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SUMMARY

A rapid computer program for the calculation of the design and the off-design
performance of a turbojet or turbofan engine is described. The program is
designed to be run in a stand-alone mode or operated within a larger program
such as ACSYNT, an aircraft synthesis program for preliminary design, which is
in use at Ames Research Center. The computation is based on a simplified one-
dimensional gas turbine cycle. Each component in the engine is modeled thermo-
dynamically. The component efficiencies used in the thermodynamic modeling
are scaled for the off-design conditions from input design point values using
empirical trends which are included in the computer code. The engine cycle
program is capabie of producing reasonable engine performance prediction with
a minimum of computer execute time. The current computer execute (CPU)} time
on the IBM 360/67 for one Mach number, one altitude, and one power setting is
about 0.7 seconds.

The principal assumption used in the calculation is that the compressor is
operated aiong a line of maximum adiabatic efficiency on the compressor map.
The fluid properties are computed for the combustion mixture, but dissocation
is not included. The procedure included in the program is only for the com-
bustion of JP-4, methane, or hydrogen; however, modifications are possible
which would allow the calculation for any hydrogen, carbon, or hydrocarbon.
Sample input and output listings are included.

INTROGDUCTION

The design of advanced aircraft requires the consideration of many parameter
variations in order to arrive at an optimum design for a particular mission or
group of missions. These design studies are traditionally done using many
Targe, separate computing programs that consider the various disciplines in a
noninteractive sense. However, recent rapid advances in computer technology
allow use of the computer to automate the early conceptual design of airborne
systems. The desire to use the computer for aircraft conceptual design
generates the need for a rapid, accurate means of calculating the performance
of the propulsion system. This report is oriented toward satisfying this need.



The most detailed gas turbine cvcle analyses for desian and off-design
performance are GENENG (GENeralized ENGine) (refs. 1 and 2) which was developed
from SMOTE (Simulation of Turbofan Engine) (ref. 3) and NNEP (Navy-NASA Engine
Program) which was derived from NEPCOMP (refs. 4 and 5, respectively). These
programs perform a detailed flow and performance match of the compressor and
turbine for each desired operating point. This matching requires the use of
detailed compressor and turbine performance maps and a means of matching the
compressor and turbine performance at each operating point. These programs

run in slightly less than 10 seconds per Mach number, altitude and power setting
on an IBM 360/67.

Waters (ref. 6) has published a description of a design or off-design gas
turbine cycle analysis. This analysis has an empirically determined effect

of compressor speed variation upon off-design compressor pressure ratio, but it
does not consider the effect of off-design operation on the various component

efficiencies.

Yanco (ref. 7) has published a design-point cycle calculation. This work does
not consider the off-design case, nor does it have the built-in capability to
size the engines for a particular mission requirement.

The computer code presented in this report can compute the design or off-design
performance of a one or two spool turbojet or turbofan engine, with or without
afterburning or ductburning. It uses a compressor model which empirically
estimates the off-design pressure ratio and adiabatic efficiency of the com-
pressor. The efficiencies of the other engine components are alsc modeled
empirically. The gas properties are approximated using the polynomial approxi-
mations suggested by Vanco (ref. 7). The present program uses a model for the
off-design fan pressure ratio which eliminates the cycle iterations required
for matching the engine. Use of the presented program increase the computa-
tional speed by at Teast a factor of 10 when compared with other programs which
use cycle iterations. This computational speed is achieved at the expense of
decreased accuracy.

A comparison of the results of the computer program with the performance of
existing engines is included.

SYMBOLS
A flow area.(metersz, feet?)
BR bypass ratio
Cp specific heat at constant pressure (Joules/kg®k, BTU/1bmOR)
dp derivative of total pressure (Newton/meter?, 1bf/ft2)
f fuel air ratio by mass
g gravitational constant (meters/sec, ft/secz)



h specific total enthalphy (Joules/kg, BTU/1bm)}

HVF fuel Tower heating value (Joules/kg, BTU/1bm)}
J conversion factor (1.0 for SI units, 778 ft 1bf/BTU)
M molecuiar weight
N rotational speed (RPM)
p total pressure (Newtons/mz, 1bf/ft2)
PRCD compressor design pressure ratio
PRFD fan design pressure ratio
R universal gas constant (JouTle/kgmo19K, ft 1bf/1bmo®R)
RPM revolutions per minute
S entropy
SFC specific fuel consumption
T total temperature (°K, °R)
v velocity (meters/sec, ft/sec)
W mass flow (kg/sec, Tbm/sec)
th incremental enthalpy (Joules/kg, BTU/1bm) -
AS incremental entropy |
Ad incremental entropy function
n efficiency
SUBSCRIPTS:
1
2
3
station numbers (see figure 1)
5
6
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a initial

A/B afterburner

air air
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b final

B burner

comp ; compressor

design design condition

D/B duct burner

f fuel

j isentropic (or jdeal)
in into considered component
nozzle nozzle

0 free-stream

out out of considered component
ov overall

prim primary

prodict products of combustion
pro propulsive

R reference

s static

sec secondary (duct)

th thermal

t turbine

CYCLE DESCRIPTION

A schematic diagram of a general gas turbine engine cycle is shown in Figure 1.
The air enters the inlet with a resultant loss in stagnation pressure which is
typically a function of flight Mach number. The airflow then enters the fan
and/or outer compressor where it may be divided into the primary flow (the flow
through the primary gas turbine) and, if the engine is a turbofan, the second-
ary or bypass flow. The primary airfiow is then routed through the inner com-
pressor for additional compression. A small amount of the primary flow is
directed around the combustor to provide cooling for the turbines. The
remainder of the primary flow enters the combustor where fuel is added and
combustion occurs. The combustors are designed for fuel-lean conditions (less
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fuel than required for stoichemetric burning} in order that the gas temperature
entering the turbine does not exceed the structural or material limijtations of

the turbine. Many studies have been made on methods of cooling these turbines

and quite involved techniques are used in modern gas turbine engines. Current

cooling technology allows the turbine inlet temperature to go as high as

13899K to 1778%K (2500°R to 3200°R).

The primary airflow, including the turbine cooling air that was routed around
the combustor, enters the inner turbine which is connected to the inner com-
pressor with a shaft along the centerline of the engine. This shaft transfers
the energy required to drive the inner compressor from the inner turbine to the
inner compressor. The combination of compressor, shaft, and turbine is usually
called a spool. The primary gas flow then enters the outer turbine which is
connected via a shaft running through the hollow inner turbine shaft to the
outer compressor-fan combination. This shaft supplies the energy required to
drive the outer compressor~fan combination. The combination of outer compressor-
fan, outer turbine and connecting shaft is called the cuter spool. The fan

may or may not have the same number of stages (rows of blades)} as the outer
compressor. In a three spool engine, the fan is driven by a separate turbine.
Many engines do not have a fan but have an inner and outer compressor (a two
spool turbojet). The gas flow leaving the outer turbine enters the afterburner
section where additional fuel can be added and burned. The afterburner may or
may not be present, depending on the operational requirements of the engine. In
general, the afterburner suppiies a large amount of additional thrust (about 1.5
times nonafterburning thrust) at the expense of increased specific fuel consump-
tion. The primary gas flow is then expanded through a nozzle to produce thrust.
In some engines, the primary and secondary (bypass) gas flows are mixed ahead of
the nozzle. These engines are called mixed flow exhaust engines. Other engines
have separate nozzles for both the secondary and primary gas streams. Some
turbofan engines have combustors located in the bypass duct and are, therefore,
called ductburners or ductburning turbofans.

METHOD OF ANALYSIS

The method of analysis used in this study involves the thermodynamic modeling
of each component {the compressor, burner, turbine, etc.) of a gas turbine
engine. The analysis is applicable to a one or two spool turbojet or turbofan,
with or without afterburning or ductburning. The analysis does not involve any
cycle iterations. Properties of the combustion gases for use in the thermo-
dynamic modeling are computed using polynomial curve fits of the specific heat,
the enthalpy, and the entropy of the combustion gases {ref. 7). These Titted
parameters are functions of the fuel-air ratio of the combustion gas and of the
gas temperature. The technique is limited to temperatures below the dissocia-
tion temperature {about 2200°K or approximately 4000°R). The properties in-
cluded in the computer code are for JP-4, methane, or hydrogen; however, modi-
fications to include any hydrogen, carbon, or hydrocarbon fuel are possible.

The component efficiencies used in the thermodynamic modeling are scaled for
off-design conditions from the input design-point value using empirical trends
included in the code.



Principal Assumptions
The principal assumptions in the present analysis are:
1. Each compressor operates along a specified compressor operating line.
2. The bypass ratio is held constant at the design value.
3. The flow through the turbine nozzles 1is sonic (choked).

4. The combustor, afterburner and duct burner pressure drops are
assumed constant at the design (input) value.

5. The thermodynamic properties are calculated using polynomial curve
fits (ref. 7) which include the effect of fuel addition, but do not
inciude dissociation.

6. The exhaust nozzles for the primary and secondary flow are assumed
to be separate.

A total enthalphy-entropy diagram for a two spool turbofan is presented in
Figure 2. Each of the individual engine components are labeled and both the
ideal process and the actual process are shown. Diagrams for other types of

engines would be similar.

