UNSCALED EQUATIONS

(B1)
(B2)
fpfl = fl(prfl, finp) (B3)
Py
(WAICF) (fpf1) [ —2
p
Ty
Tsta
fleff = f,(prfl, finp) (B5)
Ny = (ETAICF)(fleff) (B6)
yfl-l
7
p, \ M
fitr = 2:1 -1 (B7)
Py
Ty = By Ty + (1 - BTy 4 (B9)
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T2'.1 = (ﬂ£+ 1) T2
My

hy 1 =14(Ty 4,0)

L 30y 4 - hyhvy

1~

P
(_3_1)

P

2.1 i1

PRCCF

prec =

fpc = fs(prc, cnp)

Py 1
(WACCF)(fpc) —=
.« sl
WC =
Ta.1
Tsta

ceff = f6(prc, cnp)

n.= (ETACCF)(ceff)

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)
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Y -1
C

-Y

P C
ctr = [ —3_ -1 (B20)
Pyt
‘yC = f3 (TC’ 0) (B21)
c™ 3CT2. 1+ a- BC)T3 (B22)
T} = (_‘:'PL + 1) Ty 4 (B23)
nc
hy = 1,(T3,0) (B24)

- 303 (hg - hy 4w,

L, — (B25)
C
hg 1 =%4(Ty 1, 0) (B26)
Ty, = BTy + (1 - BT, (B27)
by = £,(T,,0) (B28)
(t/a)y ==X (B29)
"B
P, -P
Wy = 3 4 (B30)
Ry,
(CNHPCF)N
tinp = (B31)




where

P
prtl= ik}
Py

fptl = f7(prt1, tlnp)
hptl = f8(prt1, tinp)

(CNHPCF)(N,)(P ) (fot1)
(TFHPCF)(T,)

W1 =

(DHHP CF) (hpt1) (CNHPCF)(N, ) ‘/T_4

Ah,, =
t1 1000
30JAh, W
Lig=——
TNy
hy = f, [T4, (f/a)4]
(f/a)
(t/2) = :

[(f/a)4 +1]( ;:11)
t1

P, J
W= A Ee 1 __57
b1l = Abl1
RA‘/

P
F, (52, 73) is fit by (0.44208 + 0.17337 7,).
3

(B32)

(B33)

(B34)

(B35)

(B36)

(B37)

(B38)

(B39)

(B40)

(B41)

m



( Yt
9 Y-1
= 'y( ) if pr € 0. 53685
J +1
%(prm)# (B42)
= (pr)l/v‘/jz—y— 1- pr(y -1/y if pr > 0.53685
Y -1
_
Vg = 13(T3,0) (B43)
(CNLPCF)N
t2np = t2 (B44)
VT5
Pg
prt2 = — (B45)
Ps
fpt2 = fg(prt2, t2np) (B46)
hpt2 = flo(prtz, t2np) (B47)
. (CNLPCF)(N,,)(P;)(fpt2)
(TFLPCF)(Ts)
A (DHLPCF)(hptZ)(CNLPCF)(Ntz)\/TS .
hyy = ' (B49)
1000
30JAh, W
Ly = _Ttet2 (B50)
TN,
hg = hg - Ahy, (B51)
hs =1, [Ts’ (f/a)s] (B52)
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(t/a)g

1+ [ (f/a)5 + 1] WblZ
Wi

(B53)

(f/a)ﬁ =

g. P.%, (P
Weio =A 2e 737176 (B54)
bl2 bl2 3
Ry YT P3
3

where F,(Pc/P,, ¥g) is fit by (0.44208 + 0. 17337 v4)

N9

N
f2np = __ﬂe_?___ (B55)

o

pri2=—" — + 1 (B56)
PR¥CF
fpf2 = fll(prfz, f2np) (B57)
Py
(WAFCF)(fpf2)
; td
2
Tstd
where for SPLIT="TRUE", W¢y = Wp . - Wi and for SPLIT="FALSE", Weo = Wene
f2eff = £, o(prf2, f2np) (B59)
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(B60)
19 = (ETAFCF)(f2eff)

Yy -1
P Y {2
otr = < 3. 2> -1 (B61)
Py
12 = 5(Tgp> O (B62)

= . 63
Typ =BraTa + (1 -F12) T3,z %9
fatr
Ty o= T 1)T, (B64)
hy o =£4(T§ 5, 0) (B65)
30J(h! - hgw
3.2
Ly = 2 {2 (B66)
TN
£2
Woup = A e T34 <P8 Y3> (
oV ovhb ’ B67)
RA ‘/ T3 P

where F(Pg/Pg, ¥ g) is fit by (0.44208 + 0.17337 V)

g 215"1

- A s,
ble Ya.1 ) (B68)
R, l/T2

T4




Aps y/Pa.1 - P32 (B69)

Yo, 1 =13(Tg 1, 0) (B70)
- 8. P ( Py )
W =A < , Y (B71)
nl nl 4 6
Ry v Tg \Pg
Woo=A, tc P35 %1 <P7 )7 5> (B72)
n .
Ry vT3.5

/_ P, 9’1 .

_ g, P, ., F [P
W, <A, [fe 122 1( out y2.2> (BT4)
VRa VTz2 \ Py

where POut is equal to P8 for STRM3=""TRUE" and to P.7 otherwise.

Ve =13 [Te» (1/2)g] (B75)
73,5 =13(T3 5, 0) (B76)
V9.2 = 13(Tg 9,0 ' (B77)
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v, = £3[Tq, (£/2)7] (B78)

£/
(f/a); = W2 : (B79)

1 + [(f/a)6 + 1] ::“1‘
nl

where Win is equal to viznz for HBPR=""TRUE"' and to viln4 otherwise.

F.,=C. W .42 5 (2s0l 5\ 4 (P, ,-P)) (B80)
nl = ~v,nl ¥nl —'Cp,ee 2 P, » g nl ‘Fs,nl ~ *7

where PS, L1 is equalto 0.53685 P if P7/P6 <0.53685 and to Py if P7/P6 >0.53685.

Folpr,7)=Y1 - pr(”'l)/y (B81)

P
. 2J 7 (502 v, . -
Fpa = Cy.n2¥n2 J;c— ©p,3.578.5 2 <P3.5 » V3.5 [F Ay (Pg 19~ Pr)

(B82)
where PS n2 is equal to 0,53685 P3 5 if P7/P3 5 <0,53685 and to P.7 if
, . .
P7/P3. 5>0.53685.
W T, # Ps, n3 Ya)+A o (P P,) 3
Fr3=Cy n3¥n3 p, 777 %2\ "5 2 77) 403 Fs, 03" Py (B83)

where Ps, n3 is equal to 0.53685 P,7 if P8/ P.7 <0.53685 and to P8 if P8/P7 >0.53685.

P
_ 2J s, n4d
F, = W, o2 s, i
nd =Cy naWn4 ‘/; Cp, 2.2T2.2 % <P » Yo, 2) B
c out

(B84)
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where P_ 4 is equal to 0. 53685 Py o if P ut/ Py o =0. 53685 and to P, if Pout/PZ. 9
>0.53685, and POut is equal to P8 for STRM3=""TRUE'' and to P,7 otherwise.

¢p, 6 = f13 [Tgr (/2)g] (B85)
cp, 3.5 = {13(T3,5,0) (B86)
cp, 7 = T3 [T7s (/)] (B87)
cp, 2.2 = f13(T3, 2,0) (B88)

F1 for TURBJ1="TRUE" or TURBJ2="TRUE"

Fn3 for MIX="TRUE',STRM3="FALSE"
Ftot ) ﬁ Fn3 + Fn4 for MIX="TRUE',STRM3="TRUE" (B89)
Fr11 + Fn2 for HBPR="TRUE", MIX="FAILSE",STRM3="FALSE"
Fnl + Fn4 for HPBR="FALSE", MIX="FALSE", STRM3="FALSE"
Fnl + Fr12 + Fn4 for HBPR="TRUE", MIX="FALSE",STRM3="TRUE"
"
Py = Constant (B90)
T2 = Constant (B91)
R,W, ,T
2.1 vV
2.1
t . . . \ﬁ .
Wa.1 =L (Wgy = We = Whle = Wpis - Wyp)dt + Wy 4 5 (B93)

m



: Py 1-Pg g
W o =Yf—22—=£-0 for HBPR="TRUE", STRM3="FALSE" (B94)

R

v2
t . . .
Ty = | 1 | P21~ P 1Ve +¥pic +Wis « W)
Wa. 1 Cy, 2.1
0
- Ty 1(Wep - We - Whie - Wi - Wy | a6 +Ty g 5 (B95)
p. - 2aV3Ts
3 V3 (B96)
t . =
W3 - [0 (Y = W - Woup = Wit ~ Wpi2)dt +W3 ; (B97)

t © R - b 44
T. - / 1 [Wché ha(iy, +Woyp +Whiq +W o)
S how,

3 cV,3
- Tg(W - Wy - Woon = Wpp - sz)] dt + Ty ; (B9S)
w,T
P, fh_é._%_ (B100)
Vy
t » . .
w4 = A (wb + Vg -wtl)dt +W4,i (B101)
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[wbﬁb +nb(HVF)wF - Wy hy
4

c
v, 4

Wy

Wi1hs + Wpghg - Wioh,

p. - ~aV5Ts
g--AS55
v
5

¢
= fo (Fig +Wpyy - Wygddt + Wy

. - TlWyy + Wiy - W)
v,5

R,W,.T
py =—A_66

Ve

t
Wg = '/0 (Wt2 +Wpig - W pdt +W6,i
W,oh! +W. .h. - W .h
t2lg * Wprah3 - Wy 1hg :
- - TglWig +Wppe - W 4
v, 6
p. _RaW3 T3 5
3.2 *——
3.2
t
W3.2= J, Wpp ¥y - Wigddt +Wg 4

- T4(v{lb +v'vF -v'vtl)] dt +T4,i

(B102)

(B103)

(B104)

dat +T5’ i (B105)

dt + T

6,1

(B106)

(B107)

(B108)

(B109)

(B110)
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L | Va3 g tWhsha 1 - Vst

Ta o= | ——
3.2
. W3 9 Cy,3.2
- Tg oWy +Wppg - W) | dt+T3 5 5 (B111)
R,Wq T
Py ;= 3.5%3.5 (B112)
. v
3.5
t
W35 =, (W5 - W Jdt +Wg 5 (B113)
t Waha o =  Wyoh
1 v33.2 n273.5
T =j . 2 LT, (Woq - Wpo)|dt+Tg 5
3.5 Jo w, 5[ Cy,3.5 3.507v3 " ’
(B114)
R,W, T
P2.2= A2.272.2 (B115)
Va2
t » »
W2.2=j0 (Wy9 - Wn4)dt + Wy 2,1 (B116)
t W oh - W4h
1 vaha, 1 nala. 2 . ;
T =f ' - Ty olWyg = Wpa| dt + Ty g
227Jo W, Cy, 2.2 2.2 7v2 i !
(B117)
o =RAW7T7 (B118)
1 v
7
(B119)

t S, .
Wy =fo (Win * Va1 ~ Wpgldt + Wo

t "w.h. + W_.h, - W _gh : ; ;
T =j0 1 { in"in nl"'6 n3' 7 _ T'?(Win W g - Wn3)} dt +T7,i
(B120)
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where w. h._is equal to Wn2h3. 5 for H}%PR="TRUE", to v'vn4h2. g for HBPR="FALSE"

in"in
and MIX="TRUE, "' anc to 0 otherwise.

