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NOTATION

The notation used in the following sections is defined with the corre-
sponding FORTRAN name used in the program indicated parenthetically. Figure 1
shows the nomenclature used for the various inlet and nozzle locations. The
values below are defined per engine and the drag coefficients are based on
inlet capture area unless noted. The starred (*) items are required program
inputs which are either user input or are supplied by another subroutine in
the aircraft synthesis program.

Symbol Code

A area, m?, ft?

*
AAUX/AENG (AUAENG) auxiliary systems area ratio

ABL/Ac (ABLEAC) bleed mass flow ratio
ABP/Ac (ABYPAC) bypass mass flow ratio
AC (AC) inlet capture area (per engine), m?, ft?
ACC (ACC) area of exit nozzle (joint point between engine
and fuselage)
AE area of exit, m?, ft?
AEF (AEF) * engine face flow area (per engine), m?, ft?
AENG (AENG) * engine face total area (per engine), m?, ft?
AEXIT (AEXIT) nozzle exit area (per engine), m2, ft2
ANOZ (ANOZT) nozzle throat area (per engine), m2, ft2
TH
Ao (A0) area of free-stream stream tube (per engine), m?, ft2
AO/Ac (AOAC) mass flow ratio of inlet (per engine), m2, ft?
A (AS) projected frontal area of compression surface,
5 m2 ft2
b
ATH (AT) inlet throat area (per engine), m?, ft2
ATHD (ATD) inlet throat area (per engine) at MDES’ m2, ft?
AVENT/Ac (AVEACD) ratio of engine ventilation flow area to inlet

capture area (per engine)

iid



(AWAENG) *

(AY)

(CDAD)

(CDAUX)

(CDBE)

(CDBP)

(CDBT)

(CDDIV)

(CDI)

(CPCS)

(CS or CDADS)

(DCC)

(DENG)

(DEXIT)

(IPR)*

boundary-layer diverter area ratio
projected frontal area of compression surface

forward of point of normal shock impingement,
m?, ft?

drag coefficient

supersonic spill additive drag coefficient
auxiliary systems drag coefficient

bleed drag coefficient

bypass drag coefficient

nozzle boattail drag coefficient
boundary-layer diverter drag coefficient
nozzle interference drag coefficient

boattail drag coefficient based on ACC

pressure coefficient on diverter surface
pressure coefficient on compression surface
subsonic spill additive drag coefficient

thrust coefficient
nozzle diameter at customer connect, m, ft

engine face diameter, m, ft

2 2

acceleration of gravity, m/sec®, ft/sec
nozzle exit diameter, m, ft
altitude, m, ft

inlet pressure recovery code

distance between normal shock position and inlet
1ip

iv



(XLVD)

(XLNOZ)

(XMCONE)

(XMDES) *

(XMEF) *
(XMEX)
(XMT) *
(XM0) *
(EN)*

(NPR) *

(PRDES)
(PRSUB)
(PR)

(PRTOT)

(PTBLE)

distance between normal shock position and inlet 1lip

ratioed to inlet capture diameter

nozzle length, m, ft

Mach number

mass flow, kg/sec, lb/sec
auxiliary systems mass flow, kg/sec, 1lb/sec
bypass mass flow, kg/sec, 1lb/sec
compression surface Mach number
inlet design Mach number

exit Mach number

exit mass flow, kg/sec, 1lb/sec
engine face Mach number

nozzle exit Mach number

inlet throat Mach number
free-stream M;ch number

number of engines

nozzle pressure ratio

static pressure, N/m?, 1b/ft2
exit static pressure, N/m?, 1b/ft?

supersonic diffuser pressure recovery at MDES
subsonic diffuser pressure recovery
supersonic diffuser pressure recovery

total pressure recovery to engine face

cone surface pressure ratio

total pressure, N/m?, 1b/ft?

bleed exit total pressure, N/m?, 1b/ft?