GOVERNING EQUATIONS

Gas Properties

The gas properties have been approximated by the polynomial expressions of
reference 7. These properties are functions of gas temperature, fuel to air
ratio, and type of fuel. The computer code includes property descriptions for
JP-4, hydrogen, or methane.

Using this technique, the specific heat of the gas is expressed by a polynomial
equation. Appropriate intearations of this expression yield the enthalpy
change and the entropy function. The entropy function is defined as
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The enthalpy change is defined as

Ah = [ Cp dT (2)

The importance of the entropy function can be seen from recalling that a
general expression for entropy change between two state points is

y. 2 2
se [of-[ G| g2 ©
T1 1 1
For an isentropic process this reduces to
T2 P2
we [ ¥ [ w% g

R P o
When the appropriate integrations are accomplished, equations (1), (2}, (3),
and (4) produce a property description for the combustion gas. Using this
property description, it is possible to compute the properties through the gas
turbine from thermodynamic considerations. If the type of fuel is specified,
the properties can be expressed in functional form. Using this form, the
entropy function becomes

Ap = A
P=0 (T, T, ) (5)
the enthalpy function is
Ah = 6
h = Ah (Ta, Tys T) (6)
and the specific heat is
Cp=Cp (T» Tp» ) (7)

where Ta is the initial temperature, T, s the final temperature and f 1is

the fuel/air ratio for the considered mixture. Equations (5}, (6), and (7) are

also functions of the particular fuel being used (i.e. kerosene, hydrogen,
methane).



Inlet

The function of the inlet is to meter and condition the airflow to conform with
the demands of the engine. During this process, there occurs a drop in total
pressure of the flow because of losses due to friction as well as possible

shock and separation losses. A measure of these Tosses is the total pressure
recovery (the ratio of total pressure out of the inlet to total pressure into
the inlet). The total pressure recovery will be used in this report to indicate
the efficiency of the inlet.

Standard functional relationships for inlet total pressure recovery have been
developed (ref. 8). These usually relate the inlet total pressure recovery
to the free stream flight Mach number.

Two of these functional relationships are

the AIA Ram Recovery
P1/Po = 1.0 = 0.1 (Mo - 1.0)*% Mw>1

(8)
= 1.0 Meo < 1
and the Military Spec 5008B
P1/Po = 1.0 = 0.075 (M - 1.0)1+35 M_s ()

1.0 Moo <1

The AIA Ram Recovery and the Military Spec 5008B Recovery are included in the
present program. It is also possible ta input any other desired inlet total
pressure recovery.

Compressor

Typical mathematical models of compressors involve detailed maps of compressor
pressure ratioc as a function of compressor corrected weight flow and corrected
rotational speed with the compressor adiabatic efficiency as a parameter

(refs. 9 and 10). These compressor models are usually empirically determined
and are dependent on the particular compressor design. The empirical perform-
ance of eight different compressor designs was examined in the article by
Robbins and Dugan ‘(ref, 9). The purpose of their study was to obtain a general
empirical description of compressor performance for a wide family of axial fiow
compressors. The present work uses the results of the study by Robbins and
Dugan. In addition, the present-work utilizes the assumption that the compres-
sor is operated along a line of .maximum adiabatic efficiency as the compressor
weight flow and speed is varied. It is also assumed that the compressor refer-
ence point described by Robbins and Dugan is equal to the compressor design
point. This assumption eliminates an iteration and seems to cause no appre-
ciable error. Using these assumptions and the work of Reference 9, it is
possible to describe the performance of a family of axial flow compressors using
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three charts which have been reproduced from Reference 9 as Figures 3, 4, and 5.
Figure 3 presents the percent corrected speed as a function of design compressor
pressure ratio and percent corrected airflow. The compressor corrected weight
Tlow and design compressor pressure ratio are used to obtain the percent cor-
rected speed using this figure. Figure 4 presents off-design compressor pressure
ratio (in percent of design) as a function of design compressor pressure ratio

and percent design corrected speed. The input to this figure is design compressor
pressure ratic and percent design corrected speed which is obtained from the
previous figure. The off-design compressor pressure ratio is obtained from this
figure. Figure 5 presents off-design adiabatic efficiency as a function of design
compressor pressure ratio and percent design corrected speed. The off-design
adiabatic efficiency is obtained from this figure. Each of these charts is

curve fit. If the cycle has multiple compressors, the above model is used on

each separate compressor.

After the pressure ratio and adiabatic efficiency for each compressor has been

obtained, the work required to drive these components can be computed. The
ideal compressor exit temperature can be found from

_R Pout
4 (Touti’ Tin) = gn (p : ) (10)

in
where T, .. s the ideal exit total temperature for the outer compressor.
i
The outer compressor work is
W, {hout- ) hin)
- h ) _ _in i
out in n

W h

in (11)
c
where the compressor adiabatic efficiency is obtained from Figure 7. The inner

compressor work is found in a similar manner.

The total mass flow into the engine is the sum of the secondary (bypass) mass
flow (Wgec) and the primary mass flow (Wppim)

- 12
wov = Wgee t wpm‘m (12)

and the bypass ratio is defined as
BR = Wgge/Hppinm (13)

The exit total temperature for the compressor can be found for the inner and
outer compressor by using enthalpy obtained in equations (10} and (1]), _
respectively, along with the definition of the incremental enthalpy in equation
(6).



Fan

For bypass engines, the fan supercharges the primary flow. For the purpose of
the paper, the inner portion of the fan flow which pressurizes the primary mass
flow is considered part of the outer compressor. The outer annulus portion of
the flow which enters the bypass duct, if the engine is a turbofan, will be
denoted as secondary flow and any reference to fan performance will consist only
of this outer portion of the fan. The fan and outer compressor are assumed to
have the same pressure ratio per stage for both design and off-design operation.
The fan off-design pressure ratio can therefore be determined by scaling its
value from the outer compressor off-design pressure ratio by using the known
values for the design fan and outer compressor pressure ratios.

This scaling results in the equation

1n_(PRFD)
(pout) - Pout } " (PRCD) (14)
Pin fan Pin [comp

where p is the total pressure at the indicated points, and PRFD and PRCD are
the design fan and compressor pressure ratios.

Equation (14) can be used to approximate the fan pressure vatio at off-design
conditions from the compressor off-design pressure ratio, which is obtained from
the compressor model, and the ratio of design fan pressure ratio to design
compressor pressure ratio.

This technique eliminates the need to do cycle iterations to find the fan off-
design pressure ratioc. However, it is not as accurate as the techniques
involving cycle iteration using separate fan maps and, in general, it over-
predicts the off-design fan pressure ratio. The cycle iteration approach
involves guessing values of the parameter of interest, computing through the
cycle, checking the results against some required bounary condition, and then
correcting the input parameter if the boundary conditions are not satisfied
(refs. 1 to 5),

The bypass ratio, the ratio of secondary airflow through the fan duct to primary
airfiow through the core gas turbine, is assumed to be constant at the design

point value.

The exit fan ideal total temperature can be found using equation (4) for the
known fan pressure ratio.

The adiabatic efficiency of the fan is assumed equal to the outer compressor
adiabatic efficiency. The fan work can be obtained from an equation similar to

equation (11).

10
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Combustor/Afterburner/Ductburner

The computation for the combustor, afterburner, and ductburner involves a mass and
energy balance across each of these components. If the mass balance and energy
balance are combined, the following equation for the fuel-air ratic is obtained:

fin hproduct - R

F o= = air
Wi (he + ng HVF) -'h

product

(15)

The total enthalphy of the products (h ts) can be computed from the input

roduc
combustor exit temperature and the fue?-air ratio. The total enthalphy of the
fuel is the sum of the sensible enthalphy (hf) and the chemical enthalphy

(HVF) or Tower heat value of the fuel. The program operation requires that the
combustor design exit temperature be input. The combustor inlet temperature is
reduced if the engine is to be operated at reduced power.

The combustor pressure drop is assumed to be constant at the design (input)
value.

Typical values for the burner efficiency, np. are shown in figure 6 (refs. 11,
12, and 13). The burner efficiency is showh as a function of pg TS/VR, where
ps is the static pressure at the entrance, Tg is the static temperature’at

the burner entrance, and Vp is the combustor reference velocity, based on pg,

Tg, and the combustor maximum cross section area. The computer program contains
g nondimensional versjon of this figure which approximates the Tower Timits of
igure 6.

Turbine

The inner turbine usually sets the 1imit for the maximum combustor exit
temperature. The inner turbine nozzles operate at a Mach number of one (choked)
and thus Timit the mass flow through the engine. For choked flow, it is assumed

(ref. 14) that
UYT . constant (16)
Ap

where W 1is the mass flow into the flow area A at a total temperature T
and a total pressure p. In the computer program there are two modes
of operation for the inner turbine computer model.

The first mode is the design mode in which the turbine nozzle area required to

supply airflow sufficient to produce an input thrust level at a given flight
condition s determined.

11



In this design mode of operation, the inner turbine nozzie flow area is computed
for input component efficiencies, design pressure ratios and design combustor
exit temperatures. The airflow through the engine is arbitrarily chosen for this
mode as the airflow and flow areas scale directly with thrust and, therefore, the
computed inner nozzle flow area can be scaled to the required input thrust levei.