P8 = Constant

= Qutput of fuel control

Ny f (Ltl-L)dt+N
”Iu

Ny = j (Lyg - Ly - Lp2)dt + Nig 5

Tl

Ny = Ky Nio

Ngg = KgoNig

Nc = Ntl

For SUPER="TRUE"

prfl =a + b(flnp)

Mg = Constant = ﬂsc

(B121)

(B122)

(B123)

(B124)

(B125)

(B126)

(B127)

(B128)

(B129)

(B130)
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WEL = We F Whie * Whis

(B131)

(B132)



ABLC
ABLS
AI(i)
ANI
C(i)
CPAB
CPIL
CVAB
CvL
DTQT1
DTQT2
DWI
FARI
FG3
FPC
FPF1
FPF2
F1BL
F2BL
F1NI
F2NI
GMAB
GMI
HAB
HABS

APPENDIX C

SCALED-VARIABLE SYMBOLS

control bleed nozzle area

interstream bleed flow coefficient

DAC initial condition array, i =1 to 24

nozzle area, I=1to 4

analog coefficient array, i = 1 to 57

specific heat at constant pressure of combustor air
specific heat at constant pressure at station I
specific heat at constant volume of combustor air
specific heat at constant volume at station I
high-pressure-turbine differential torque
low-pressure-turbine differentiﬁal torque

stored mass derivative at station I

fuel-air ratio at station I

compressor discharge bleed flow coefficient
high-pressure-compressor map flow parameter
low-pressure-compressor map flow parameter
fan map flow parameter

control bleed flow parameter

control bleed thrust parameter

nozzle flow parameter, I=1to 4

nozzle thrust parameter, I =1 to 4
specific-heat ratio of combustor air
specific-heat ratio at station I

enthalpy of combustor air

rescaled enthalpy of combustor air
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HBPR

MODE
NCV
NMP

NSC
NTBL

NX(k)
NY (k)
N1

N2
PCNC
PCNF1
PCNF2

84

logical variable denoting separate characteristics for fan and
low-pressure compressor (fan hub)

enthalpy at station I

enthalpy at inlet to station I volume
rescaled enthalpy at station I

hybrid linkage routine error flag
overflow error flag (tested by LERR)

initial pressure-ratio search index array for MAPFUN routine,
k=1to 12

initial speed search index array for MAPFUN routine, k = 1 to 12
integer specifying location of component data to be scaled

logical function error detection routine

logical variable denoting mixing of streams at turbofan discharge
component map index, MN =1 to 10

integer indicating analog mode

number of curves per map, NCV=8

number of component maps, NMP < 10 (MAPFUN capable of
handling NMP < 12)

number of points per curve, NPT=8
number of digital coefficients, NSC < 125

number of map data points stored in VALS array,
NTBL=NCV*(2*NPT +1)

number of points per curve array, k = 1 to NMP
number of curves per map array, K = 1 to NMP
index on lowest component map

index on highest component map

fraction of design high-pressure-compressor speed
fraction of design low-pressure-compressor speed

fraction of design fan speed



PCNT1
PCNT2

PRC
PRF1
PRF2
PSBL
PSNI
SC(i)
SENSW
SF,,
SF
SPLIT
STRM3

SUPER

TAB
TAUNL
TAUT

TIDN
TIS
TRF1
TRQC
TRQFT
TRQF1
TRQF2
TRQT1
TRQT?2

fraction of design high-pressure-turbine speed

fraction of design low-pressure-turbine speed

total pressure at station I

high-pressure-compressor map pressure ratio
low-pressure-compressor map pressure ratio

fan map pressure ratio

static pressure at control bleed nozzle throat

static pressure at nozzle throat, I=1to 4

digital coefficient array, i = 1 to NSC

logical function routine for testing sense-switch positions
scale factor on time t, t' = SFt,t

scale factor on variable x, X = x/SF'X (appropriate units)
logical variable denoting fan maps based on total engine flow
logical variable denoting three-stream turbofan

logical variable denoting linear characteristic for low-pressure
compressor

combustor air temperature

nozzle thrust, I=1 to 4

total thrust

total temperature at station I

specific temperature derivative at station I
rescaled temperature at station I
low-pressure-compressor ideal temperature rise parameter
high-pressure-compressor torque

fan torque based on total inlet flow
low-pressure-compressor torque

fan torque

high-pressure-turbine torque

low-pressure-turbine torque
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TURBJ1 logical variable denoting one-spool turbojet configuration

TURBJ2 logical variable denoting two-spool turbojet configuration
t computer time

VALS(i) array containing unscaled component data, i = 1 to NTBL
WDB combustor airflow

WDBLC control bleed flow

WDBLS interstream bleed flow

WDBL1 high-pressure-turbine cooling bleed flow
WDBL2 low-pressure-turbine cooling bleed flow
wDC high-pressure-compressor flow

WDF fuel flow

WDF1 low-pressure-compressor flow

WDF2 fan flow

WDFT total engine inlet flow

WI stored mass at station I

WDNI nozzle flow, I=1to 4

WDOUT flow out of control volume

WDOVB overboard bleed flow

WDT1 high-pressure-turbine flow

WDT2 low-pressure-turbine flow

wDV2 second-stream duct flow

WDV3 third-stream duct flow

X scaled variable X = x/SFX

XDAC variable transmitted through extra DAC
XSC map pressure-ratio scale factor

XVALS (i,j,k)  scaled map pressure-ratio array, i= 1 to NPT;
j=1to NCV; k = 1 to NMP

YSC map speed scale factor

YVALS (j,k) scaled map speed parameter array, j = 1 to NCV; k = 1 to NMP
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ZsC
ZVALS (i,j,k)

map output scale factor

scaled map output array, i =1 to NPT;j=1to NCV; k = 1 to NMP
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APPENDIX D

DEFINITIONS OF DIGITAL AND ANALOG COEFFICIENTS

Digital Coefficients

N
SC(4) = Kgy _t2,des

Nﬂ, des

N
_ t2,des
SC(5) = Kf2 -

Nf2, des

A..,SF
sc(6) = b1 °TP3
2SFywpBL1 SFT3 Ry
SF
ISF WDBL2 SFT3 Ry
Fwpovs SFT3 RA
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SF
sc(9) = P8

P8

SFpy;  SFpyy

SFpgy Ry

SF '
SC(10) = > T WDBLC
SFABRLCSFp

2% g

SFwps _ *b

21 ¢

1/2

sc(11) = 2
ST pg

SF.

VEFM

SC(12) = WDF
SFyppSF

SC(13) =

FAR4

SFwpBL1

SFwpri1

SC(14) =

SFwDBL2

SFwpra

SF
sc(15) = E7

SF
SC(16) = WDNI1

SFAN1SFpg

SF

SC(17) = — 27
S

SFrg Ry
gC

P

Fp3s

SFywpN2

SFr35 Ry

SC(18) =
SF sN25F p3s5

Ee
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SF g
sc(19) - TAUN2 ‘/ c
SFwpN2Cy nz 1 27 SFr3s5Fcpss

SFrAUN2

SC(20) =
SFp35SF Ang

SF SFmgoR
sc(a1) = WDN& 477 T227A
SF s naSFpag 8c

SF g
sC(22) = —TAUNS { -
SFwpn4aCv,na ¥ 27 SFra25Fepor

SFraAUN4
SFp9aSF AN4

SC(23) =

SFraAUN1

SC(24) =
SFpauT

SFrauNg

SC(25) =
SFrauT

SFrAUN4

SC(26) =
SFrauT

SFwDpN1
SFwpN2

SC(27) =

SF
sc(28) = 8

SFP7
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SF SF» R
SC(29) = — WDN3 W
SFAN3SFP7 g¢

SF g
SC(30) - TAUN3 { c
SFwpN3Cv,n3 ¥ 2I SFpSFopy

SFrAUNS

SC(31) =
SFprSFN3

A
SFABLS

SF
sC(33) = —WDN4
SFwpN3

SFwpN1
SFwDN3

SC(34) =

SFwpN2

SC(35) =
SFwDN3

SF
SC(36) = - TAUN3

SFrayT

SF g
SC(37) = TAUNI1 \/ c
SFywpN1Cv, ni 2J SFp65Fcpe

SFrAUNI

SC(38) =
SFpeSFaN1
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SFwpBL1

SC(39) =
SFWDC
SF
SC(40) = —WDBL2
SFywpe
SF
sc(a1) = —WDOVB
SFywpe
SC(42) = B,

SFyppHVF) Y

SC(43) =
SFwpBSFHAB

SF
SC(44) = WDF

SFwpB

SFwpBL1SFT3

SC(45) =
SFwpT1SFT5

SFwpBL2SFT3

SC(46) =
SFwp125F 16

SFype
SFwDpF1

SC(47) =

SFywpv2
SFwDF1

SC(48) =

SC(49) =
SFwpF1

SFwDBLC




SFrrqr1 (Kot
SF

SC(50) =

TRQT?2

SF K
sci1) -~ rrrqrF2 Kp)
SFTrRQT2

SF

SFrauT

SF
SC(53) = — B2

Fpy

SF
SF

P6

SC(54) =
P5

Nt1 , desCNHPCF

SFrinp SFpy4

SC(55) =

Ni, gesCNLPCF

SFronp /SFps

SFT 4SFWUI 1T FHPCF

SFEpr15F pali1, desVHECY SFpenty

SC(56) =

SC(57) =

S FTSS FWDTZTFLPC F

SC(58) =
SFppr2SFpsNia, desCNLPCT SFpenTa



SF

sc(59) = _ WDF1
SFwprT

> SPLIT = "TRUE"

SF
sc(60) = WDF2

SFwDFT

1000SF
SC(61) = DHT1

SFHPTthI,des SFT4 DHHPCF CNHPCF SF

PCNT1

1000SF
SC(62) = DHT2

SFHPTZNtZ,des ‘/SFTS DHLPCF CNLPCF SF

PCNT2

2SF
SC(63) = —DHT1

2SF
sc(e4) = DHT2
SFrs

15J SF SF.