(PTBYP) bypass exit total pressure, N/m?, 1b/ft?

total pressure at engine face, N/m?, 1b/ft2

cone static pressure at the throat, N/m2, 1b/ft2

(PTNOZ) * nozzle exit total pressure, N/m2, 1b/ft2

total pressure at inlet face, N/m?, 1lb/ft2

(PTO)* free~stream total pressure, N/m?, 1b/ft2
(PINF) % free-stream static pressure, N/m?, 1b/ft2
(Q* free-stream dynamic pressure, N/m2, 1b/ft?

specific fuel consumption, kg/N-hr, 1b/1b-hr
(SODG) * nozzle spacing ratio
(SWING)* wing reference area, m?, ft2

thrust, N, 1b
(FIP)* gross thrust per engine, N, 1b

total temperature, K, R

(TTNOZ) * nozzle exit total temperature, K, R
(TTO) * free-stream total temperature, K, R

exit velocity, m/sec, ft/sec
free-stream velocity, m/sec, ft/sec
(WA) * engine airflow, kg/sec, lb/sec

(XCcoYc) distance from cone tip to inlet face ratioed to inlet
capture diameter

(YC) inlet capture diameter, m, ft
diameter of inlet centerbody at inlet throat, m, ft

(BETA) nozzle boattail angle, deg

vi



APR

(DELPR) *
(GAMMA)

(LAMBDA)

(RHO)
(THETA)

(THDIV)

incremental pressure'recovery correction
isentropic constant

angle at inlet lip between average direction of flow
and longitudinal axis of inlet

free-stream static density, kg/m3, 1b/ft3
cone half angle, deg
boundary-layer diverter wedge angle, deg

exit angle, deg (COSDE is cosine of exit angle in
program)

vii



A STMPLIFIED ANALYSIS OF PROPULSION INSTALLATION
LOSSES FOR COMPUTERIZED AIRCRAFT DESIGN
Shelby J. Morris, Jr., Walter P. Nelms, Jr., and Rodney O. Bailey

Ames Research Center

SUMMARY

A simplified method is presented for computing the installation losses of
aircraft gas-turbine propulsion systems. The method has been programmed for
use in computer-aided conceptual aircraft design studies that cover a broad
range of Mach numbers and altitudes. The items computed are: inlet size,
pressure recovery, additive drag, subsonic spillage drag, bleed and bypass
drags, auxiliary air systems drag, boundary-layer diverter drag, nozzle boat-
tail drag, and the interference drag on the region adjacent to multiple nozzle
installations. The methods for computing each of these installation effects are
described and computer codes for the calculation of these effects are furnished.
The results of these methods are compared with selected data for the F-5A and
other aircraft. The computer program can be used with uninstalled engine
performance information which is currently supplied by a cycle analysis pro-
gram. The program, including comments, is about 600 FORTRAN statements long,
and uses both theoretical and empirical techniques.

INTRODUCTION

The design of advanced aircraft systems requires the consideration of many
different tradeoffs and parameters to arrive at an optimum design for a
particular requirement or group of requirements. One is the effect of inter-
action between the aerodynamics and the propulsion of these systems. Propul-
sion installation effects on high-speed aircraft can amount to 10 percent or
more of the aircraft drag and can also degrade the propulsion thrust via inlet
total-pressure recovery penalties and nozzle-flow penalties. These effects
are significant in high-speed aircraft design, and thus require attention,
even in early design studies.

Tradeoff studies are usually done manually or, more recently, by many
large computer programs with manual communication between them. As computer
capabilities have increased, it has become possible to communicate between
these disciplines within the computer in an automated or integrated fashion.
This integration allows computation of the trajectory of the aircraft over its
entire mission, thereby providing the ability to determine the effects of
various parameters and to optimlze the aircraft for specific requirements
subject to various constraints. The method and computer code presented in this
report is intended to supply the propulsion installation losses as required
in this process. The code is designed to work as part of a propulsion module



in the framework of the Aircraft Synthesis Program, ACSYNT (fig. 2), which
has been developed at the Ames Research Center (ref. 1).