The inner turbine nozzle area is then fixed for the second mode of operation -
the off-design mode - and the combustor exit temperature is computed which satis-
fies equation (16) for a known inner turbine nozzle flow area, mass flow, and

total pressure.

The isentropic turbine work is equal to the work required to drive the attached
compressor plus the additional work required to overcome the losses of the
turbine. These turbine Tosses are usually accounted for by using a turbine
adiabatic efficiency, ny, which is empirically determined. Thus, the isentropic
work of the turbine is:

isentropic W - h.
turbine = Comp(h°U§ 1A)comp
t

work

(17)

The isentropic total temperature out of the turbine can be computed from the
ideal turbine enthalphy difference of equation (17) by use of equation (6).
The turbine total pressure ratio can be computed from the turbine entry
temperature, the isentropic turbine exit temperature and the fuel air ratio by
use of equation (4).

In order to complete the calculation, it is necessary to find the turbine
adiabatic efficiency. The design point turbine adiabatic efficiency is input
by the program user. The off-design turbine adiabatic efficiency can be
computed from an approximation suggested by- Dugan in reference 9. The
approximation can be expressed as:

1 N N
Ylt=nt 1 - t -—i—)
design N, V¢ W VR /] (18)
?K%= design
design

Where n . is the input design adiabatic turbine efficiency, N, is the
tdesign t

turbine RPM and Ah 1is the actual total enthalphy difference across the
turbine. The turbine RPM, Nt’ is equal to the associated compressor RPM.

The total enthalphy difference across the turbine Ah can be found using:

W
Ah = —ﬁ%mﬁ-[hout - hin comp (19)

12
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Dugan stated that the accuracy of equation (18) for the off-desian adiabatic
efficiency was "quite good over much of the turbine performance map. Near
limiting Toadings, however, actual turbine efficiencies are much Tower than
those calculated."

The outer turbine's performance is computed in a similar manner except the
outer turbine flow passages are not sized or assumed choked.

Nozzle

The nozzle calculations utilizes the assumption that the flow is fully expanded
to ambient pressure isentropyically. A correction term, the nozzle velocity
coetficient, is applied to the computed velocity to account for incomplete
expansion as well as other losses. An energy balance across the nozzle for an
ideal nozzle gives:

V2ot
ou
Zgd (20)

Using the isentropic fully expanded nozzle assumption equation (4) can be
written:

p

A out
¢nozz1e JM (21)

in

Where pout/Pin are equal to the reciprocal of the engine nozzle total pressure
ratio. The above expression for A¢ can be used to compute the ideal total
temperature at the nozzle exit by using equation (5). The ideal nozzle total
enthaiphy can be computed using equation (6), and the ideal velocity can be
computed from equation (20). This velocity is then corrected to the actual

jet velocity using an input velocity coefficient which can be a function of

the engine nozzle pressure ratio {total pressure at nozzle entrance divided by
ambient static pressure).

Specific Thrust

The specific thrust of an engine is defined as the net thrust divided by the
total airflow of the engine. The net thrust of the engine can be obtained
from a momentum balance across the engine. Recall the nozzles are assumed to
be fully expanded {payit = Pambient)- [t is customary (refs. 8, 10, and 15)
to reference the engine thrust to free stream conditions and make the appro-
priate corrections for any external cowl drag or change in stream momentum
ahead of the engine. Therefore, the engine thrust is

Gross thrust = (Wg V8 + Wg Vs)/g
Ram Drag = Wy X Vo/9 (22)
Net Thrust = gross thrust - ram drag
& 13
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and the specific thrust using (22) is

sT = Net thrust _ Wg Vg + Hg Vg - M, 0 (23)
W W g
0 0

Specific Fuel Consumption

The specific fuel consumption is defined as the total fuel flow in pounds per
hour divided by the net thrust in pounds. This important parameter dis a
measure of the overall efficiency of the engine. The fuel flow per hour is

W W

_u
fuel flow per hour = ( fopin ¥ Ta/B ¥ D /B) 3600 (24)

Using (22} and {24) with the definition of SFC

W We
SFC = { p51m ¥ A/B D/B)3600 g (25)
+
TWS W Ve - W Vo)

Overall Engine Efficiency

The overall efficiency of the engine is another important parameter of the
engine cycle. This efficiency is describad quite completely by Shepard
(ref. 8). The overall efficiency is defined as the useful power {(thrust x
velocity) divided by the net energy input per unit time.

(net thrust)(V,)
n =

(26)
ov rate of energy in

The rate of energy into the engine is equal to the fuel flow times the energy
stored in the fuel. Using the definition of SFC and considering both the
chemical, and kinetic energy of the fuel, the rate of energy is

Vz

0
SFC(net thrust)(HVF)Jd + 29 (27)

rate of energy in = 3600

3600(V0) ‘ (28)

Tov =

7 2
Q
" SFC| (HVF)J + 5o
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In many texts, the kinetic energy of the fuel is neglected and thus (28)
becomes

3600(V0)

Nov ™ TSFCY(HVEY(d) (29)

The overall efficiency, n,,, can be divided into two components; the propulsive
efficiency, npro’ and the thermal efficiency Nyp. The propulsive efficiency

is the useful power (thrust times velocity) divided by the rate of kinetic
energy production by the exhaust

(net thrust)(V,)
n =
pro W 2 _ 2, ., W 2 2 (30)
§§-(V8 V) + ?Q'(VG -Y,)

The fuel added to the engine has been neglected in (30). The propulsive
efficiency is a measure of the losses due to difference in exhaust jet velocity
and the free-stream velocity. The thermal efficiency is the energy rate out

of the engine which is available for useful work divided by the rate of energy
into the engine. This is a measure of the efficiency of the cycle.

Therefore, the thermal efficiency Nep is

W
84, 2 2 2 2
'E‘(Vs - Yo ) * (VG -V )

Nyp, ™ (31)
th = (SFC){(net thrust) 2
et () (2) + v /2]
and note that by comparing (28), (30), and (31)
(32)

Mgy = Mth Mpro
ACCURACY OF THE PROGRAM

The accuracy of the program can be evaluated by comparing the program output
for a known engine cycle with the comparable specification (ref. 16). of the
known engine. This comparison requires the knowledge of the component effi-
ciencies for the engines which are used in the comparison. Unfortunately, the
component efficiencies are not available in the literature for particular
engines, however, general trends and typical values are well known (refs. 9,
10, 15, and 17) and could be used for the comparison. Another method of
obtaining values for the component efficiencies for a particular engine is to
match the sea level static performance of the engine by varying the input
component efficiencies within the bounds of known technology. The approach,
using this technique, is the fix all known engine cycle parameters and to vary

15



the component efficiencies until the sea level static performance from the
cycle analysis is equal to the actual engine specifications. The results
using this technique are not unique but experience shows that values for the
engine component efficiencies do not vary more than a few percent from design
to design if the engines were designed at the same technology level. In the
following comparisons, the sea level static 100 percent RPM, thrust and SFC
point was matched approximately to the engine specifications (ref. 16) by
varying the component efficiencies. These efficiencies were examined to be
sure that they were reasonable and consistent. The code then was used to
generate all off-design (part throttle) and design points other than the sea
level static, 100 percent RPM point. During these calculations, the input
design point efficiencies were used, with off-design variations to these
parameters computed from curve fits of empirical data contained in the code.
Figures 7, 8, and 9 present comparisons for the JT8D, the J-79, and the CF6
engines, respectively. The engine specifications from Reference 16 are repre-
sented by the solid lines. Average differences of 5 percent are typical with
maximum error of less than 15 percent. The maximum error usually occurs
during the after-burning or duct-burning and is probably caused by the assump-
tion of constant combustion efficiency and pressure drop which was made in the
code.

RESULTS AND CONCLUSTONS

A method for computing the design and off-design performance of a gas turbine
engine is presented and the results are compared with engine specifications
for several typical engines. The results indicate average errors in the
performance calculation of less than 5 percent with maximum errors of about 15
percent. The maximum ervors usually occur when the after-burner is in
operation.

A computer code is described which is capable of producing performance
calculations for a gas turbine engine at one Mach altitude and power setting
in less than 0.7 second on the IBM 360/67 as compared to slightly Tess than 10
seconds for GENENG.

The increase in computational speed was accompiished by not using detailed
compressor and turbine maps and not using any iterations between components in
the calculations. The compressor model used in the present report is based on
empirical data and required the assumption that the compressor is operated
along a line of maximum compressor adiabatic efficiency.
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Figure 1,- Engine schematic for a two spool turbofan.
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Figure 6.~ Combustor efficiency.
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APPENDIX A

Program Input

Input to the computer program is achieved via a namelist called LEWIS.
The various input variables are described in this appendix. The inputs
followed by ** are required for operation of the program. The other
inputs have default values incorporated in the code.
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_IPDUT *®DESCRIPTLIOM: . ' "

v

-

TIP INT_ww  IF_IPRINT=L . UETAILED PROPULSION PRINT 3 0 PRONT SUPPRESSED.