TSFrRQT1Nt1, desST

PCNT1

15J SF F
SC(66) = DHT2’ FwDT?2

T SFrrQreNt2, desSFPONT?

SFpoq _ SFpg;

SC(67) = ;
SFPRFISFPszICF ISSFP2

for SUPER="TRUE"
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SFPRCS FPZIPRCCF

SC(68) =

SFp3a
PRFCF

SC(69) =
SFprraSFpg

SF
SC(70) = — L2
2T2,des
SFro1

SC(71) =
T9.1, des

SF
sc(72) =12
T2,des

SF SF T

SC(73) =
2Pg) SFypr1 V T, des

SF SF T

SC(74) FPC"" P21 std WACCF
2Pg SFypc T9.1, des
SF SF T

21)sl SFWDFZ* T2, des

SC(76) = Bgy

SC(77) = B,

*Use SFWDFT for SPLIT=""TRUE. "
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5C(79) == P21
SFpy
SF
SC(80) = P3
15SF pg;
SF
sc(s1) P32
15SF p,

SFrrQriNr1, desSF PeNF1 7
30J

SC(82) =
SFwpr1SFhaai1s

SFrracNe, desSFrene 7

S FWDCS FH 3S 30J

SC(83) =

SF

*N T
SC(84) = TRQF2 “'f2, des” " PCNF2
SF.

wDF2 SFy32530J

SF

A
SC(85) =__n4
SFa N4

Abl c
SFABLC

SC(86) =

SF
SC(87) = —1IRQF2 4, SPLIT="TRUE"

SFrRQFT

*Use SFWDFT and SFTRQFT for SPLIT=""TRUE. "'
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1/2 1/2
# LESF a1/ %sF
scis) - —v3 Swovs _ Zv3 TTwova
SFp32 v S¥pss
1/2 1/2
#1/?sF R 2SF
SC(89) = v2 wDhv2 v2 WDV 2
v 5Fpa1 SFpa2
SC(90) = N,
F
SC(91) "SFrrQF1N1, des®PCNFL for SUPER="TRUE"'

SC(92) = PRICF
SFpRrF1
i 1
SFpRrc
I S
SC(04) = PRFCF
SFpRrF2
ETAICF
sc(96) = 229

ETACCF



sc(om) =025
ETAFCF

SF
Sc(98) = P32
SFpoq

SF.
SC(99) = WDBLS

SFpai1SFaBIs

SF SF
SC(100) = WDBLS _ >*WDBLS

SFwpr2  SFwpvs

S

SF. F
SC(101) = —_WDBLS _ °"WDBLS

SFwpF1 SFwpe

A
sc(102) =13
SFAN3
Pg
SC(103) =
Fpg

Analog Coefficients
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W .
C(Z) = 2, 1, 1
SFywa1

SF.
C(3) = -_WDF1

T .
C(4) = _2.1,i

SFpa1

SF.
C(5) = —WDV2
SFy 8 Fyr

C(7) = —_WDV2

SFy 25 Fpr

T X

SFra9

W. .
Cc(9) =21
SFyys

SFya15Fy
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T3 .
C(10) = —22. L
SFT3

SF
C(11) = wDC

SFy4SF,, (10)

SF
C(12) = wDC

SFy3SFyr (10)

w, .
c(13) =41
SFy4
T, .
c(14) =% 1
SFy

SF
SFy4SFyr (10)

SF.

SFy4SFy (10)
We .
C(17) = =22 L
SFW5
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Ts, i
SF

C(18) =

T5

SF.

SFWSS Fir (10

SF.
SFWSSFt' (10)
W, .
c(21) =61
SFWG
T, .
c(e2) =81
SFTG
SF.

SFyyeSFy (10)

SF
C(24) = WDNI1

SFySFy (10)

SF
C(25) = WDV3
SFyy355Fy
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R\SFy915F o1

C(26) =
SFpg1Vsg, 1 (10)
W .
SFwss

R,SF. oS
SFp35V3, 5 (10)

SF

C(29) = >  WDF2
SFy395Fpr
R,SF. ooSF

c(30) = A Fw225F 122

SFpgaVy, g (10)

W .
C(31) =_ 321
SFyws32

RAS FW3 ZS FT 32

SFp3aV3 o(10)

Cc(32) =
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W 4

SFW7

C(35) =

R,SFy,-SF
SFpqVq (10)

30SF
(37 = 30SFrpqr1
TL1 N1, desSFtSFpenTi
R,SF,,,SF
c(3g) = A5 TwaSFr4

SFpaVy (10)

N. .
C(39) = _ tl, 1 )
Ni1, desSFpeNT1
30SF.
C(40) = TRQT2

TIoNio desSFrSFponT2

R,SF,SF
C(41) = A" "W5~ " TH
SFpsVg (10)
N ;
C(42) = t2, i

Nia, desSFpCNT2
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R7SFyeSFrg

C(43) =
SFpgVe (10)
SF
SFy 355 Fpr
T .
C(45) = —3:% 1
SFr35
SF
C(46) = WDF2
SFy 395 Fir
To o .
C(47) = 3. 2, 1
SFr3g
SF
C(48) =~ WDN3
SFySFy
T .
c(49) =121
SFpq
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BSF g o
SFprF1
c(51) =—2
SFpRF1
P.SF
(10)SFpg;

KN / T
C(53) = f17't2, des 2,des 1
Ni1, des Ty 10

An2
C(54) =12 __
SFAN2

SFP2

A
c(56) =21
SFAN1

C(57) -_Fi
FwDF

J

SUPER="TRUE"

a + b(flnp) = prfl
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APPENDIX E

COMPUTER LISTINGS OF DATA INPUT PROGRAM,
MAIN PROGRAM, AND SUBROUTINES
GENERALIZED TURBOFAN ENGINE DATA INPUT PROGRAM

DIMENSION VALS(168)
SCALED FRACTION SC(125),A1(24),XVALS(10,8,12),YVALS(8,12),
] ZVALS(18,8,12)
C OMMON/MAPS /XVALS ,YVALS ,ZVALS, IX(12),JY(12) ,NX(12),NY(12)
COMMON/AZ /SC/BZ /MN/CZ /AY
DEFINE 1ISF('635%)
LOGICAL SENSW,LERR
CaxkxkDETERMINE MAP NUMBERS AS USED IN MAIN PROGRAM

] TYPE 2

2 FORMAT(/3X,SEHDEPRESS SENSE SWITCHES TO SELECT CONFIGURATION,
IN R=S=R,/)
PAUSE

S IF(SENSW(5)) GO TO 7
IF(SENSW(2)) GO TO 8
Ni=t
N2=8
GO TO 18

T N1=3
N2=z6
GO TO 1¢

s e=1¢
IF(SENSW(T)) B0 TO 9
Ni=1]
GO TO 180

9 Ni=3

10 NMP=N2=N1+1
ISF=§
TYPE 13

THE

13 FORMAT (/3X,83HPLACE DATA TAPE FOR DIGITAL COEFFICIENTS IN HSPTR,

ITHEN R=S-R./)

PAUSE 1

READ (4,14)NSC
14 FORMAT(I4)

READ (4,15)(SC(1),1=1,NSC)
15 FORMAT(558)

TYPE 16

16 FORMAT(/3X,6SHPLACE DATA TAPE FOR DAC INITIAL CONDITIONS IN HSPTR,

1 THEN R=S=R./)

PAUSE 2

READ (4,15)(CAI(1),1=1,24)
Chsedee INITIALIZE FOR READING MAP DATA

NCV=8

NPT=8

NTBL=NCVUx(2%NPT+1)

TYPE 17,081, N2

17 FORMAT(/3X,38HPLACE DATA TAPES FOR MAPS NO, ,12,1H~-,12,18H IN HSPT
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18

19

IR./)
TYPE 18 »
FORMAT (73X, A2HDEPRESS SSW(A) FOR DATA LIST,
DO 26 N=N1,N2

PAUSE 3

READ (4,19)XSC,YSC,2SC

FORMAT (3F9,2)

CxxxaR EAD Y VALUES

28

READ (4,28)(VALS(I)>,1=1,NCV)
FORMAT(8F9,3)
J= NCV+1

CaoxsrsREAD X,Z PAIRS

21

READ (4,21)(VALS(1),1=J,NTBL)
FORMAT(8F9,4)

CrxaokxSCALE MAP VALUES

30
31

32
33

34
22

DO 22 J=1,NCV

Do 22 1=1,NPT
IF(VALS (J) .EQ.YSCY GO TO 3¢
YVALS(J, N)=VALS (J)/YSC

GO TO 31

YVALS(J, N)=,.999998

KX NCV4+2% ( (J= 1 YXNPT+1 )=}
IF(VALS(XX)> .EQ.XSCY GO TO 32
XVALS(1,J,N)=VALS CKX)/XSC

a0 TO 33

XVALS (1,J,N)=,99999S

IFC(VALS (KX+1) ,EQ,ZSC) GO TO 34
ZVALS(1,J,N)=VALS (XX+1)/2SC
80 T0 22
ZVALS(1,J,M)2,999998
CONTINUE

CxxkxTEST FOR SCALED FRACTION OVERFLOW

23

24

23

26
27

IF(.NOT.,LERRCI3)) GO TO 24
TYPE 23

FORMAT(24HSCALED FRACTION OVERFLOW)
PAUSE 4

ISF=9

IX¢NY=1

JYCN) =1

NX(N)=NPT

NY(N)=NCV

IF(,NOT ,SENSW(1)) GO TO 26

TYPE 25, (YVALS(J,N),J=1,NCV)
FORMAT(BST)