The purpose of this report is to document the methods and the computer
code for propulsion installation losses as presently employed in ACSYNT.
Limited example comparisons of calculations with data are made and areas of
further research identified. It should be emphasized that, at present, the
methods are preliminary in nature and further work is needed to improve the
techniques and to perform additional correlations with data.

PROGRAM PHILOSOPHY

The purpose of the Propulsion Installation Calculation (PRINC) module is
to compute the air induction system and nozzle/afterbody effects in the
ACSYNT program. The procedures employed in the present subroutine are general,
since the methods must be applicable to a variety of inlet, engine, and nozzle
types over a broad range of Mach numbers and altitudes. An additional impor-
tant requirement is that the calculations be very rapid, since installation
losses are computed many times (over 1000) in a run of the ACSYNT program.

Figure 3 shows a block diagram of the method. A modular approach is used
so that future additions and improvements can be easily iIncorporated. Items
computed include (1) inlet pressure recovery, (2) inlet size, (3) additive and
spillage drags, (4) bleed and bypass drags, (5) auxiliary system drag,

(6) boundary-layer diverter drag, (7) nozzle boattail drag, and (8) nozzle
interference drag. 1In figure 3, those parameters listed inside the boxes
are output from the various modules and those parameters listed beneath each
box are required inputs to each module.

There are varied accounting approaches for the aerodynamic propulsion
system and propulsion system/airframe interaction losses. The method employed
in the PRINC module is to charge all losses (listed above) to the engine thrust
and specific fuel consumption (SFC) as indicated in figure 4. However, the
total propulsion installation drag as well as the individual propulsion-
related drags are computed separately so that any desired accounting method
may be adopted by the user. An available option in the program is a multiply-
ing factor for any or all of the propulsion installation losses to adjust the
level of these penalties at the user's discretion.

DESCRIPTION OF METHODS

This section documents the methods used in the propulsion installation
loss module (PRINC) and diagrammed in figure 3. It is assumed, for the inlet
drag calculations, that the inlet is an axisymmetric, external compression
design and, for the additive drag calculation, that the surface pressures are
for a cone of an average half angle of 20°. The drag coefficients computed
in the following development are based on inlet capture area, except where



noted. The equations, derivations, and programming details are presented in
appendix A. A FORTRAN listing of all the modules 1s included in appendix B.

Inlet Pressure Recovery — The inlet pressure recovery is divided into two
parts, the pressure recovery in the region ahead of the inlet face and the
pressure recovery in the subsonic diffuser after the inlet face. The pressure
recovery in the region ahead of the inlet face is estimated by the use of
the standard AIA or Military Specification 5008B methods or by the assumption
of normal shock pressure recovery (appendix A). The pressure recovery versus
Mach number computed by these three methods is shown in figure 5.

The subsonic diffuser pressure recovery is estimated by the empirical
method of Ball (ref. 2), which gives this pressure recovery as a function of
the throat Mach number, the inlet lip bluntness, and the free-stream Mach
number. For the present study, the inlet 1lip has been assumed to be sharp and,
thus, the inlet subsonic diffuser pressure recovery is independent of lip
bluntness or free-stream Mach number. Also, the geometric inlet throat Mach
number is equal to the effective inlet throat Mach number as described in
reference 2.

A fourth method available in the program is to input the inlet total
pressure recovery as a function of free-stream Mach number in tabularized
form.

Inlet Sizing — The inlet face flow area is determined by a mass balance
(conservation of mass) between the inlet face and the engine face. The mass
flow at the engine face is determined by the requirements of the engine. The
inlet face flow area is increased over that of the engine to allow for bypass,
bleed, and powerplant ventilation mass-flow requirements. The free-stream
stream-tube cross-sectional area is determined by a mass balance between the
free stream and the inlet face. The inlet design Mach number is used to define
the inlet capture area, which is equal to the free-stream stream-tube cross-
sectional area at the engine's maximum power setting. The inlet capture area
is held constant at off-design conditions; however, the centerbody is allowed
to move so that the inlet throat Mach number is held at some specified value.
No check is made on the mechanical difficulty of achieving this variation.