_FORTRAN HAYE  VARTARLF DESCRIPTION UNITS.. e ann
T OUUNDTYF: D THF teav INDIGATES PARAMETERS THAL HAVF. M0 _DFEFAULT. VALUF_AND THUS _ e
o _MnsT arg __IMP_'J_T____\;_I_A U Sl N B e
_._R37 L LOMUSTOR PRESSURE _RATIO i NONE.__ -
L FS% A/b POFSSHRE PATIO _(TYP 0.94) _NONE _
RSet___ A/B_PRFSSURF_RATIO W/0 A/K LIT _(TYP_0.95) _ NONF _
_ETAC] COMPQF‘;SOD ADIN-MTIC FFFICIENCY (TYP _0,82) . MONE
ETATI C TUKATNF ARTARATIC FFFICIENCY (TYF 0.90) NONF
CHVFE T FUEL, HEATING VALUF (TY® 18600, FOR_JP4) : —_BTU/LR. ' o
_wCual e ACCOUNTARLE_RLEEN._T0 PPIMARY ATRFLQW _ . ___ — o NONE e
JEARY __ A/W ADTAMATIC EFETCIENCY (TYR. 0475) —_NONF,
.. EB1 ~COMBUSTOR _ADTAHATIC EFFICIENCY (TYP 01.93) NONE
IR REFFRENCE TEMPERATURE (USUALLY $20. DEG R) DEG R
ED] DUCT _RURNER ADJARATIC FFFTICIENCY (IYP 0.75) NONE
L PTYY DA PRESSURE RATIO W/ DN/B LTI _(IYP (,9%) NONE . -
R711Y /8 PPESSURF RATIO w/0 D/8 11T _(IYP_0.95) NONE
_FTAF1 FAN ADTAPATIC EFFICIFNGY (TYP N,20) NOME
AM FILIGHT MACH MO(OVFRRONE Y MaCH IF PROOKI™ JISED) NONF
7 o8 W NOZZVE _MELOCITY COFEFICIENT (IYP 0,.98) NONE,
R10A IMLET TOTAl PRESSURE RECOVERY COOF . NONE
e e e LE RIDA_ = 1.0 ATR RECOVERY USED = —r -oem s ) =
— IE RI10A = =2,0 AL SPEC 50088 USED g
1F_R10A POSITIVE InPUT=TOTAl PHFSSURE_RECOVERY. - B
&L TY FLIGHT M TYTUDE(QOVERRANE TE_DRIVEN BY DPRODRIY : EEET = P
T0SL Ft TEHT _STATIC TEYPEDATURE (OVERRODE IE DRIVEN AY PRODR1). . DNEG.R o :
POSA FLIGHT STATIC PRESSURE (OVERRODE RY._PRODRLY IN_OF MG et
P2P1 w4 DESIGN _OVERALL COMPHRESSOR PRESSURE RATIO NONE, ' L G2,
P11P1__## DESIGN. OUIER COMPRESSOR PRESSURE RATIO NONE E%E
BA 43 RYRASS BATLO : NONE |7 '
T3 #%  MAX TURHINE INLET TEMPERATURE Z DEG_R
e LY g D/R TEMPESATHRE (SEY=0,0 1F No D/R) ~DEG R
TIM k) DAY _MAX TEWPEFRATURE (SET = 0.0 IE NO DZAR) DEG._R
51 w8 A/ _TEMPERATURE : } ~_DEG_R
I -1 #2__A/Q_MAX TEMPEBATIIRE : : DEG_R._.
KQDE #n  =N.TUPROJFET 5 =2 THURROFAN — MOME . .
KTS w8  =0s N0 A/R3 ==l A/83 NOT 1173 =2,A/B.LI1T : NONE. ~ i
KIT #h =09 NO N/B3 ==1aD/8 NOT L ITE =20/8 11T - . — NONE. i
SML L= ' ENGINF FACE MACH NUMBER (TYP 0.5) ! NOME_ “
PWCE ENGIME _COQRECYEN MASSFI OW (PEFRCENTY (TYP_1004) NOME
DIAY_ EMGINE FACE DIAMETER FEET
HTO s ENGINE HUE TO TIP _RATIO NONE
PRFD_- #8  DFSIGN _FAN PRESSIURFE_RATIO NONE
NN7Z 7 =0 COMMFRAGEMT NnN77)Ft =1y C=D NOZZLE 3 =2,VCl USED NONE
YREMN ##_ YEAR NF FNGTME CFRTIFICATION(60,=1960) NONFE .
SCop AVERBGE STAGE CAMPRFESENR PRESSHRE RISF NONE - —
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=P+ NON_FOTAL_AND FATAL ERRORS._PRINTED AT _TIME OF QCGURANCE

THTY

THEUST T0 WEIGHT RATIO AT T/0 FOR FNGINE STZING

THOAR

THRUST IN ILRF ©oFR ENMGTMNE AT “ACH AND_ALTITUDE SPFCIFIED WHEN IPS

=3 1S CALLED Feom THF MISSION PROGRAMS_THIS OPTION QVERRIDES THE

THRUST COMPUTED FROM THRUST = DRAG AMD. LETS _THE USER SPECIFY_TME

THRIIST OF THF FNGIWE AT A GIVEN MACH AND ALTITUDE W/0 A/M
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FNGINF 1S SIZFD AT THRUSTETWAB PFR_ENGINE

ENGINE STZED AT _SPECIFIED MACH AND ALTITUDE WHEN IPS=-2 IS CALLED
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THIS_OPTION QVERRIDES THE THRUST_COMPUTED _EROM THE THRUST.
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—_— SAMPLE.INPUT VALUES (FOB FIGURES--Zse8, AND )

e p——— — = e

JIAD=S J79=17 _ CE&=500
p2n] 16.9 13.5 30 .0
— . P11R1, 4.2 1o0 1,72
BA.__. 1.03 0.0 A
T3 2150, PR TN . 2940,
KODE 2 0 2 et e
K15, 0 =] 0
KIT. 0 0 0
PRED 1.91 1.0 156
YREM, 684 63 70..
HTR. 0,3% Oat 0.35
WewAl 002 004 (.08
TWOAR 14500, ‘11370, 432254
NAR 6 6 &
8l 0,90 0.989 0,98
IPRINT ) 1 1 =
XMACH 040 00 0e0 bt £
b _0_1454-. Qa6 " 2 Oeb . -~ QE
SRR P 4 0287 0 o8- =
0,75 122 Q8 _ o
. 0.84 2.8 0,85 Y
, 0,84 2.0 085 P G
—_ALTID 0.0 0e0 “De0 = 1Y
' 0.0 00, 0yl =< bo
i 15000, 35000, -+ 25000, ]
35000, 35000, 25000,
. 35000, 35000, 35000,
- 45000, 55000, 40000,
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APPENDIX B

Program Output

1) DETAILED OUTPUT NOMENCLATURE
2) SAMPLE DETAILED OUTPUT (PWJT8D-9)
3) SAMPLE SUMMARY OUTPUT (PWJT8D-9)



DETAILED OUTPUT NOMENCLATURE



N

NETATLFN DUTPUT:

(LTSTFD AS appFans ap DFTATLER AUTRPUT)

MACH FLIGHT MACH NUMARFR
ALTTITUNE FLIGHT AL TITUDE (FFFTY
PRCC PERCEMT DFATAN CARRFCTFD AIRFLOW
e PNTHF PFROEFNT NESTAM CNRRFCTED FAM SPFED .
PNTHC PFROFMT NFSTEN CORRECTFD HIGH PRFSS PnMpquqop qPFFn
N TREPUST MFET THRUST (LRF)
GR THRUST GROSS THPIST (LAF)
RAM DRAG RAM DRAG (L RF)
SFC SPECTIFTC FUFL CONSHMPRTION {1 RM/HR/L BF)
PROP FFF PROCIILSIVYF FFFICIFLCY
avi FFF OVFRALL FFFTICTFNOY
WTOT TOTAL MASSF| O PER FNGINFE {LAM/SER)
WENRR CORRFCTEFD MASSFI NW PFR ENGINFE (LBM/SEL)
SPFC THR SPECIFIC THRUST (LEF/Z(LBM/SECY)
FUlFL FLOW  FHIFL FiLOW PFR FNGIMF (L BM/HR)
WCWAPRT RATIO OF ACCOUNTARLE COQL INA MAQSFELOW TO TOTAL PRIMARY MASSE| NW
WRLFWPRYT RATTIO NF RLFFDN “MASSFLOW. TO0-TOTAL PRIMARY MASSFLOM
PNWFR PONWFR FXTRACTFD FROM FMGINE (HTU/SFC) A POSITIVE NUMEFR
DFS RR NDESTAN RYPASS RATIO (NCT TO PRIMARY FL 0W)
_DE . OPR DESTAN NDVFRALL COMPRESSOR :PRESSURF RATIO
DES FPR PESTGN FAN PRESSURE RATIO
PFS TIT NESIGN COMBUSTOR EXTT TEMPERATURE (DFG R)
ACT RR ACTUAL RYPASS RATIO (NDUCT 70 PRIMARY MASSF] Q)
ACT OPR ACTUAL QVFRRALL CNMRAFSSOR PRFSSURF RATIO
ACT FPR ACTUAL FAN PRFSSIIBF RATIO
ACT TIY ACTUAL COMRIISTOP EXTIT TEMPERATIIRE (DEG P)
R10 IM ET TOTAL PRESSURF BATIO
PR TOTA! PRFSSURE RATIO OF COMPOMENT
FTC COMDRESSAR TSENTRAPIC FFFICIENCY
PNTH PERCENT COARPRFCTIEN _SPEED
T ETR BIRNER EEEICIENCY :
ETY TURAIME ISENMTROPIC FEFICIENCY
PN PERCEMT _SPEEN o ‘
NpR DRIMARY NOZZLE PRESSURE RATIO ) .
A PRIMARY "MOZZLE VELOCITY. COFFFICTIENT : s :
YN JET UELOCTYY (FY/SEC) ;
NPRS SECONMNARY NOZZLE PRESSHRE _RATIO!
cyn SECONDARY NOZZLE VFLOCITY COEEEICTENT
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SAMPLE DETAILED QUTPUT
PW JT8D-9