DO 26 J=1,NCV

TYPE 25, (XVALS(I,J,N),ZVALS(I,J,N),1=1,NPT)
CONTINUE

TYPE 27

FORMAT(/3X,15HDATA 1S LOADED./)
PAUSE S

END

THEN R-S-R,./)
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GENERALIZED TURBOJET OR TURBOFAN ENGINE SIMULATION

CxxickkADC VARIABLES

SCALED FRACTION P21,T21,P22,T22,P3,T3,P4,T4,P5,T5,P6,T6,
{ p3s,T3%,P32,732,P7,T7,PCNT1,PCNT2,AN2,P2,AN1,WDF

CxxaixDAC VARIABLES

SCALED FRACTION T21DN,DW21,T22DN,DW22,T35DN,DW35, T32DN,DW32,

1 T3DN,DW3,TADN,DWA,TSDN,DWS,T6DN,DVE,T7DN,DW7,0TQT1,DTAT2,

2 PRC,FPC,TAUT,XDAC
SCALED FRACTION ABLS,T2,P8,SC(125),PCNF1,PCNF2,PCNC,T21S,
| t3s,7%5,T6S,7385,17S,CP21,GM21,CV21,CP35,CV35,6M35,CP3,CV3,

2 GM3,FG3,WDBL!,WDBLZ,WDOVB,PSN4,F2N4,F1NA,WDBLC,WDB,

3 FAR4,CPA,CVa4,0M4,WDF! ,TRQFI,WDC,TRQC,WDT!, TRQT,FARS,

4 CPS,CVS,6MS,WDT2,TRQT2 ,FARG,CPE,CV6,GME,PSHI ,F2N1,FINT,

S WDNI,WDF2,H3,H3S,H21,H21S,HA,HAS K2 1P, H3P,H5P,H6P,H5,

& TRQF2,PSN2,F2N2 ,F1N2,WDN2, WDN4 ,FART,CP7,CV7,GM7,WDFT, TRQFT,
7 PSN3,F2N3,FINS,VDN3 ,TAB,CPAB,GMAB,CVAB,PRF1 ,FPF1 ,PRF2,FPF2,

8 PRF1S,AT(24),XVALS(18,8,12),YVALS(8,12),ZVALS(10,8,12),SSQRT
SCALED FRACTION PSBL,F2BL,F1BL,ANA,ABLC,TAUN],TAUNA,
| TAUN2,TAUNS,T32S,T22S ,CP22,CV22,GM22,CP32,CV32, GM32,VDV2,

2 WDV3,WDOUT, TRFI,H5S,H6,H6S,H32,H32S ,H3S ,H35S,HT,HTS,

3 H22,M225, HAB, HABS , T25 ,CP2 ,CV2, GM2, H2S , K2, H32P , AN3 ,WDBLS
COMMON/MAPS /XVALS , YVALS ,ZVALS, IX (12),JY(12) ,NX(12) ,NY (12)
COMMON/AZ /SC /BZ/MN/CZ /Al
DEFINE ISF('635)

LOGICAL SENSW,LERR,HBPR,MIX,STRM3,TURBJI,TURBJ2,SUPER,SPLIT

Cexxxn] NITIALIZE ANALOG

CALL QSHYIN(IERR,686)
CALL QSRUN(CIERR)
CALL QSSECN(IERR)

Caeneiokx FSTABLISH CONFIGURATION
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TYPE 17

17 FORMAT(/3X, 68MDEPRESS SENSE SWITCHES TO SELECT CONFIGURATION,

1IN R=S=R,/)

PAUSE

IF(SENSW(2)) GO TO I

HBPR= ,FALSE,

CALL QwCLL(2,.FALSE,,IERR)
60 TO 2

HBPR= ,TRUE,

CALL QwCLL(2,.TRUE,,IERR)

2 IF(SENSW(3)) GO TO0 3

MIX= ,FALSE,
CALL QWCLL (3, .FALSE.,1ERR)
G0 TO 4

3 MIx=,TRUE,

CALL QWCLL(3,.TRUE,,1ERR)

4 IF(SENSW(CA)) GO TO S

STRM3= FALSE.,
CALL QWCLL (4, .FALSE.,1ERR)
60 TO 6

S STRM3:=,TRUE,

CALL QwClL(4,,TRUE.,IERR)

¢ IF(SENSW(5)) GO TO 7

TURBJ1I=,FALSE,
CALL QwcLL (5, ,FALSE.,IERR)

THE



GO TO 8
7 TURBJ!=,TRUE,
CALL QWCLL(5,.TRUE.,IERR)
8 IF(SENSW(E)) GO TO 9
TURBJ2=,FALSE,
CALL QwcLL (6, .FALSE,,IERR)
GO TO 18
9 TURBJ2:=,.TRUE,
CALL QwctL(§,,.TRUE,,IERR)
18 IF(SENSW(7)) GO TO 11
SUPER:= ,FALSE,
CALL QWCLL(7,.FALSE,,IERR)
GO TO 12
11 SUPER=,TRUE,
CALL QwCLL(¢7,.TRUE.,IERR)
12 IF(SENSW(8)) GO TO 13
SPL1T=,FALSE,
80 TO 14
13 SPLIT=,TRUE,
CxxkkxSTOP PROGRAM IF CONFIGURATION SPECIFIED IS NOT ALLOWED
14 1IF(TURBJI1 .AND,TURBJ2) STOPI
1F ((TURBJ! ,OR ,TURBJ2) ., AND, (HBPR,OR .,MIX ,OR,STRM3,OR,SUPER,OR,
1 SPLIT)Y) STOP2
1F(.NOT .HBPR, AND, (STRM3,0R,SUPER,OR,SPLIT)) STOP3
IF(STRM3 ,AND ,SUPER) STOP4
CxxaexI NITIALIZE REQUIRED INPUT/OUTPUT
P8=SC(183)
T2=5C(1)
TAUNI=,0080808S
TAUN2= 880005
TAUN3=,600888S
TAUNA= 880088
WDFlz,08088S
WDF2:=,00800S
WONI=, 080008
WDN2=,08000S
WwON3=, 888805
WDNA= 880088
ANA=SC(85)
AN3=SC(182)
ABLC=SC (86)
ABLS=SC (32)
wov2=,00000S
wovi= 060885
TRQF2=,00088S
TRQFi=,00008S
TRQT2=.00888S
WDBLC=,.080088S
WwDBLS=,80808S
15 CALL QWBDAS(Al,#,24,1ERR)
28 CALL QSTDA
38 CALL QSIC(IERR)
ISF=¢
TYPE 358
35 FORMAT(/3X,44HPROCEED TO DYNAMIC PART OF PROGRAM BY R-S«R,/)
PAUSE
A8 CALL QRBADS(P21,#,24,1ERR)
42 PCNF1=SC(4)%PCNT2
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110

43

53

99

93

96

97

PCNF2=SC (5)*PCNT2

PCNC=PCNTI

T2S5= ,20088S5xT2

T22S=,208080S%xT22

1325=,200805%T32

T35S= 288885735

T3S=.,A08085*T3

T5S= ,808805%T5

T6S=,560885%T6

T7S=.50000S%xT7

CALL Pnocomcrzs,.oouuas,ch,cvz,snz.st>

=Hs/.33333S

CALL PROCOM(TSS..OIODGS,CPB.CVS,GMS,HSS)

H3=H35/,666687S

FG3= 442085+ ,346TAS*GM3

VDBLI:((Sc(6)*FGB*P3)/SSQRT(T3))/.Slllis

UDBLQ:((SC(1)*FGS*PB)/SSQRT(TS))/.Slllls

UDOVB:((Sc(S)tFGS*PS)ISSQRT(TS))/.SGOIUS

1F ¢, NOT.SUPERY GO TO 33

PRF1S=(SC(E67)*P21) /P2

CALL TRAT(PRF1S,.78808S,TRF!)

721=((.25l|OS#TRFl/SC(99)+.2!!!l$)*T2)/.20lle

T218=,208005xT21

CALL PROCOM(TzlS,.OOODOS,CPZI,CVZ],GM2I.H2!S)

Ri1=R15/,333338

IF(TURBJI) GO TO 98

CALL lOZZL(le,PS.SC(S).FIBL.FZBL,PSBL)

UDBLC:((PzI#FIBL*ABLC)/SSQRT(TZI))/SC(!O)

WDB= (SSQRT(P3=P4))/SC(11)

FARA= (SC (12)*VWDF)/WDB

CALL PROCOM(TA,FAR4,CP4,CVA,BM4,HAS)

HA=HAS* , 6084105

MN=1

IF(TURBJ! ,OR ,SUPER) MN=3

IF(MN EQ.3) GO TO 93

gALL"FNCMP(I.P2,T2.H2.P21,121,PCNF!,VDF!.HZ!P,TRQF!,PRF!,FPF!)
N=MN+1

CALL FNCHP(Z,le.Tal,R21,PS,TS,PCNC,HDC,HSP,TRQC,PRC,FPC)

1F ¢, NOT ,HBPR) GO TO 96

1FC¢ABLS.LE, . 08881S) GO TO 96

UDBLS=(ABLS*SSQRT(P2l-SC(SB)*Psz))/Sc(99)
1F¢,NOT .SUPER) GO TO 97

UDF!:HDC#SC(47)+VDBLC*SC(49)+VDBLS*SC(!ll)

TRQF!:(((HZI-HZ)ISC(SI))*VDFI)/PCNF!