The key assumption in this analysis is that the inlet throat Mach number is
constant. The programming details of this subroutine are included in appen-
dix A.

Additive Drag — The engine thrust is referenced to free-stream conditions.
The loss in momentum of the airflow ahead of the inlet system must be accounted
for in the bookkeeping system. This loss in momentum ahead of the inlet face
is called "additive drag" and is a function of the inlet geometry, the free-
stream Mach number, and the mass flow of the engine.

The inlet additive drag is computed by a momentum balance between the
inlet face and the free stream. The cosine of average flow angle (with respect
to the inlet centerline) at the inlet face is assumed to be 1.0. The inlet is
assumed to be external compression (that is the normal shock is outside of the
cowl 1ip). The inlet throat Mach number is held constant at some specified



value. The inlet geometry is assumed to be axisymmetric The additive drag
can be computed (ref. 3) from

P
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The cone pressure calculation uses a polynomial approximation presented
by Lighthill (ref. 4). The subsonic spillage effect Cg 1s computed using
an empirical technique described by Sibulkin (ref. 3). A complete description

of the method is included in appendix A.

Bypass Drag — In high-Mach-number aircraft design the inlet is usually
sized at the maximum design Mach number. During off-design operation at lower
Mach numbers, the inlet usually has the capacity to supply an excess airflow
to the engine. This excess airflow must be either taken onboard the aircraft
and passed (bypassed) around the engine or diverted (spilled) around the inlet
system.

The bypass drag is computed from a momentum balance between the free-
stream and the bypass exit. The bypass exit nozzle can be either sonic or

fully expanded. After considerable simplification (see appendix A), the
momentum balance yields

—CD =2[1—cos ﬁ .—___m.1+02M2 .
(Agp/a.) "E T, (1 + 0. ZME) ]
5 , 3.5
+{cos 6 E 1+ 0.2M52) [ 1 ) (l + O.ZMw) ]}
0.7 Mg (1 +0.2M2 (PtE/th) 1+ 0.242

where Yy 1is assumed to be 1.4. If it is assumed that the bypass exit nozzle
is sonic, then

ME = 1.0

If it is assumed that the bypass exit nozzle is fully expanded, then

Pp = P

- 0.286 _ 0.5
M [S(PtE/Pm) 1)]



The bypass exit pressure recovery is assumed to be a fraction of the inlet
total pressure recovery (to the engine face). Typical values for this fraction
are

p, /P, =KpP,_ /P
te t, top b

where 0.3 < K < 0.7.

Bleed Drag — The inlet compression ramp or cone for typical supersonic
inlet designs often have a considerable length exposed to an adverse pressure
gradient. This can create a boundary layer which is thick enough to cause
losses in engine performance. The problem is particularly acute in regions
where a shock wave interacts with this boundary layer. In order to maintain
efficient engine performance, part of the boundary layer is removed on these
compression surfaces in some inlets, and it is necessary to account for the
momentum loss of this bleed flow. A momentum balance between the free stream
and the bleed exit yields an expression similar to the bypass drag formulation.
The bleed exit can be assumed to be either sonic or fully expanded. The
momentum balance yields

C 1 + 0.2M2
————EL——-= 211 -~ cos 6 — ad
(Mg 7A) EM_\1+ 0.2ME2

cos GE M /1+ O.ZME2 3 1 1 + O.ZMi 3.5
* 2 2 (®_J/p )" 2
0.72 M_\1 +o0.212 tg t, \l+0.2M

where Yy 1s assumed to be equal to 1.4. If it is assumed that the bleed exit
nozzle is sonic, then

ME = 1.0

If it is assumed that the bleed exit nozzle is fully expanded, then

PE =P,

ME = [S(Pt /Pm)O-ZBG - 1]0-5
E

The bleed exit pressure recovery is assumed to be a fraction of the inlet
total pressure recovery (to the engine face). Typical values for this fraction
are

P _/p_ =KP_ /P
ty t, tor e

where 0.3 < K < 0.7.