DY THIUAF AN ENBINFE CYCLF PROGRAN
FTTTATH = a.000 A FITHNRE = 0.0 PuCe = 10NN PNTHF = 100,00 PNTHC = 100,00
MOTHRIST =10R2H, 4 4r THRNST=INS 4.4 HAM DRAR = (he
SFC T, ZR40FR PROP FEF = 29,0000 OV FFF = 1,nuN0
WTOT = pPa. 83 wWenRR T PRRLYA SPFC THRE = 46,009 FUEL FLOWS ®/97,
W CWADDY = NAP W FLDLT = 6,000 POrFR 0.0 .
FeES W = 1,00 NFS NDR = 14,900 NFS FPR = 1,910 DFS TIT =218n0n.00
LEY ©p 2 1,030 ACT 0PR ="76.500 ACT FPR = 1,910 ACT TIT =2180,0N
TATAL PRESS{PSFA) AND TEMP{DEG »)
BTTM oeTOUT TTIM TTOUY
ITMLET RIO = 1,.0n000 2ll16.7 ?114,7 51,7 S51R.7
FAR PR = 1,910 FTC = LRR{00 FPNTH=IOO0.000 21l6.7 40419 S1R,7 641,99
et PR = 4,200 ETC = JHEON BNTH=ING, 000 ci16e.2 PRAA .7 STR,7 AP, 9
ot Pl m 4,074 FTC = LRPH0 BNTRETDO .00 BHEAR,. 1 35763, 7 H24,0 YZRA . N0
TUAMETT T PR = W G40 FIR = JORNN TITR= 2TR0,0 TR TR 3T AFRIT.T I5RF,n 180,10
=R Do = 7Z.hAN VTT = @200, BN = 114,00 33817.9 TANAR 9 2186.n 7T, 9
Lony AR 1307R.9 TINRLWG 17T73,9 1764 ,7
TFT P =" 2aFRll ET7T = 7700 PN = TT0.0A TINZALY G5 T 1.0 17h& .7 JRGEE: I R
AR TR T e L T R T T T T T T RN T IR R T TRTTR 0 LA S WP TIRAL] T3
TN TenT TR YT E L G9Y 3T VT I A 3 X -
ayacs P E I AT R TR ST TRIIRE — RETT O
RTNNZ?TIEESE IV ETT TV = L9547 vV = TI35.7
(e
(i S
S &
B
=
P a
S
27




THLRY TTRNGYEN FRGIFE, CYQILF PROGRAM
FATH = p.0DR AL TITHRE = .0 Pweh = 100,00 PNTHF 100,00 PNTHC = 100,00
FUTHETNST =TaBAN, T [l THRIIST=14000t a1 RAM NEAG = Hah
SEC = eV PROP FFF = N, 0000 OYl, FFF = (14,0000
CFOT = 318,77 WOORG = 5,33 SAFC TrR = 46,009 FUFL FLOwWw=  TR39,
VOWADRT NP WHLFWBRT = 0,000 PHNFR = 0.0 A
nFERG = 1,070 NES 000 = 16,400 NFS FPR = 1,910 NFS TIT =2P1RN.0N0
ACT FR = 1,030 ACT NPR = 16,900 ACT FPR = 1,910 ART-TIT =218A0.0N0
TOTAL PRFSS(PSFAY AND TFMP{DEG R}
: PTTN PTOUT TTTN TTouT
TINLET DI0 = 1.0000 2116,2 2116,7 51R,7 51R.7
FAN PR = 1,010 FTC = LhHRA0 PRTH=10N. 000 Pl116.2 4041.9 518,7 641,09
TP PR =  4,.p00 FIC = LA500 PUIR=I00.000 2116,2 AEHALD Q1R,T R23,9
RET PR = 4,074 FTC =  LA2(10 PNTH=100, 00N BAHR, [} 35763.7T ) lzpra,.n
TOrS R = WQALD FTH = QAN Tilrn= 2180,0 35763e 7 33617,9 1789,0 218n,0
~RsT Bl = PL.BR( FIT = L6700 PN = 100,00 IIR1T749 1307°8,9 218N.0 1773,.4
0ol ATR - _1anpa.,g TA0PR.9 i773,9 174,72
PT PR = Z.A50 FTT = .9¢00 PN = J0Na0H 1 NPRe 4 4571 .0 1764 ,7 1389 ,1
(L = | N [ AN ETHR T E L7500 TRIURE " TRRR.T 4R Tl e} 457140 T3ARA .1 P3R9,]
TOETHNNTTTNPY = ZL.TR0 TV = L9993l VI = IRTF.S R —
078 T 7T PR TTE TLOONH FTIR = L7200 TEURE f4le9
TRTNNZTRDPRE TGOl TYIY B L O9YET VI = e

T13%e 7
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PRY THarRAF Al FNIHE

CYCLE PRPOGRRAM

TATH = NL.000 ALTITIFE = e PWCC = GA.0N PNTHF GR.T7? PNTHC = GA,T0
N THARNST =JPThG .4 AP THRISTEI P 7694 o 1THAR = 0T
SFC =, <RITNT PROP FFF = A,.0000 (VL FFF = A, 0000
TTOT = A8 ,a5 W{NRE = 309,07 SPFC THR = 41.3%4 ¥[IFLC FLOW=E &517,
TCTAPRT AP0 WRLEVWBHT = D.0Un0 POWER : e N )
SFETED = N 04N DFS QPR = 16,900 NFS FPR = 1,910 DES TIT =2180.00
— TACT Hp ETYLEAG ACT O0R = 185.983 ACT FPR =  TL.BRR6 ACT TIT "=2037.3%
TOTAlL, PRFSS{PSFAY AND TFMP(DEG R)
PTTM PTOUT TTIN TTo0T
TNLST RYD = 1.0nA0 2116.7 7116,7 518,7 51R, 7
TFALTTTTPPT = JJUAARA FIC = LAB0() PNTH= GR,T#0 211647 3991,.7 R1A,7 630,32
TLPT PR = 4 ,0R4& FI( =  LARIN PNIAE UR.770 FllRar ARAZ 3 RIRLT R1A.7
HPT PRTTE 2A91AFTC = ,ae0(l PNTH= SR.7TN? AB&? 43 ABRP4,T A1A,.7 176, 6
Oty pr = VAR FTR = ORN0 TITB= PN30.64 XY STT96.H {564, ¢ 2030, 4
THPT PR = P.694 FIT =  LGI9H PN = GR,77 Y754 .6 TT7%7.4% FRET A 1637 .3
COOT AW 11797.% 1179744 T637.3 1673,9
TP PR = 1.0AT FITTE79T9B PN = 9R,TH 1797 . 4% IRPT L0 173,90 1780, A%
10 8 e = T. M v 1= e IO THHE 17439, 7 IHFAT o J8 Wl T244,7 1469 ,¢
P 077 NPT = .0 (V= WGHR3 VI 7 TRTIRAT A
DYAL P £ 1,000 FTR & L7oh0 TRIRE /A5, 3
ST FHERSE  TLARA LVUIT B L994F VI = 1I73.4

4o

4

XarTvan| 4004
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Y TTIRIOF AN FNGINF CYCLF PROGRAM
TRETH = f.o00 ELTTITONF = .0 PWCC T Gh.0) PNTHF S Of.44 PNTHU = Ul .40
TTREIS T ETTOn T, T R TRAUSTET NI, 0 KA TTHAR = e
SFU T JGRTH PROF FFE = .00 OV FFF = 400710
UTOT T 3N/ he VIORP = AU7e12 GPEC THR = J6,0%50 FUEL FLNW= &®317,
WOVTAPRT = TP  WRLEWPRT = L. 00N POWER = VP )
e gy =TT, WS ORE = (RLUND NES FRPR - =  TL,91IT DER TIT =21R0.0n0
RCT RH ST T NI AT T PR =718, 097 ALT FPR = ] BB AUT TIT =T8RAHT
; TOTAL PRFSS(PSFAT ANRY TFMP{DEDG R}
PTTN BTonT TTIN TTANY
INLET F1n0 = 1.0000 211R.7 116,7 518,7 51R,7
FAN PR = T1,84A7 ETC = LARND PNTH= 97,4410 2116.2 3939.,6 R1R,7 AR .6
LPC PR = HL,9R8 FTC =  LRROO PNTH= S7,440 2libe” H306 .5 BIR,T Rng &
THETTTT PR = 3,804 FIC = JA200 PNTHR GT4405 A396/45 J1938,5 ROY9 .5 1745 ,0
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PATH = W ToN Al TITUDF =3C0(IN. N PWClr T T Ne0l FPNFAF 10000 PNTHC = 100400

P THRIRT = 3145,7 GR THRIST= RaRrB RAM NDRAG = ARbA K

T =, L TREFT PBOF FFF = 6047 OYL FFF = ,7414

TTOT 2 1707 WOOR2 = 3AIH DI SPFC THR = 27,495 FURL FLOW= 2339,

VOWATRT = 020 BPLFUCRT =  (,000 POVER = 040 . .