MN=MN+1

XDAC=WDF1

G:L; TURB(I,PA,TA,HA,PS,PCNTI,WDTI,HSP,TRQTI)

MN=MN+]

FAR5:(FAR4*.5!IG!S)/(.5ﬂlocs+(.SOQDOS+.IZSIIS*FARA)#SC(lS)t

] WDBLI/WDTI)

CALL PROCOM(TSS,FARS,CP5,CV5,GM5,H5S)

H5=HS5S%x,T5888S

1F (. NOT.TURBJI) GO TO 168

T6=18/,625808S

TGSz 500885%TE

FARE=FARS

P&=PS

GO TO 118



198 CALL TURB(z,PS,T5.H5,P6,PCNT2,UDT2,HGP,TRQTZ)
MN=MN+]
FARs:(FARS*.leGIS)/(.5oolos+(.Sll!ls+.025IQS#FARS)*SC(l4)*
| WDBL2/WDT2)

116 CALL PROCOM (T6S ,FARE,CPE,CVE,GME, HES)

H6=HES/ .83333S
CALL NOZZL(PG.PT,SC(!S),FlNl,FZNl,PSNl)
VDN1= ((PExFINI1*AN1) /SSQRT(TE))/SC(16)

148 1FC,.NOT .HBPR) GO TO 215
CALL PRocontrszs..luolos,cpsa,cvsz,ensz,uszs)
H32:=H32S/,.33333S
CALL PROCOM(TSSS,.OOOGOS,CP35,CV35,GM55.H35S)
H35:=H355/,.,33333S

CALL FNCMP(3,P2,T2,H2,P32,T32,PCNF2,WDF2,H32P,TRAF2,PRF2,FPF2)

IF (. NOT.SPLIT) GO TO 158
WDFT=WDF2
TRQFT=TRQF2
WDF2= (WDFT=SC (59)%WDF] ) /SC (68)
TRQF2:= (SC (68)#TRQFTAWDF2 /WDFT) /SC(8T)
158 XDAC=VDF2 |
CALL NOZZL(P35,P7,SC(17),F1N2,F2N2,PSN2)
WDN2= ((P3S&F ] N2#AN2) /SSQRT (T35))/5C(18)
199 WDV3=(SSGRT(P32-P35))/SC(28)
193 DW32=VDF2-WDV3+WDBLS*SC(189)
T32DN: (H32P#WDF2=H324WDV3+H2 | «WDBLS#SC (188))/CV32-T32+0W32
DW39=¥WDV3-VDK2
T35DN= (H32#WDV3- H35*WDN2) /CV3S~T35%DW33
IF(MIX) GO TO 288
TAUNI= (VDN I#F2NI+SSQRT (CPE+T6))/SC (37)+(AN1x (PSN1=SC(13)#
1 P7))/5C(38)
TAUN2= (WDN24F2 N2 AGSQRT (CP3S#T35) ) /SC (19)+CAN2# (PSN2-SCLI TH*
t P7))/5C(28)
IF(STRM3) GO TO 218
TAUT=SC (24)*TAUNI+SC (52)*TAUN2
60 TO 228
288 FAR7= (FARGH.S80005)/(, SO888S+(, 500085+, 0258 0S#FARE)/(SC(2T)*
1 WONI/WDR2))
CALL PROCOM(T?S,FART,CP7,CVT,GMT,H7S)
H7=H7S/,833338
CALL NOZZL(P7,Ps,SC(28),F1N3,F2N3,PSN3)
WDNS= ( (PT#F 1 N3#AN3) /SSQRT(T7))/SC(29)
TAUNS= (VDN3XF2N3#SSQRT (CPTAT 7)) /SC (38)+(AN3*(PSN3-SC(28)*
1 P8))/SC(31) '
206 DWT=-WDN3+SC (34)*WDN1+SC (35)*WDN2
TTDN= (., 4809 0S+SC (35)%H I5HWDN2+SC (34) *HE*WDN 1 ~HT#WDN3)
1 /CUT-TTDVT
IF¢STRM3) GO TO 214
TAUT=TAUN3
G0 TO 228
218 CALL NOZZL(P22,P8,SC(9),FINA, F2NA,PSNA)
211 CALL PROCOM(T22S,,0880885,CP22,CV22,6M22,H22S)
H22=122S /,33333S
WDNA= ¢ (P22xF1NA%ANA) /SSQRT (T22))/SC(21)
WDV2= (SSQRT (P2 1-P22)) /SC (89)
DW22:WDV2-YDNA
T22DN= CH2 | xWDV2- 2 2%WDNA) /CV22-T224D W22
IF (. NOT . HBPR) GO TO 219 e
TAUNA= (WDNAXF2NAXSSQRT (CP224T22) ) /SC (22)+( ANAR (PSNA=SC(9)*
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! P8))/SC(23)
IF(MIX) GO TO 212
TAUT=SC (24)#TAUN]+SC (25)*TAUN24SC (26)#TAUNA
GO TO 227
212 TAUT=SC(36)+TAUN3HSC (26)*TAUNA
G0 TO 227
215 IF(TURBJ!,0R . TURBJ2) GO TO 229
CALL NOZZL(P22,P7,8C(3),FINA,F2N4,PSNA)
60 T0 211
219 IF(MIX) GO TO 222
TAUNAz (WDNAXF2NAXSSQRT (CP22%T22) ) /SC (22)+ (AN A% (PSN4=-SC(3)*
1 P7))/SC(23)
000 TAUN]= (WDNI#F2N1ASSQRT (CPEATE))/SC(3T)+(ANI*(PSN1=SC(15)*
1 P7))/SC(38)
TAUT=SC (24)*TAUN1+SC (26)*TAUNA
GO TO 227
292 FART=(FARG*.500085)/(.50000S+(,500085+,82508S*FARE)/ (SC(2)*
1 WDN1/WDNA))
CALL PROCOM(T?S,FAR7,CP7,CV7,8M7,HTS)
H7=H7S/.833338
CALL NOZZL(P7,P8,SC(28),FIN3,F2N3,PSN3)
WDN3= ((P7%F1 N3#AN3) /SSQRT(T7))/SC (29)
TAUN3= (WDN3#F2N3XSSQRT CCP7#T 7)) /SC (38)+(AN3X(PSN3=5SC(28)*
1 PB))/SC(31)
DW7=-WDN345C (34)*WDN1+5C (33)*WDN4
TTIDN=C.ABBBESHSC (33 ) %H224WDNA+SC (34)KHERWDNT = HTHWDN3I) /CVT~T 7#DW7
TAUT=TAUN3
227 IF(TURBJ1) 80 TO 238
IF(TURBJ2) GO TO 228
WDOUT=SC (A8)*WDV2
60 TO 229
228 WDOUT=,860008S
229 IF(SUPER) GO TO 236
DW21=WDF 1 ~SC (A7 )*WDC =WDOUT=S5C (49 )*WDBLC-SC (1#1)#WDBLS
121 DN CH2 1 P& WDF | = H2 1 % (SC (47 ) xWDC+WDOUT+SC (49 )% WDBLC+SC (1 81 )
1 WDBLS))/CV21-T212DW21]
230 DW3zWDC-WDB-SC ¢39)*WDBL 1=SC (A#)*WDBL2-SC (41 )*WDOVB
T3DN= (H3P+WDC-H3% (WDB+SC (35 )%WDBL 1 +SC (48 )*WDBL2+SC C41)
1 *WDOVB))/CV3~-T34DW3
TAB= (,AB880S*T3-TA)*SC (42)+T4
CALL PROCOM(TAB, .88084S,CPAB,CVAB,GMAB,HABS)
HAB=HABS* ,68888S
DWA=WDB -WDT 1+SC (44) %WDF
TADN= (HAB*WDB+SC (43 )*xWDF-HA*WDT 1) /CVA-T A%DWA
IF(TURBJI) WDT2:WDNI
DWS5=WDT 1-WDT245C (39)*WDBL |
TS5DN= CHSPAWDT 1 +SC (A5) xH 3xWDBL 1 - HS*WDT2) /CVS= TS5 %DWS
IF(TURBJI) GO TO 235
DWE=WDT2-WDN1+SC (A8)*WDBL2
TEDN= (HEPXWDT2+SC (46)*H 3£WDBL2-HE*WDN 1) /CV6-TE+DVE
235 DTQTI=TRQT!-TRAC
DTQT2=TRQT2=SC (58)*TRAF1=SC (51 )*TRAF2
Cy*ax*TEST FOR SCALED FRACTION OVERFLOW
IFC.NOT LERR(13)) GO TO 258
CorsrexTEST FOR OPERATE MODE
CALL QRAMI(MODE)
IF(MODE ,£Q.4) CALL QSHCIERR)
TYPE 249
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240 FORMAT(24HSCALED FRACTION OVERFLOW)
PAUSE
ISF=¢
IF(MODE,EQ.4) CALL QSOP(IERR)
258 1F(,NOT ,SENSW(1)) GO TO 37¢
Caxkk TYPE CURRENT VALUES
Cx%xkxTEST FOR OPERATE MODE
CALL QRAMI(MODE)
IF(MODE,.EQ,4) CALL QSH(IERR)
268 TYPE 27¢
270 FORMAT(5X,A3H WDFI wDC wDB
TYPE 288 ,WDF!,WDC,WDB,WDT1,WDT2
288 FORMAT(3X,5(S7,2X)/)

TYPE 2980

290 FORMAT(SX,43H WDN1 WDN2 WDN3
TYPE 288,WDN1,WDN2,WDN3,WDN4,WDF2
TYPE 309

388 FORMAT(5X,43H P2 P21 P35
TYPE 284,P2,P21,P35,P3,P4
TYPE 318

318 FORMAT(5X,43H PS P§ P7
TYPE 288,P5,P6,P7,P22,P32
TYPE 3286

320 FORMAT(5X,43H T35 T3 TA
TYPE 286,T735,T73,T4,T5,T6
TYPE 336

338 FORMAT(5X,A3H T7 T2 T21
TYPE 280,T7,T2,T21,TAUN], TAUN2
TYPE 348

348 FORMAT(SX,43H TAUN3  WDF PCNT!
TYPE 288,TAUN3,WDF,PCNT],PCNT2,PCNF
TYPE 358

358 FORMAT(5X,43H PCNF2  PCNC AN
TYPE 288,PCNF2,PCNC,AN1,AN2,AN3
TYPE 369

366 FORMAT(SX,A3H ANA ABLC ABLS

TYPE 288,ANA,ABLC,ABLS,TAUNA,TAUT
IF(MODE ,EQ.4) CALL QSOP(IERR)
CxlkokkO UTPUT TO ANALOG AND RETURN
378 CALL QVBDAS(TleN #,24,1ERR)
CALL &stDA ;
GO TO A8  -p=.
END -

GENERALIZED FAN AND COMPRESSOR SUBROUTINE VERSION 11

WDTI

WwDN4A

P3

p22

T5

TAUNI

PCNT2

ANZ

TAUNA

wDT2 )

WDF2 )

P4 )

P32 )

T6 )

TAUN2)

PCNF1)

AN3 )

TAUT )

R
SUBROUTINE FNCMP(N,PIN,TIN,HIN,POUT,TOUT,SPD,FLO,HOUTP,TORQ,PR,FP)
SCALED FRACTION PIN,TIN,POUT,TOUT,SPD,FLO, TOUTP,CPOUT,
1 CVOUT,BMOUT,TORQ, PR ,FP.K,TTERM,SSQRT, NP, MAPFUN, TAV, CP,
2 CV,0M,TR, TOBTS, TINS ,SCC125) ,XVALS(10,8,12),YVALS(8,125,
3 ZVALSC10.8,12) ,EFF, NIN,HOUTP, HS ,HOUTS ,KH, PRS
COMMON/MAPS /XVALS, YVALS ,ZVALS, 1X €12 ,JY (12, NX (12 ,NY(12)