A complete derivation of these equations is contained in appendix A.
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Auxiliary Systems Drag — The auxiliary systems drag accounts for the air-
flow taken into the aircraft for systems cooling and auxiliary power generation.
Many aircraft have small auxiliary inlets mounted at some convenient place to
serve this purpose, and the drag created can be significant. It is assumed
that the total momentum of the flow into these systems is lost. Therefore the
auxiliary system drag is

; 2
¢y . Taux's _ PefaxVe , taux
AUX QAC 1 v2a Ac
2 Tw =g
where AAUX/Ac is the ratio of the auxiliary system inlet capture area to
aircraft inlet capture area. Typical values for this quantity range from
0.005 to 0.01.

Boundary-Layer Diverter Drag — In many inlet installation systems, the
inlets are located close to the aircraft's larger components (i.e., wings,
fuselage) which generate regions of low momentum ahead of the inlet. The
ingestion of these boundary layers into the iInlet creates a nonuniform flow
distribution which can cause considerable performance degradation in the
engine. This problem has been avoided by the addition of a ramp (a plow)
between the inlet and the boundary-layer generating surface. The turning of
the flow in these systems adds drag to the aircraft, which must be accounted
for. A fit of data (refs. 5 and 6) yields

1.2 °p AuEpcE
2 A

c == ;i M, > 1.55
Ppry 2 20 A,
p AWEDGE
= 0.499 -2 HEDCE . .95 <y < 1.55
(o4
M_-0.8 6
= 0.499 —2 p humner 4 4 <M <0.95

(0.95- 0.80) 20 T

=0.0 ; M<0.8
Details on the data and a comparison with the fit are given in appendix A,

Boattail Drag — The boattail drag on the airframe back to the point where
the nacelle and engine are joined (see fig. 1b) is calculated as part of the
aircraft drag. The boattail drag on the portion of the engine which includes
the engine nozzle after this joint is charged to the engine performance in
the present accounting system. The boattail drag estimation method used is an
empirical technique developed by Ball (ref. 2) from wind-tunnel data on iso-
lated boattaill nozzles. The nozzle interference drag described in the next
section corrects this for installations of more than one engine. The boattail
drag is based on the area at the point where the engine is joined to the
airframe. The formulation is for an engine nozzle pressure ratio (engine exit




total pressure to free-stream static pressure) of 2.5; however, correction
terms are included for different nozzle pressure ratios. The engine nozzle
exlt area is computed from the engine thermodynamic data. The boattail angle
is computed from the engine diameter and the assumption that the length of the
boattail is equal to the engine diameter. It is also assumed that the diam-
eter of the boattail at the connection point between the engine and aft
fuselage or nacelle 1s 10 percent greater than the engine diameter. A complete
description of this procedure is included in appendix A.

Nozzle Interference Drag — The nozzle interference drag accounts for the
drag on the base area between multiple nozzles. The independent variables are
free-stream Mach number and nozzle spacing ratio S§/D (ratio of the distance
between nozzle centerlines to nozzle exit diameter). The calculation technique,
developed by Ball (ref. 2) from wind-tunnel data, estimates the ratio of the
drag due to nozzle interference divided by ideal gross thrust at a nozzle
pressure ratio of 2.5. This value is corrected to a drag coefficient based on
inlet capture area. A complete description of this computation is included
in appendix A,

EXAMPLE CALCULATIONS

This section presents example computations from the PRINC module of
typical installation drags, net propulsive thrust, and specific fuel consump-
tion values. After PRINC module calculations of inlet mass flow and propulsion
installation drags for a simulated F-5A are presented, these results are then
used to determine the overall installed thrust and SFC of an ACSYNT simulated
F-5A. Comparisons are made of these results with F-5A flight test data.