WES "o = ] .30 NFS NOR = 1h.,00f) DFS FPR = 1,910 NDES TIT =P1AN.00

{TT HA = 1,020 ACT 0P =16,900 ALT FPR =  1.910 &CT 11T =1R41.18

TOTAL PRESS(PSFA)Y AMD TEMP(DEG B)
PTIN PTOUT TT1IM TToUT
IMLFT RIO = 1.00000 772545 T25,5 43R, 6 43R, A
FAN PR = 1,910 FT{ = L8500 ofNTH=100,00D TP5 a5 13R85 ,.49 43R .6 543 ,4
=T PR = 4,200 FTC = LR&00 PNTH=TINN,n0N T75.5 RHY % - 43R .6 60R, 9
—FPT PR = &.0°4 FTITU = P70 PNTRSIO0.000 ANGTe?P 77615 698,909 TTon, 1

SO MIE s GGl FIW = L.GA00 TITHAE 1RGI.1 T2761.9 11575,8 11nn.1 1841,1
HPT PP =P RTTTFTT = 9200 PR 5 972,10 115725, 8 A4TR T 18471,1 14639.9
TOoC AIR 4415, 1 4AT5,1 1483,9 1476,2
TPT PR = Fea07 FIT = <9701 O = 97,77 441541 I5TRH 1476, 7 ITas,a
7H PR &Y. F1F = L 1900 THRIRE T14F, & I5TH.B I5THH 11464,4 P146,.4
FrRN7T7 RO = I, N7 (VB J987T W = 197747 .
7R PR = TL. 0000 FIN & S 7500 IRIRE 4T, 4
S HA/T NPPS=  72,.,77% CUDL = ,G3G3 VJ = T771.8
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oY THRRENE AN FrGINF CYCLF PROGPAM
RTH = S Tan AL TITIN . =A8T 000 Bee =" QA0 PNTHF = OR.T? PHNTHC = GR,TD
FTTHRIIST & 2FRG .7 GW THRSTE R307e7 RAM DRAG = Phildek
SET = LTAPATPROP FFE = L6514 OVE FFF = L,?2bhl1R
T S T18.77 wrntoy = ANTer? SPFT THR = 73,339 FUEL FLNW= 1847,
' VP CWABRT = 2020 WRLEWRPRT = 0,000 POWFER = 0af . .
hEETOR = 1,030 NFS OPP & J1hoa0n IFS FPR = 1,910 DES TIT =21A0,00
ATY HP T 1,040 ACT PR = 15.983 ACT FPR = 1,886 ACT-T11T =1T14.16
TOTAL PRESS(PSFA) AND TFMP(DEG R)
PTIN PTOHIT TTIN TTOUT
INLFT RI0O = 1,0000 12545 1755 43R A 43R, A
FAN PR = 1.R8F FTC = JAS00 PNTH= “R,T20 Te5 45 136K ,4 4336 541,°7
LPC PR S. 4.N34 FTC = <BBN0 PNTHE GH.720 TrRe0n 20630 438 .6 692,.7
HET PP = 3,914 FTC = AP0 PNTHE GR,707 PORT, (1 11506,5 92,7 10R] &
COME PR = 940 FTR = JOHNN TITRS 1714,8 - 1T1506,5 10600,7 1081 ,% 1714,8
21=3 PR = P47P9 FIT = LG1Gf PN = G0.51 10500a7 3653, 7 1714,.F 1364,0
TrOn RIR ) T893 T 39937 1364,0 135/, 3
1TPT PR = 3.160 FI1T = LOI08 PN = O0N.84 IG93,.7 12650 13573 1030,7
F7H PRE L 000 FTH = 4 I500 TOURSE T030471 TZBH T . IT76R.0 TO3N, 7 CTURT,T
TN RPE = ren3e TV = w8907 VJ = 6916 — ————.
/Y TTTTPE T ' TL.0nn0 FIR = LTG0 TRIURE 54157
= P.740 LV = J9AGR VJ = = ——a
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ARY THORNF LI v RGIRE TYCLF PRARRAM

WATH = L IBR0 ATTTYVIINFE =2535000,0 PUCET = QR .1 PNTHF = Q744 PNTHU = OT. 40
NTTHRIST = 2177.4& GH THINST=E 4 737,5 RAF DRAG = ZhAT, T
SFC = JTIPAT POOF FFRE = 7050 QVIL EFF =, .Po00
wTrOT = J1P.H7 WOPP R0 R AT SR TER = (0,797 FOFL FLOW= TRH>,
WCHAPRT = TP T LETPRT = 4,000 POWER = [F
nFs RR E L0070 [FG AP = 16,900 NFS FPR = 1,910 NFS TIT =71R01,00
Yok L™ E 1040 ACT NOR = 10097 ACT FPR = T.867 ACT TIT =1563.7°7
TATAL PRESS(PSFA) AND TFMP(DEG R)
PTIN PTONT TTIM TTOUT
INUFT R10 = 7.0000 p Tr%.5 778.5 439,64 3R, A
FAN PR = J,RR7 FTC = Lu500 BNTHR 97,440 T25.5 135%0,.7 433, 6 538, 0
LPC PR 5 3.947 FTC = LA5N0 PNTH= 97,440 TrGen - 2BTHeT 438, 6 BRALH
HPf PR = 3,804 FTC = JAPOD PNTH= 97,408 PRT8.T 10950 .0 RAK LG 1662,7
COAS PR = J940 FTR = LOR(NN TITR= 159343 . 100RA.0  107063,0 LEYPE; 1559, 3
HPT PR = 2.ARA FTT = L,91%4 PN = 33,91 10293,0 3591,0 193,13 1249,%
CanL_AIR 3557,6 3501,.0 1749,5 1745,.6
TEPT PR = 3,451 FET1T = L9194 PN = R9,.,05 3561 .9 TO4N,.9 1745 ,.6 G727 .n0
YA PR = T 000 FIB = 7500 ThOR= 97T, TU40 9 THa0,.9 21,0 95T 0
P anT7 WU = 2,085 GV = L9493k VJ = 14&T.& . ; -
LA PR =7T.0000 FTR = 7500 TBOR= K3F,9 -
S 1NT7 NPRS=" ¢,708 VIl & JGRGT VJ = 1253.7.
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Y T RAE AT FUGINE CYCLE PRAGFAM
TALH = s TR AL T T TVF =500 0 o = G4 U PNTHF = UR.,I6 PNTHU 2 UYh,11
T ARG T = TR T TRFS T I3 T Wi IR = SR 8
SFC I A ) A e e S O AL A SR 0 e 308
TTTT L I ) Iy~ A TF I B A ETFIGL 00 SPFU THE = 4,197 FOFL FLOWE TP5 7.
TTWAPRT = LA WELE TR = UL, 00 PUOVFR = UYL )
1012~ & ST, RS TR = 16,900 TS FPR = 1.9T0 TFS TIT  =pPTHILITN
8T TRR L TR A T Y R G P e T AT FRR S T R I T AT T I T =14 T, 67
TOTAL PRFESSTPSFAT ANTY TEFMP{DEG 1)
. PTIN PTOUT TIIM TYOUT
INLFT RO = T.,0000 T LTSS TeH % 43R, A 438 A
FAT PR 8 T.3437 FTU £ JRASUT PHNTHE SR 180 T78.5 1337.7 43R, 6 D3R5
P PR A RRSTFTU = JHRNT PNTH= YA, TEN TARsD ., PI196 " 4ARTA 6RN 1
~HPT PR = FehBa FTTE JHA00 FNTHE YR 07 IS4 .5 10377,.1% AN LG43 ,5
[ SEALAS Pk = 2240 FTHE = " JGANT TITR=E 14767 13271 GTO2. R 1Ne3,. 6 147647
HPT PR = 3,023 F1T = .9106 PN E  AT«37 STHP.8 3710,1 Y47T6,7 T1an,4
COCT AIR 3710.1 3210,1% 1140G.4% T13R7,2 -
LPT PR - = 3A,R3T FTT = L9188 PN = AR .4R8 3210,1 B37 .8 113%8,.7 B17 .4
LY 4 S RPRTE L 000 FTR = (75800 TAUOR=E Rifao ai7.8 H3T,R 817,.4 B817.4
TR TRTZTRPT = 1 LATA (V5 JO0RF VJ = 11G4.1.. .
D/ PR, = 1,0n0n FTR = 7800 THIRE B4a,5 - —
S NOZ7Z NPRSS  7.669 CVN = 98G9 YJ = 1243.4 »
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PeY TIHRROF AN