COMMON/AZ/SC/BZ/MN
PR= (SC(N+66)xPOUT) /PIN+SC(N+91)
TTERM=,78711S%SSQRT(SC (N+69)*TIN)

E;g'f&.:
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NP=( . %80 808S*SPD)/TTERM
FP=MAPFUN(MN,PR,NP)
MN=MN+I]
EFF=MAPFUN(MN,PR,NP)
FLO=(SC(N+T2)%FPxPIN)/TTERM
1IF(N.,EQ.2) GO TO 1é¢
K=,208088S
KH=,33333S
TINS=TIN
GO TO 29¢

160 XK= ,40008S
KH= ,66667S
TINS=,58P88SxTIN

288 TAV=Kx(TOUT+SC(N+75)*{TINS-TOUT))
CALL PROCOM(TAV, .#0888S,CP,CV,GM,HS)
PRS= (SC(N+78)%POUT) /PIN
CALL TRAT(PRS,GM,TR)
TOUTP= ((SC(N+94)*TR/EFF+ ,28888S)%TINS)/,28848S
TOUTS=X*TOUTP
CALL PROCOM(TOUTS,.llOlOS,CPOUT,CVOUT,GMOUT,HOUTS)
TORQ= ( (FLO* (HOUTS=- . 33333S*HIN)Y)/SPD) /SC(N+81)
HOUTP=HOUTS/KH
RETURN
END

GENERALIZED TURBINE SUBROUTINE VERSION II

SUBROUTINE TURB(N,PIN,TIN,HIN,POUT,SPD,FLO,HOUTP,TORQ)
SCALED FRACTION PIN,TIN,HIN,POUT,SPD,FLO,HOUTP,TORQ,PR,FP,HP, K1,
! TTERM,SSQRT, NP,MAPFUN,DHT,SC(125) ,XVALS (18,8,12),YVALS(8,12),
2 ZVALS(10,8,12)

C OMMON/MAPS 7XVALS , YVALS ,ZVALS, IX(12),JY(12) ,NX(12) ,NY(12)
C OMMON/AZ /5C /BZ /MN

TTERM=SSQRT(TIN)

PR= (SC (N+532)%POUT) /PIN

NP= (SC (N+S4)*SPD) /TTERM/ 580885

FP=MAPFUN(MN, PR, NP)

MN=MN+1

HP=MAPFUN (MN,PR ,NP)

FLO=( (FP*PINASPD) /TIN)/SC (N+56)

IF(N.NE.1) GO TO 108

Klz,20800S

GO TO 208

168 K1=,62508S
280 DHT=(HP*SPD*TTERM)/SC (N+68)

HOUTP= (HIN=5C (N+62)+DHT) /K1

TORQ:= ¢ (SC (N+64) *DHT*FLO) /SPD) /588885

RETLRN

END
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24

30
A0
56

At

59
&f

GENERALIZED CONVERGENT NOZZLE SUBROUTINE VERSION II

SUBROUTINE NOZZL(PIN,POUT,A,F1,F2,PS)
SCALED FRACTION PIN,POUT,A,F1,F2,PS,PR
INTEGER ERRFLG

PR= (A%POUT) /PIN

IFCPR.LE,.53685S) GO TO 19

PSzA*POUT

GO TO 2¢

PRz ,93685S

PS=PR*PIN

CALL NRMPN(PR,PRN,ERRFLG)
IF(ERRFLG,NE.1) GO TO 38

CALL CLCFN(PRN,F2)

CALL CLCWN(F1)

GO TO 586

TYPE 49

FORMAT (26HNOZZLE INPUTS OUT OF RANGE)
RETURN

END

PROCOM = CP, CV, GAMMA, & H CALCULATIONS

SUBROUTINE PROCOM(T,FA,CP,CV,GAM,H)

SCALED FRACTION T,FA.CP,CV,GAM.H,CPA,HA,AMH,R,TD,CPF,HF
1F(T.GE, ., 46888S) GO TO 548

IF(T.QE,.24688S) GO TO A®#

CPA= ,A80685~(,124645-T/,98246S)*T

HA= . 081765+(,565585+,14075S*THI*T

GO TO 69

CPA= ,A8528S+(,52545S~=,38182S*T)»T

HAZ ,0011954(,562985+,16150SxT)*T

GO TO 68

CPA= ,AG863S+(,38024S~,15378S*T)*T

HAz= 018785+ ,64968S+,06T788SATI%T

AMW= ,57948S~,808905%FA
=, 87945S/AMVW

TD=,76688S-T

CPFz,93338S=(,29350S+,21758S*xTD)*TD

HF == (8336554 ( 636245+ ,38625S*T ) *T

Hz ( L6666 TSkHA+ , 0666 TS*HF*FA) /(,500805+,82588SkFA)

gP:é.g!OO!S*CPA+.OSOOGS*CPF*FA)/(.BGDDOS+.OAOOOS*FA)
V=CP-R

GAM= ,50880S%CP/CV

RETURN

END
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CankxTWO-SPOOL ENGINE ISENTROPIC TEMP RATIO CALCULATIONS

SUBROUTINE TRAT(PRC,GAM,TR)
SCALED FRACTION GAM,TR,PRC,S,C,TRC
INTEGER ERRFLG
REAL XN
150 IF(GAM,.GE,,67508S) GO TO 360
1F(PRC.GE,.33333S) GO TO 248
Sz .585265+,77229S%PRC~ ,951 64S*PRC*PRC
GO TO 788
288 S=,587455+,23850S*PRC-, 199 #8S*PRC*PRC
GO TO 768
388 IF(PRC.GE,.333335) GO TO 48P
= 4591 1S+ ,89475S*PRC~ (PRC*PRC) /7, 928955
GO TO 708
A90 Sz .552155+,29319S*PRC=-,10919S*xPRC*PRC
788 C=((.67500S-GAMI*S)/ 825005
CALL NMXTR(PRC,XN,ERRFLG)
IF(ERRFLG.NE,1) GO TO 868
CALL CLCTRC(XN,TRC)
GO TO 999
808 TYPE 856
850 FORMAT (24HTRAT INPUTS OUT OF RANGE)
GO TO 1089
980 TR=(TRC* (. B0808S=-,16080S4C)) /. 88000S
1080 RETURN
END

NOZZLE PRESSURE RATYO NORMALIZATION

SUBROUTINE NRMPN

SCALED FRACTION BRKPT(14)

DATA BRKPT(1),BRKPT(2),BRKPT(3),BRKPT(4) ,BRKPT(5),
! BRKPT(6) BRKPT(7),BRKPT(8),BRKPT(S),BRKPT(18),
2 BRKPT(11),BRKPT(12),BRKPT(13),BRKPT(14)/,00808S,
3 .10808S,.,20008S, ,30006S,.40000S,,56080S,,53685S,
A .60800S,.79000S, 800085, .850865,,980805,,95808S,
5 .99999S/

CALL VBNS(BRKPT(!),BRKPT(14) ,BRKPT(6))

RETURN

END

NOZZLE THRUST-VELOCITY CALCULATION,GAMMA=1,35

SUBROUTINE CLCFN

SCALED FRACTION T(14)

DATA T(1),T(2),T¢3),T(4),T(5),T(6),T(T),T(8),T(9),

1 TC18),TC11),TC12),TC13),T(14)/,99999S,.67846S, 584885,
o .51788S, .45983S, ,405575, 385925, .352195,,297195,

3 .237895,.203125,.16415S,.11494S,,00000S/

CALL FNGNICT(1))
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RETURN
END

NOZZLE FLOW CALCULATION AT GAMMA=1,35

SUBROUTINE CLCWN

SCALED FRACTION G(14)

DATA G(1),G(2),G(3),6¢4),G(5),6(6),6(7),6¢(8),G(9),
1 GC18),6¢11),6(12),G¢13),6(14)/,67614S,,67614S,

2 676145, .67614S,.67614S, ,67614S, ,67614S,,67804S,

3 .63379S,.55818S, 588185, ,42169S,,30732S, 008085/

CALL FNLK!(GC1))

RETUR N

END

ISENTROPIC PRESSURE RATIO NORMALIZATION

SUBROUTINE NMXTR ,

SCALED FRACTION XLOLIM,XHILIM, XINTVL

DATA XLOLIM,XHILIM,XINTVL/,.86667S,.99388S,,00667S/
CALL CBNS(XLOLIM,XHILIM,XINTVL)

RETURN

END

ISENTROPIC TEMPERATURE RATIO CALCULATION

SUBROUTINE CLCTR

SCALED FRACTION T(148)

DATA TC1),T(2),T(3)/,.88088S, 82881S,.083872S/
DATA T(4),T(5),T(6)/.05631S,.87292S,,8RB68S/
DATA T(7),T(8),T(2)/,18367S,,11799S,,13169S/
DATA T(18),TC11),T(12)/,14484S,,.15749S,,16967S/
DATA TC13),T(14),T(15)/,18144S,,19282S,,203845/
DATA T(16),TC17),T(18)/,214525,,22489S,,234965/
DATA T(19),T(28),T(21)/,24477S5,.25432S,,263625/
DATA T(22),T(23),T(24)/,27270S,,.,28157S,.298235/
DATA T(¢25),T(26),T(27)/.29878S,,30699S,,31511S5/
DATA T(28),T(29),T(38)/,323065,,33885S,,33849S/
DATA T(31D,T(32),T(33)/,34599S,.35335S,,36857S/
DATA T(34),T(35),T(36)/,36768S,,37466S,,.381525/
DATA T(37),T(38),T(39)/,38827S,,394925,,40146S/
DATA TCA#),TCA1),T(A2)/,48790S,,414245,,420495/
DATA T(A3),T(44),T(45)/,42665S,,43272S,,43871S/
DATA T(46),T(AT),T(A8)/,44462S,,450455,,45620S/
DATA T(49),T(58),T(51)/,46187S,,46748S,,47381S/
DATA T(52),T(53),T(54)/,47848S,,48388S, ,489225/
DATA T(55),T(56),T(57)/.,49449S,,49971S,.50486S/
DATA T¢58),T(59),T(68)/,509965,,515085,,51999S5/
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DATA T(61),T(62),T(63)/.524928,,52988S,,53463S/
DATA T(64),T(65),T(66)/,53941S,,54414S,,5483S/
DATA T(67),T(68),T(69)/,553475,,558607S, .562625/
DATA T(78),T(71),T(72)/,56712S,,57159S,.57601S/
DATA T(73),T(74),T(75)/.58040S,,58474S,,58905S/
DATA T(76),T(77),T(78)/,59332S,,597758,,60174S/
DATA T(79),T(88),T(81)/,605908,,61083S,,614128/
DATA T(82),T(83),T(R4)/,61818S,,62220S,.62619S/
DATA T(85),T(86),T(87)/.63815S,,63408S,,63798S/
DATA T(88),T(89),T(96)/,64185S5,,645695,,64958S/
DATA T(S1),T(92),T(93)/,65328S,,65703S,.668765/
DATA T(S4),T(95),T(96)/,.66446S,,66R13S,,.67178S/
DATA T(97),T(98),T(99)/,67540S,,67988S,,68257S/
DATA T(186),TC101),T(182)/.68612S,,68964S,,69314S/
DATA T(183),TC104),T(185)/,69661S,,78087S,,70358S/
DATA T(106),TC187),T(108)/,70690S,,718295,,71366S/
DATA T(189),TC118),TC111>/,71788S,,72832S,,723625/
DATA T(112),T(113),T(114)/,72691S,,73817S,,73341S/
DATA TC115),TC116),T(117)/,736635,,73983S, 743025/
DATA T(118),T(119),T(120)/,74618S,,74933S,,75246S/
DATA T(121),T(122),T(123)/,75557S,,75866S,,76174S/
DATA T(124),TC125),T(126)/.764868S,,76784S,,77887S/
DATA T(127),T(128),T(129)/.77328S,,77687S,.77984S/
DATA T(1360),T(131),T(132)/,78288S,,78575S, . 7RR68S/
DATA T(133),TC134),T(135)/,79159S,,79449S,,79737S/
DATA T(136),TC137),T(13R)/.80824S, ,20349S, 885035/
DATA T(139),T(148)/,80876S,,211575/