Mass Flow Summary

The effect of Mach number on engine mass flow ratio A,/A. for the PRINC
module simulated F-5A is presented in figure 6. Note that the F-5A has no
bleed or bypass. The spillage mass flow is the difference between A,/A. = 1.0
and the Ag/A. set by the engine (plotted). This difference would be much
larger for an aircraft with a higher inlet design Mach number Mpgg. The
method is capable of handling bleed and bypass in the manner described in the
section on bypass and bleed drag.

Total Installation Drag

Figure 7 is an example PRINC module calculation of the installation drag
coefficients based on wing reference area as a function of M. for a
simulated F-5A inlet system. The total installation drag coefficient is shown,
as well as the various components for maximum afterburning (A/B) and military
power settings. For this same inlet system, the effects of engine throttling
at M = 0.9 and 1.2 are shown in figures 8a and b.



Net Propulsive Thrust Correlation

A comparison of the thrust calculated by the ACSYNT propulsion subroutine
and the PRINC module with data determined from F-5A flight tests is shown in
figures 9a and b for maximum A/B and military power settings. The results are
presented for two engines over a range of Mach numbers at 10 973 m (36 000 ft).
The upper portion of each figure compares the uninstalled thrust from the
ACSYNT propulsion module with corresponding values from the J-85-GE-13 engine
specifications (ref. 7). Both thrust values are based on the AIA standard ram
recovery schedule. The table shows the percentage difference between the
calculated results and data for selected Mach numbers; that is,

Calculated-Actual

Actual x 100

The lower portion of the figure shows a comparison between the installed
thrust calculated by the ACSYNT propulsion subroutine with corrections calcu-
lated by the PRINC module and flight-test modified data from reference 8. The
PRINC module calculations include corrections for a pressure recovery schedule
based on a corrected airflow of 20.4 kg/sec (45 lb/sec) (ref. 9) and for the
following installation losses — additive drag, auxiliary systems drag, boundary-
layer diverter drag, and nozzle boattall and interference drags. Bleed and
bypass drags are zero. Exactly what corrections are included in the flight-
test modified data of reference 8 is not clear, but it is suspected that losses
for the boundary-layer diverter and the nozzle are not included. This would
account for some of the overcorrection by the PRINC module. With a few
exceptions, the percentage differences for both power settings are within
10 percent.

SFC Correlation

Figures 10a and b show comparisons between specific fuel consumption
values from the ACSYNT propulsion subroutine and the PRINC module and data
determined from F-5A flight tests. These comparisons correspond to the thrust
correlations shown in figures 9a and b. As with thrust, the percentage
differences are generally within 10 percent. It should be noted that the F-5A
flight-test evaluation may use a different method of bookkeeping, which could
account for some of the differences.

CONCLUDING REMARKS

A simplified method has been presented for computing the installation
losses of aircraft gas-turbine propulsion systems. The program employs rapid
and sufficiently accurate estimating procedures suitable for use in computer-
aided conceptual design studies of aircraft systems over a broad range of Mach
numbers and altitudes. The items which can be computed are: inlet size and
pressure recovery, additive drag, subsonic spillage drag, bleed and bypass
drag, auxiliary air systems drag, boundary-layer diverter drag, nozzle boattail
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drag, and the interference drag on the region adjacent to multiple nozzle
installations. The methods for computing each of these installation effects
have been described and compared with either data or the results of more
elaborate computing procedures. Finally, a comparison of the overall results
of the method with F-5A performance specifications indicates an accuracy within
about 10 percent in installed thrust and specific fuel consumption. This is
considered sufficiently accurate for computerized design at the early stages

of vehicle definition.



APPENDIX A
DEVELOPMENT OF PROGRAMMED EQUATIONS

This appendix contains a brief development and description of the
equations that are used in the PRINC program. The equations are presented by

subroutine.