FAGTINE

CYCILF PROGRAM

FETH = L7800 K[ TUTINE =800 0 PAC( = Gp.00 PNYHF 5 G4 .RR PNTHC = GG 4AY
- TTARFST = QOR,,T CF CTHRNSTE 38516 REF DRAG = 74534
~FC T QREE PROPTTFE = o (113 DVYL FFF = JIRF7P
T 0T = IORL T FUORR = Pl 29 SPEL THR = G.¢27 FUFLFLNWE T
TCWERWT = e NS VH[ F PR = IO STV IF Ty = . n
TFYTHRE =LA DPES OWHTTTE 16,900 DFS FPR = Y, 9TU DES TIY EPTAG.TN
L38O0 B S 1o = 1T " ar{ [y = 2. 2087 AUT FPH = TleHlys RUT TLT Eijﬁa.,'-!'i
. TOTAL PRESSTPYSFAY AND TFUPINEG R)
PTIN PTONT TTIN ryopT
TRLFET  RT1I0 = L0000 - TFG et 17757 i 1o 43R 6
r AN PR = 1.RI7? FTU = JRRATTPETHSE G4, R8N TZ5 e 1314 .4 437 A X7 WS
LU FH = *.7"16. F1L = e ALt PMIH= W4 JRAFDN TP ey N W I LIRE BT .6
APT FRH & 3,86 FIT 2 GNP FNTHE G810 71107 STYE T RTI.6 095,71
oy D= wG&l FYR = JO9A00 TITHR= 13h%.9 Y127 917%,9 1024 .1 1364,9
THETTTTTBRT & 3 PR FTT = LG1TF PN = AR, 73 GI7P0.9 PRZR,T T354,9 ) EUCT
COOL ATR PRGR T PR4GR T In36,.6 TTTi6 1
TP PO = G AT FI T & 9776 PR £  RT..31 PREA.T 659,10 To36,. 17 19,9
LYAL PR TL 0N FIR = el TR 719, 9 YT (3 719,49 TIS,Y
TOT ROV TRPY = T.3-V CV = e GORE T = ATT .+ 3 -
79" PP = Y0000 FIR = (1900 TBUORE %B34,T <=~
= P.,017 CVDh = LO007 VI = 177129
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" PRY TH22NFAM ENGINE CYFIF PROGARAM
METH = IS B T T E =R T, 0 Pl = UnaN0 PNTHF = B3.60 FNTHU = 93,51
N THPRPUST = =<T73.0T CROTHTIGTIE 2 ilel PAN TIFAG = #4iTa1
SFT =R RGN PONT FFF = =a7”31LF (iVL-FFP 2 ~eN)3IY
WITT = 1R, P WCTTR™Y S OHAZVYUETRPTTHR = =T, I6 T FUFE FLOWS Tat,
WCITAPRT = LA VRLEWPRT = 0,00 POWUEH = ]
NS HE = T.0°0 TF5 TPK = Th.=U0 hRES FPR = 1980 DES TIT =2180,00
KCTRR = TR U U T P = Jeedl 3 RCT FOR—= T AL AU VLT  =1728.U7
* TOTAL PRESSPSFAY AN TEFHP{DEG W)
PTTN PTITTT TTIN PTOHT
TIVLEY  RTO = T 0T TrBsn 7755 AFIH L 2
AN PR = Eal83R EI0 T R0 FNTO= SI,R0N TrS e Tr o5 ¢ & GIR,. R OAT . h
LT PR = 3¢ FT9 FT0 T L A=00 PNTHE 93,6800 (7S e . b7 B4 43RG bFRE .9
HET PR =LA T E RIS AT PR THE 9IS TR FR7RL U FIP T3 ALY BRI PY)
BN PR = O ETH = 99T TTTRE I[75R .0 TYTZT.9 AST&.S TODEJE IZ5Aen
HET PR = FJ4TR FIT =  J918T FFM £ H4.13 Bo T4 a0 ZoUHWH TZRhR,. 0 TIR3
TCNNCTRIR 7aTTH,. B PHURL.R TIHLR =l [ Joac
TP TPR = 4L,97% FIT =  LGTR7Z PN = 7"8R, I3 PO G H 4.3 3T PR T
7 PP TTE T LA nnn F R = g TR JOURT - RAR, 1 R LN [ AR, T
SIS V. R Lo SEH I O VI VA W 1 A T Y = T P : ) ,
7= PR = TL0000 FTR = L1500 THURE  B3T46 - —-
TH RGZZ WPRSEET 2,540% (VIT = (G004 VJ = 1777.5
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. NEY  TH O A

e [he

CYCLE PROGAAM

WACH [ ALY APTTUNNE =354G00,0 #UCC = 100,00 PNTHF 100,00 PNTHC = 100,00
NTHRITSY = 990, AR THRNRTE Ahrled HEWM NOAT = A7 73e7
SFT T UTRANT ORITF FFF = <hi20 (Ul FFF = ,P&AST
WTTY =TT PR HE WITIRT TTATS . SFFC 1P = PR, 7RT FUFTL FLOWS  PA10.
WLWAPRYT = S S R F IS U, T PR = nL - N
NFERA W hIN TFS AP = TR.O00 TFS FPFR = 1.910 NF& TIT =21 a0. 00
ACT B3R =T LG0T KRG QPR I6. 900 ACT FPRE = 1,970 RCT TIT =YAAR,LH
. TOTAL PRESS{FSFA) AND TFMP({DEG R)
PTIN BT TTINM YTouT
TVMIFTWI0 = T.nann T3 1 TG AL ) ]
Fraes FR = T I.0T0 FTC = G Ra0T PNTHETON; 000 7917 TRT5.7 449,9 55T .3
T P gL P F i L BSITT PN TR T T3] I3 K 449,39 ITe,h
RPN PR AL NP BT T L NPT PRTEETITT 00 T30 6 1360227 TIE. R TI77.0
o P = TG F TP = JURTT TITHET3RGN T3807 47 175985 77,0 IHAT, 0
HE T PR 2L R0A FIT = 9707 PN =~ 93,72h TF59RGD TA3ILR TRAG N I57L.6
“TOMTATR A RII.E RN HC 157°4,6 I5Th,. R
TR PR E P RYT T T L Or T PN 93 A0 ZEEI.8 TBET.H 15TR.R RO
Y i AL L L o i S ALY 1 B AV ) o RS St P 66745, T6GTTh TTHT,O TR0
BRI =S 8 7 AR £ = S S IS 57 | B S A BN AL L7 B TAY R I R S : '
7 PR = TN FIF = L7501 THIRE—we7. X
= = JURTT VI = I337.8 =TITT

TSN HERSE T 3 033 OV




RERY THRAnr A FRHGTNE CYCLF PROGEAM
TATH = e 4l NLTITHDR XA A Fu T = QR . PNTHF = OR,7T7? PNTHU = “OR,TH
N THYWTIRT = AR, GF THRIIST=E hidl« 3 RHAM DRAGR =  ATHRLT
SFET = s TSy PFTF FFF = sl I VL FFF = PP 3
CREAN] =TT E . XA WOTTE =T RUG. P 0 HuFr—THW_E;?17H7ﬂ_FﬂEE_FtﬂW= TR,
T WCHAPHRT = L7 T FPLFWPRT £ U.00l FOWERW = PR
TFS R = TLUIN UFS PR = JR.900 Urs FPR = 1,910 TS TIT  =27R0.00
TR T T T T T T T T S S R T PR T E L REE ACT T I T ST TR AR
: TOTAL PRESS{PSFAY AND TFRPTDEG 1)
: PT1IN PTOTT TTTH TTOUT
INEFH WIU = T.0a00 193, Y] 459,40 [y R =)
—Fam PR I ARG F T = 7RSI l‘warirr TR 1A 193] Yooy, 7 (/9 g e i |
TP PPt TR R F T = s AT FNTR=—gg, 7720 (93«1 . 13- T [ ) T3
L e e N T I O RS e vd 1 = B A e 1 T3 T 7R TY . X 7T IR
o PR S N E TS TR Y ITEE T TS903 17679 K TTO1IS.7 YR .O =93
—HPT PR 2 TP FT Y = 9IS P = 91,65 1191957 F3TELR 17593 1501375
T ANIR GIT7 e h EITPIH T40T.R I3a5.se
'”tPT“ [~ EFR LS F{t T T ORT PN, EXTPe 8 39278 r395.% LﬂFI.l "

'—f’“‘-“m‘??“‘f‘iu# = f’.r")‘! Cy——= ‘-P‘T‘-r( vo—= ]!Hf."l -
D7 PRI U F TR T TS O T T RURT TS5 s I =<
TS NI NPRSE T 2L UUS VI R JURRY VYT = L1373
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. NRY TN AN FNGTNE