CALL FNGNICTC1))

RETURN

END

SCALED FRACTION MAPFUN (186,8,12)

SCALED FRACTION FUNCTION MAPFUN(N,XIN,YIN)
SCALED FRACTION XIN.Y!N,Y!NCR,XHI,XLO,XFRAC,ZL,ZR.YI,Yz,
1 MAPFUN,XVALS(!I,B,lz).YVALS(B,!Z),ZVALS(I!,S.lz)
COMMON/MAPS/XVALS,YVALS,ZVALS.IX(lZ),JY(!Z),NX(12>.NY(!2)
NYC=NY(N)
NXP=NX(N)
I=IX(N)
J2JY (N
188 Yi=YIN-YVALS(J,ND
IFC(Y! ,GT, . 080888) GO TO 119
IF(Y! .,EQ,,.00800S) GO TO 128
IF(J.LE.1) GO TO 588
J=J=1
GO TO 108
118 Y2=YIN=YVALS(J+!,N)
IF(Y2,LT,..00880S) GO TO 1498
IF(Y2,.EQ,.008866S) GO TO (3¢
J=J+1
IF(J.GE.NYC) GO TO 50¢
Yiz-Y2
GO TO 11¢
128 YINCR= 0860808
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GO TO 26¢
138 YINCR=,99999S
GO TO 2¢¢
148 YINCR=Y1/(Y1=-Y2)
208 XLO=XVALS(I,J, M)+YINCR*(XVALS(1,J+1,N)=XVALS(I,J,N))
IF(XIN,GT.XLO) GO TO 229
IF(XIN,EQ.XLO) GO TO 2348
IF(I.LE.1) GO TO 588
1=1-1
GO TO 2¢0¢
2240 XHI:XVALS(I+I.J,N)+YINCR#(XVALS(I+!,J+!,N)-XVALS(I+!,J,N))
IFC(XINLT.XHI) GO TO 368
I=1+!
IF(XIN,EQ.,XHI) GO TO 238
1F(¢1.,6E.NXP) GO TO 508
XLO=XH1
GO TO 228 -
23¢9 MAPFUN:ZVALS(I,J,N)+Y!NCR*(ZVALS(I,J+I.N)-ZVALS(I.J,N))
GO TO A08
300 ZR:ZVALS(I+I.J,N)+YINCR*(ZVALS(I+!,J+1,N)-ZVALS(I+!,J.N))
ZL:ZVALS(I,J,N)+YINCR*(ZVALS(I,J+I,N)-ZVALS(I,J.N))
XFRAC= (XIN=-XLO)/(XHI-XLO)
MAPFUN=ZL+XFRAC* (ZR-ZL)
Af8 IX(NO=1
JY(N)=J
RETURN
598 CALL MOOR(N,XIN,YIN)
RETURN
END

MAP OUT OF RANGE ROUTINE (MOOR)

SUBROUTINE MOOR(N,XIN,YIN)
SCALED FRACTION XIN,YIN

CevesoTEST FOR OPERATE MODE
CALL QRAMICILOC)
IFC(ILOC.EQ.4) CALL QSH(IERR)
TYPE 680,N,XIN,YIN

608 FORMAT(/THMAP NO.,13,28H INPUTS OUT OF RANGE/6WXIN = ,S7,

! 8H YIN = ,877)
PAUSE
IF(ILOC,EQ,4) CALL QSOP(IERR)
RETURN
END
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APPENDKX F

SUMMARY OF SCALED EQUATIONS SOLVED ON ANALOG COMPUTER

t'
w2l = j;) C(1)*DW21 dt' + C(2)

tl
T21 =[ ca* I2DN 40, o)
0 w21
P21 = 10 *C(26)*W21*T21
t'
w3 =[0 10 *C(11)*DW3 dt' + C(9)
t' T3DN
T, =f 10 *C(12)x 13DN 40 L o(10)
0 W3
P3 = 10 *C(34)*W3*T3

t'
w4 =f 10 *C(15)*DW4 dt' + C(13)
0

t'
T, =[ S 10xc(1e)x TN 440, (1)
0 W4

(F1)

(F2)

(F3)

(F4)

(F5)

(F6)

(F7)

(F8)



P4 = 10 *C(38)* W4*T4

t'
W5 =f 10*C(19)*DW5 dt' + C(17)
0

t'
T5 =f 10 *c(20yx I2DN 4, c(18)
0 W5

P5 = 10 *C(41)*W5*T5

w6 =ft' 10 *C(23)*DW6 dt' + C(21)
0

t'
T = f 10 *C(24)x T6DN 44r 4 c(22)
0 w6

P6 = 10 *C(43)*W6*T6

t'
w17 =j C(33)*DWT dt' + C(35)
0

t'
T7 = [ csyx IPN 44 4+ C(49)
0 w17

P7 = 10 *C(36)*WT*T7

(F9)

(F10)

(F11)

(F12)

(F13)

(F14)

(F15)

(F16)

(F17)

(F18)
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t'
w32 =f C(29)*DW32 dt'+C(31) )
0

t'
T'32 =f c(46)x T32DN g+, c(an)
0 w32

P32 = 10 *C(32)*W32*T32

t'
w35 =/ C(25)*DW35 dt' +C(27)
0

t'
T35 = f C(44)+ T39DN 44+, o(45)
0 W35

P35 = 10 *C(28)*W35*T35

t’
w22 =j(; C(5)*DW22 dt'+ C(6)

t'
T22 =f c(ryx L22DN g4, o)
0 w22

P22 = 10 *C(30)*W22*T22

t'
PCNT1 =f C(37)*DTQT1 dt'+C(39)
0

/]

(F19)

(F20)

(F21)

(F22)

(F23)

(F24)

(F25)

(F26)

(F27)

(F28)



t‘
PCNT2 =jo C(40)*DTQT2 dt’ + C(42) (F29)

AN1 = C(56) (F30)
AN2 = C(54) (F31)
P2 = C(55) (F32)
WDF = C(57) + Output of controller (F33)
If SUPER="TRUE",
P21 = 10*C(52)* [C(51) + 10*C(50)*C(53)*PCNT2] (F34)
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APPENDKX G

COMPUTER LISTING OF TURBINE DATA CONVERSION PROGRAM

CIMENSTUON CHYC 1)) yNRT(C) yWRTP(L1C99) yATA(L1049) 4Fk{1G,9)
DIMENSTIN PP I(12),WRTP2UL12),FL1I12),F2({12)

CIVMENSION RATID(1CY9) yDHTLI1C,S) yWRTPLI10,9) yLWRT (10,9},
1 hTPN(lO,Q)'NRTFI(IO.G)yNRTFZlICyQ):LhRTC2(10v°l

REAL NRTSLWRT4NRTIFI,NRTF2,LWRTF?

NEMEL IST/FEAT/DHT/SPEEC/NP T/FLCW/WRTP/EFF/ETA
NAVELTST/PARAMI/FRLI/PARAM? fWRTP2

(F=,c855¢

CévM=1.321¢

REEC(E,FEAT)

REAC(ES,SPEEN)

RELC(E,FLCH)

REAC{S,EFF )

REAC(E,PARAM])

REAC(S,PARAM Z)

C
Crew==- PFINT TUKBINE DATA TARLL HEADING
C
WRITF(&y 1CC)
10C FORMAT(IF1,50X,18HTURBINE DATA TABLZ)
WRITE(E, 1C1)
101 FCFMAT(lFK,I4X,3HHPT//7X,3HBRT.5X,3HETA/ISX.QHhRTPIISX,ZHFP)
WRITECE, 1C2) (DHT(T),I=1,1C)
102 FCRMAT(IFK,14%,1C{FE.443X))
C
(~—-~—-CALCLLATE TURBINE PRESSURE RATIC
C
CC 2 J=1,6
1 I=1,10
CHCF=14/71.€15C¢€
ETTCF=.972¢4
PP(I.J)=(l.*DPT(I)/(CP*ETA(IpJ!*DHCF*ETTCF))**(GAP/(GAP-I.))
1 CCATINUF
¢
Cowem- PRINT TURBINE CATA TABLE
C
WEITECE) 1C2) NRT(J)y (ETA(I 4J),41=1,10)
102 FCRMATILIHK 4€XyF5.193X,1C(FEL4,3X)])
WRITE(GE, 1C4) (WRTP(1,4),I=1,10), (PR(I,4),1I=1,10)
104 FCRMAT(lHJpl4X.lC(F6.3,3X)/15Xy10(F6.4,3X))
¢ CCMNTINUE
C
(===--PFRINT TURBINE PRESSURE RATIC MAP HEARING
C
WP ITE(E, 1CF)
10% FCPMATILIH],45X,2€HTURBINE PRESSURE RATIO MAP)
WRITE(6, 1CE€)
10¢ FCPMAT([FK,I4X,2PPR/I?X93HhRT15X,3HDHT/15X;4HMFTF/15X.4HLNRT/15X'
L GFRTPN/ 14X, SHNR TF1/712%, EHLWRTF2 /14X SHNRTF2)
WFITE(€y111) (PR1I{K),K=1,12)
C
(=== INVERPOLATE TABLE FCR CCNSTANT PRESSURE RATICS