INLET PRESSURE RECOVERY

(MODULES PRSUBS AND PRINL)

This section is divided into two modules, one to calculate the subsonic
diffuser pressure recovery PRgyp and another to calculate both the super-
sonic diffuser recovery PRgyp and the total pressure recovery to the engine
face PRyt

Subsonic Diffuser Recovery

The empirical method of reference 2 is used. For 7y = 1.4,

P

t
EF _ 1.0 - EPS<1.0 - 1.0

SUB P 2 3
tTH [1.0 + O'2<MTH) ]

PR

where

EPS = 0.37148(M._. )2 - 0.231428(M..) + 0.06
My Mru

Supersonic Diffuser Recovery

Four different options are available for calculating the supersonic
diffuser recovery:

(1) ATA standard ram recovery — From reference 10, we have

PtTH
PRyp =5 = 1.0 5 M <1.0
tw
P
trh 1.5 ‘
PR - = . = 1.0 - 0.1(M_ - 1.0) s M_> 1.0
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(2) Military Specification 5008B — Also from reference 10, we have

PtTH
PRSUP = P = 1.0 H Moo < 1.0
too
P
tTH 1.35
PRom = 7 = 1.0 - 0.075(M_ - 1.0) i M > 1.0

(3) Normal shock — From reference 11, we have

P
t
Movp 2 =105 M <100
tm
PtTH 6M2 7/2 6 5/2
PRop = 3 =( ) (————) s M_>1.0
t, WM2+5.0 ™2 - 1.0

(4) Input table of PRgyp vs M_ — See program listing in appendix B.

Figure 5 shows a comparison of the first three supersonic diffuser pressure
recovery schedules described above.

The particular total pressure recovery schedule to be used is selected by
use of the control parameter IPR, as follows:

IPR Code Recovery schedule
=1, AIA standard ram recovery — APR
=2, MIL Specification 5008B — APR
= 3, normal shock — APR
= 4, table look up

where APR 1is an input incremental pressure recovery correction. If IPR is
positive the installation effects are included. If IPR is input with a minus
sign, the installation effects are neglected and the thrust is corrected only
for the pressure recovery losses (i.e., IPR = -1 gives AIA ram recovery —
APR and no installation losses).

If TPR is input as a positive number, but preceded by a one (i.e., 11, 12,
13, or 14), the installation effects are included and the subsonic diffuser
pressure recovery is computed from the empirical results of reference 2 (see
subsonic diffuser recovery in the previous section). Thus, IPR = 11 gives the

AIA ram recovery multiplied by PRSUB with the installation effects included.

11



The subsonic diffuser pressure recovery is multiplied by the supersonic
diffuser pressure recovery to give the total pressure recovery to the engine
face. That is,

P P
ter  bry

PReor "5 * 5 = FRgup ¥ PRgyp
tTH too

Also in this module, the supersonic diffuser pressure recovery at the inlet
design Mach number (PRppg at Mpgg) is multiplied by the subsonic pressure
recovery to give the total pressure recovery to the engine face.

INLET SIZING (MODULE SIZIN)

This module is used to compute the inlet capture area A.. The inlet
capture area is defined to be the total projected frontal area of the inlet,
including the projected frontal area of the centerbody (see fig. 1). The
inlet capture area is computed at the design Mach number, altitude, and power
setting, and is held fixed for off-design operation.

A useful relationship which is needed in the following development is
the corrected airflow per unit area, which is defined to be

_Yi‘l_)

WT -(
=.a_t \/_Y. Y -1 2} \2(y-1)
pA 8 RM(1+ 2 M)

3

3
0.92M (1—+%_2?47) s y=1.4, g=32.2, and R = 1716

WFF(M) denotes the corrected airflow per unit area (sometimes called the
welght flow function) calculated for the Mach number specified in the
parenthesis. For example, WFF(Mpp) means the weight flow function calculated
for the engine face Mach number.