CYCLF PRNGRAM

TETH = TFET AL T I TIE =9 OWr =GR 0N PNTHF GTaa4 PMTHT = Q7,40
N NCTRFIST =7737R, T FF THRUSTE "47 .3 RAN NFAG = 1086, 3

ab G = o THTPEFIF REFF = e E OV FFF = « A0 RT)

ooT S I P TR RO WO S ARG SPFT THR = 19,097 FURL FLOWE Y T7THRA,

“UNAFKT = 07T WRLFYURT = UL DUNTPOWNFR = Jall .
. S Y = 103N TS OFF 7F 16900 UES FPP = 1,910 OFS TIT =2THDL0D

F O I o= T 3T ACT TIPR S IS, 092 ACT FPR S Y. B67 ACT TIT —=1634 B4

TOTAL PRFSS(PSFLY

ANTY) TFMPTUEDLG R)

] PTIN FTOUT TTTH FTOT
TNCF T RITT = 120000 T, 7931 445,49 449,0
it PR = L R R T T RS I O PNTHE ST AT 793 1 TZ#TE & 449,10 SRZ.T
A PR e O R T T T RS O PN TR 9T 44N T93% 1 JT86,.7 AT, 0 9,9
—He e R R T WA PNTHS 97,605 R 1NN TTo6ew T3, LURR,T
TEOMH P = P o I A I SIS 24 1 5 R O N B T M Y TI9R9. 1 P51 n INHR,Y | =00 T
HP PR AR P T T = UIeg PN =97, & TT75T. 0 3933, 1 ITFI5 R 17,9
CONT—A TR T 3TRIN T TF33L T TARI,Y 1279, R
T PR P £ B S B R BT - LI =\ et~ 1 e - G 1Y TTa3.7 Y7T9,H &dal)4
*ﬁ#ﬂ"“-“?ﬁ*—'““T”ﬂﬂﬂ“?fﬁ*“‘“”??vﬁ—TﬁUﬁ L3 43T 4377 L3 e Ll Y
B B a1 o) L PRCAC - B TEY B (T i e

~PH7R FRTTTE L UNT  ETE =TS T TR
STEOTZ NPRSE 2,951 CVIF & L 9REZ Vi =

BHPT ~
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. DRV THRRANFAN FMNGINF CYCLF PROGRAM

HMACH = »Ra0 ALTITHDRF =3"0010,.,n PWCC = Q4,00 PNTHF = 06,16 PMTHC = 9h,.11

T THRIST = 175%,0 AR THRIHSTE 47848 RAM DRAG = HNP9,H

SFC = « 190 PROD FFEF = L7836 OV FFF = 2085

ChEthi = J19.77 wWUCNED = P9b.0f SPFC THR = 14,715 FUEL FLOW= 14073,
TTTTUICWAPRRY T E N W EWORT = 0,000 POWFR = 0«0 . .

DES FR = T1.030 DS APR = ThA,9N) DFS FPR = 1,910 DFS TTIT =21RN,.00

TCT BR T U FCT O0PR = [ Gerel BLT FWR =  1.837 ACT TIT =IRIS,,0]

TOTAL FPRESS (PSFAY ANIY TFMPIDEG R}
PTTH PTTHIT TTIM rTonT R
TNCFT RTIT = J.0000 79941 193.1 440,90 449,59
~FIT PR = 1L RI7 FIT = S0 PNTAE O, TR 9371 Ta56,.7 49,0 Seh . 3
-1t [ B SR G 50 S N e AT PRNTHS 9 ¢ LG [ACE I AT H 49,0 =10 gpyy 3
—HETC PR E 3y R9 FTC = L R700 PNTHE SRS 107 IR 6 TTER7TR 69T . & 1T0RT, P
I titian P = RURT FTR = L9RTU TITE=T 5150 TTI7H7.H TORTH A TR, 7 I5ys, 0
THET PR = 3,017 FIT = JOTF6 PN = HB.4¢ TO6HTH.8 3T/ 4 TH1IG,0 rry.rT
TONTTAIR T 35154 5T, % TT7T,.7 ITRo.%
—BF e T T35 U A B B B Mo I <\ R - oy S K Jal RoIPY o ] Y169,% BE10S
—A e PR T T T B R S CE4wY SFITn L W BEYTS
B S 7 At £~ e — St W2 St VT A Al ST I WL ¢
=GR T NN T R TR s TR O T T RO SRR =~ : 3 u 7
™ =
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. NRY TUHRINFAN FNGINF CYCLF PROGRAM
TATTH = VAR M TTTINE =4&a0D0en PuC( = 92,00 PANTHF = Q4 AR PMNIHLC = G4 A1
NOTRPIST = J11h.0 GF THSIGTE 4NAZer PAM NRAG = POR%e 3
SFC 2 L4 PENT FFF = &0 OYL FFF = JPI111
WTOT 2 11A, 71 WCNRP = PN erh SRR THR = g ReR FUFL FLOVE  ThTA,.
- FTWAPRT = 2P WRLEYDDT = 1,000 POWFR = el . .
NS HP = TLAAN DESATE 27 To,90 0 OF5 FBPF = 1.9Y0 NES TIT =2180,00 i
X ol g 2T =TI NRTTRCT L APE T T3, 3R7 ACT FRR = 1L ATZ ACT. TIT —ST&m, 34
. . TOTAL PRFSSTPSFR)Y AND TEMP (ODEG P)
FTTN PTOUT TTIM TTHIT
INLFT "RID = T.000D0 , T3, 1 T3 445,90 445,09
FAR Po = JaR1F FTT = RSN FWNTHE 9§, 7R RETE! IR [ A=) S4T.H
T PR =, He T 36 FTT = 0= PR Y4, RRT 7931 el oY) ART. Y QU , T
HE PPT= ToORG FTU = JO7T PRNTHE G&E R POR7 .G TR TR, T (35 ¥ ) I a9 ,3
TOrs o= B R UE R TR E ORI TITRT 14004 ITTRIH. T 9YTI, 7 AL S AN %
HPT Flv—— = L TO9FTT = LU T TR PN HR 9T T T e 1 3T, T&0N . & GO S
—COULTEIR R e Y 317D TO65.T 10RE.S
CPY P G A F 1T = 9176 PN HE.ET TP TP%el IMHE, R TET 7
"ﬁ’fﬁ‘“——'ﬁP“—-'—'“T”“ﬂﬂv"Efﬁ—"““‘f‘“‘ﬂ‘ﬁ‘“Tﬁﬂﬁ TF7 [ Tt TEIT? L R
PR TRP T ST TV PRI A AT V'S MRS [VYY Sy L e
“ﬁ?ﬁ""*“?ﬁ“"E“T*ﬂﬂﬂﬂ“T11*“*—*‘Tquu TROR= %5 '
TSTNGT ITNPRSS BT T T JOFRT TR I AL E S
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NeyY THRRNEAD

Eh{GINF

CYFLF PRNGRAM

MATCH = TEEA BLTTITIINE =25naiah BUre = QaN.,N0 PNTHF =" 93,60 PNTHC = 93,51
N THRUST =  PRA N SR THPIST=E 415hé.R RAY NRAG = 7000.9
SFC = J,0AFT PHMP FrF = L4146 OVL FFF = L0BKh9
WTOT = 114,10 WOORD = PR3.E5 SHFC THPR = 7,774 FUFL FLOW= TR
WlwAPRT = NP0 WwRIFWBERT = 0,000 POWER = 0.0 . p
NESTREY = T1.030 DFS /PR = YTh,9300 DFS FPE = T.910 DES TIT =721R0,.00
T ATTY HRRT E Y NN ORTYT, TPEE JP L5773 ACT FRE TETILTRR ACT TITT =1P00.6R
. TOTAL PRESS{PSFAY AND TEMP(DEG P)
DTN PTONT TTIN TTOUT
INLFT RIO = T.0AAD IEET)! 7631 440 .9 449,9
FAT PR = T TRR FTIT = L85{F BRTHE 3, /00 79341 T47T6,.5 449,9 545 .3
e PR = 3ATT FIC = (B500 PHIHE 93,600 7531 eRT0.4 49,0 6B3,08
HPT PR = 3,374 FITT = J3700 PNTRE 94517 PRT0 .4 FITN . A . HhAIT,T 1I05%9,7
COTR |l = s AT HTH = PN T ETH="T790,7 4T R F3IT7 .k TOH79. 7 1750 ,.7 *
e PRTET FETIT FIT = JOTAT PN = AR. 20 51 I - PTGT . T T790,7 R4, 1
LT LAIR ] IR £ PT4TaT1 9rE TE5, 1
P P T B nA FIT = L9167 PN = HT.r3 PTG T T 554 . R 955, ] 647T,7 -
- SR <4~ B S | )N A Y ) B AU R Y AT Y SS4TH RUTw 6477 : :
B SAn S LA Vo U 1= M Mgt O 1 I R AV AR RIS A= 1o AT G B A 31| FC S - ; :
Y A S P = Ta00nm FTHR = e (0T THITRE 945,73
S TITIZTNPREE T PL.TEAT CUNT = JURRG W = 175,727 [
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NEY TIHAROGE LM

FAMGINFE YO & PENGRAM

MACH = Gt FUTTTINF S4R(000,0 oull, = 10000 ONTHF 100,00 PMTHC = 10n,00
T YHBIIST & P1Np.6 6P T8 TE 410N .0 BAY TPAG = 1997.4
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