|



CC ¢ J=1,6
[c ¢ K=1,417
FfEe= PLL{K)
FI(K )= SCPY(1.,C~-PRg=PR2)
Felk)= SOETL1.C- PRL(K) *xx ({GAM ~1.0) / Giv))
TFO(PRIMK) OT. PR {1, J))eCRGIPRI(IK)LLTLFR(LC,4) 1)) ¢tC 7C 5
rec 3 =1|1C
IF(PRUKI=PR(T,J)) 3,y4,4
CCNT INUE
4 RETICIK,J)= (PR{I-1,4J)=PRLI{K))Y/(PRII-1L4JI=FR{I,4J})
CHTII(Kyd Y= DHT(I=-D)+RATIC(K, I *(DHT(T)-PHT (T-1))
WRIPI{KyJ)z wWRIP(I=14J) + RATIC(K,J) * (WRTID(T1,)) - WRTP(I-144))
L¥YPT(K,JS )= DHTI(K,J) /7 NRT(J)
WIPM (K, 1 )= WRTPL{K,J) /7 NRT(H)
NETFI(K, J )= NRT(OJ) / FLl{K)
NRTFZ(KyJ)= NRT(J) / F2(K)
LYRTF2IK,J)= LWATI(K,J) / F2(K)
CONTINUF
WEITE(E, 1CT) NRT{J), (DHTL(K,J) 4K=1,412)
107 FOCPMATILIFK 6 X4F5.143X%X,12(FE€.443¥%))
WRITE(E, LT1) (WRTPL(K,J),y, K=1,12) , (LWRT{K,J), K=1,12),
1 (WTPNI{K, )y K = 1,12), (NRTFL(KyJd)y K=1,412)y (LWRTF2(K,J),
2 K = ]112)' (NPTF2(K'J). K=1v12)
111 FCRMAT (1kJ, 12X, 12(F¢.2 $3X) /7 15x, 12(89.3) /7 15X, 12(Fb.4,
1 Zx) / 18%, 12(F €.1y 3X%) /7 15X, 12(77.6, 2¥) / 15X, 12(F6.1, 3X)}
€ CCNTINUE

(8]

AN

C
C=-=---PFRINT TUREINE FL3OW MAP HEADING
C
WRITEUE, 1CE)
LO€ FCRMAT(1H] 445X, 1EHTUSBINE FLOW MAP)
WRITE(E, 1CS)
106 FOCRMAT{ I+K, 14X 44HWRTP//T7Xy2HNRT,5X 43HNHT)
WRITE(Ey 11C) (WRTP2(K), K=1,412)
110 FCRMAT({IHK y14X,12(F€.3,2X))
C
(--=——1INTERPOLATE TABLE FCR CCASTANT FLCh
C
Ic 12 J=1,9
LC 12 K=1,12
CHI1MK, 4 )= C.C
12 CCNTINUE
CC 11 J=1,5
€C 1C K=1,12
TFI{WRTP 2(K) LT WRTP (1,4))aCR(WRTP2 (K}l T.WRTF(12,4,J))) CC TC 10
€C 7 I=1y1C
TF{WRTIP(I4J)I-WRTPZ(K)) T748,E
T CONTINUE
E TF{WPTP{I~14J)=WRTP(I,J)) G,410,9
S RATIO(Ky )= (WRTP(I-1,J)}~WRTP2(K))/(®WRTP(T-1,J)-WRTP(I,4)]}
CHY1(KyJ )= DHT(I-1)¢RATIC(K,J)*{DHT(I)-DHT (I--1)})
1C CCNTINUE
WRITE(E, 1CT7) NRT(JY}, (CHTL(K,J),K=1,12)
11 CCNT INUE
Si1ce
ErMC
$DAT S

125



tHEAT CFT(l): c(lvoC?QcCB?oCEE,-CQQ-C483y.CSS,.Cﬁy-C7IoJR$
ESPEEL NRTI1)=41,264453.€63457.9C,F06.1TyT4,%4,
TCeGRWA2,719C(a5C4C9.268
$FLOAN WRTP {1y 1)=€5.480.4y1C3491C7.911Ua2y
112.,114.6,11545,11603911543,
WFIP(142) =54.C484,.,58.,1C3.,1C7,,
11CeS59112e 91130 9ll4eyllB5ey
WFIF(1y3) =€F.,8249554,10C.,1C3.5,
1C8.,11C. 1,4111.5,112.8,113.3,
WRIP(144) =€€.+87.9624+958.,431C1.,
1C5.691CE8491CSa2,111.7,112.5,
WEIP{1y5) =€6G4982.951e15549G5E45
102.5,1C€.5,127.54911Ceylll.5,
WETP(196) =71.482.460.54%4.4997.,
1026224105491 CT74e4y1C8ayllla,
WETIP({1y7) =71.%,82.9SC459%3.5456.5,
LC2.+41C4491CFey10%% ,4,11Ca5,
WRTP{198) =754982.54%Ce1524196.,
1CCey 1C2.%541C44,10744109%
VF1P(1'Q) =76.,83-'GC-9€2-5'95-7
OCe91C2491C3e91C6.,107.5%
$EFF ETA(Ls1)= BBy eRE aTEyaTl ety

055'-551055'0551055’

ETA(L,2) = .82,.8G6,4.£7,.84,,.81,
0759071’.67'.61’.551
ETA(143) = .7%y.2E24.5034.%,.887,
wEEE W3y ELlEy . TEyeT5y
ET£(1'4) = .647.941.?0'-91'.913y
«9C3,y.8652y.8£2,.855,,835,
ETA(Ly5) = 55y ePCye€7T948S54,5C7y
09221 0916'-(.11lic-cl ’cgg'
ET12(146) = .52y, 7%5,.E45,.86,.857,

+G18yeG2549e52294S134.505
E1A(l'7) = 0501-73'-E4,-865’-891
2519625905259 45184.91,

ETA(148) = ,454.74.84.£235,,86,
eB8S2)eSCT7145229e%3 952
ETA(I'Q) = .451.651076'.89o825,

« 868y s FG2,450294S6254.525%
$PARAM ] pFl(1)=-11.2'-3'-4).5.-69.7,.75poﬂ'085'.Q'.qqﬂ
SPARAML WRTIP2( 1)1=5049€Cay7Cey8Ce 919044954,
10Ce9102.2910CEap1CTua5911Cay115.%
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APPENDIX H

TURBOFAN FUEL CONTROL SIMULATION

In order to investigate the dynamics of turbojet and turbofan engines, it is often
necessary to simulate the engine fuel control system, as well as the engine. The use of
the HYDES program dictates that the fuel control be simulated on the analog computer.

A portion of a proposed fuel control was simulated on the analog computer to allow
transient variations in the operating point of the selected turbofan engine. The primary
function of the control is to maintain the low-pressure-turbine rotor speed Nt2 ata
demanded value Ntz, dem" Figure 16 illustrates, in block diagram form, the operation
of the speed control loop.

The measured speed Nt2, m is subtracted from the demanded value, which is
scheduled as a function of power lever angle « and inlet temperature Tz, m’ The error
is amplified and then reduced by the output of a derivative-plus-lag circuit whose input

a
— | Low-pressure Nt2,dem K
turbine rotor 3
— =] speed schedule | + N’(Z,des
T2,m
|
N2, m
YrB KgS
S +1)
+ MIN Ks Valve WF
- circuit 3 characteristic _——
YF To engine
“t2
1 €accel
i From acceleration
schedule error
Figure 16. - Turbofan low-pressure-turbine rotor-speed control.
. ¥i
a W F,accel
N Acceleration | @ F.accel Inverse valve N
“'mr_.. schedule Multiptier characteristic (Ei) -
2.1,m
? P3,m : Yr
1 1
—— Ke
To MIN circuit

Figure 17. - Turbofan acceleration control.
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is fuel valve position Y- The feedback provides proportional-plus-integral dynamics
between the valve position and the speed error. For near-steady-state conditions, the
MIN circuit (output equals smallest of its inputs) transmits the speed error signal to
the fuel valve servomechanism,

In order to combine fast thrust increases with overtemperature and compressor
stall protection, an acceleration schedule feature is included in the control and is illus-
trated in figure 17. 7

A sudden increase in the power lever angle & causes a corresponding increase in
the speed error signal. The MIN circuit then transmits the acceleration error signal to
the fuel valve servomechanism. An acceleration schedule parameter ¢ is scheduled as
a function of @ , high-pressure-turbine rotor speed Ntl, m’ and compressor inlet
temperature T2. 1, m’ The output of the acceleration schedule is multiplied by compres-
sor discharge pressure to determine the acceleration fuel flow and corresponding valve
position. The amplified position error is then transmitted to the fuel valve servomech-
anism, giving a first-order lag response of valve position to the command acceleration
position. The engine then accelerates along the acceleration schedule until the speed
error signal becomes smaller than the acceleration position error signal.

Physical limits are built into the valve position. That is yF, min <YF SyF, max’
The speed control feedback signal (fig. 16) is also limited to YFB, min < YFB <YFB, max’

For the turbofan transient demonstration, the low-pressure-turbine rotor speed
demand Ntz, dem Was ramped from its initial value to the final value in 50 milliseconds
(5 sec computer time). The acceleration schedule was fit by a function of compressor
inlet temperature and speed. The following equations were implemented on the analog

computer:
¢ .
t
t
Ty i,m~ 2[0 (Tg,1 - To1,m 4 + Ty 4 (H3)
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t R, W, .T, -
A73,i73,i
P,  =50| (P, - P dt 13, (H4)
3, m fO ( 3 3, m) M V3
W= 4,653 (yp + 0.0846)% (H5)
“t2
t
accel
2591
‘2 T (Ntz, dem - Nta, m) - YFB (H7)
t2, des
18 014[t ; YFB ) 4 (H8)
y = 10, Yr -
FB o\"F  9.007
€accel = 33 OO(YF,accel - Yp) (H9)
W 1/2
F, accel
y = | 8cCe (H10)
F, accel 4. 653
P
. 3,m
w = (H11)
F, accel 3600
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N T T
oo [k, &3 t1, m std 0.3124 +0.6895 —2:1, ™
@ N T T
t1, des 2.1, m std

(H12)

K¢> , nom =-5.4
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