Inlet Throat Area

For external compression inlet designs with sharp lips the inlet face
flow area is equal to the inlet throat area. The inlet throat Mach number is
input to the program and the engine face Mach number and engine face flow area
Aprp are obtained from the engine description. Therefore, using conservation
of mass between the engine face and inlet throat, the inlet throat area can be
calculated.

P
A =4 [WFF(MEF)] “EF [1 s - AVENT]
TH EF WFF(MTH) Pt A A

[ (o

12



The above relation is used with the appropriate design point input values to
calculate the design point inlet throat area.

Inlet Capture Area
The inlet capture area can be computed by using the conservation of mass
relation between the inlet throat and the free-stream conditions. The inlet

capture area is equal to the free-stream flow area (i.e., AO/AC = 1.0) at the
inlet design point. Therefore,

WFF( ) Pt
fo 7% T P, [m&ta] (Pm) [1 ' (%) ]

DES DES

ADDITIVE DRAG (MODULE CDADDI)

The additive and subsonic spillage drag computational approach follows
Sibulkin (ref. 3). The inputs and outputs of the module are shown in
figure 3. 1If the design Mach number (Mpgg) is less than or equal to one, the
bleed and bypass area ratios, as well as the additive and subsonic spill drags,
are set equal to zero. If the design Mach number (MDES) is greater than one,
the following are assumed:

1. Axisymmetric cone geometry

2. External compression inlet

3. 20° cone half angle (THETA = 20°) can be varied internally

4, COS X =1.0

5. Throat Mach number is constant at input value.

The ratio of Ap/A. for the engine airflow is calculated to be

A p AV W
A owAch p AV

¢/ENG e

o

where WFF(MQ)Pt

pV =

o o

1/2
(Ttm)
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The bleed and bypass area ratios are then computed from a predetermined
schedule which can be changed if desired. The schedules are currently

0 (MDES)3 ( M, - 1.0 )
.10 SFBEP
A 3.0 ) \Mppg - 1.0

%Ii SFBPP[J..O -(%) ]0.5

¢ ENG

where

SFBEP

an input scale factor for the bleed flow schedule

SFBPP

an input scale factor for the bypass flow schedule

(Note: 1If the bleed and/or bypass airflow schedules are changed here, they
must also be changed in subroutine SIZIN.)

The ratio of AO/Ac for the inlet is computed from the engine airflow
characteristics and the bleed, bypass, and vent airflow characteristics:

Ao Ao
A_= "rc' (1.0 + WEXWEF)
¢ ENG
where
pmA v A AB Av
[ BL P . ENT
WEXWEF W (AA + n + n
a c c c
and
f%FHI is input (0.03 is typical)
< i

The additive drag is computed using Sibulkin's formulation (ref. 3):

P P
2 |Am te try Pry 2
A

CDAD = M2 P 7 7 (yMTH + 1) cos A
M c t., tTH
(A - A_)P A
c TH cone (¢} 2
+ n P 1.0 n YMm + CS

[ @ [
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where

3.5
Pt:m 1+ M2
P 5
P
IH _
P - PRgyp
tw
Pru 1
S P 2.3.5
b (1 + Moy
5
0.5
W (1.0 + WEXWEF) (T,_)
ATH a ot

WEF (M) PRsupfe_

For M_ < 1.0, the cone surface Mach number and cone surface pressure
ratio are estimated, as follows:

~
=

M M
cone oo
X P
Py =[ 1 {K tm) (PTH )
P (P /P ON\P P
@ © Tt INt, try

where Pry 1s the cone static pressure at the throat. The cone average

pressure 1is
P
(—PTH) P_+P_
P oo

cone =
2

and the cone surface pressure ratio is

PSPIN = %’-‘5

- -]

For M_ > 1.0, the cone surface pressure coefficient can be estimated
using an approximation presented by Lighthill (ref. 4):
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C, = cone average pressure coefficient

P
2
= 92 + 202 In | —=——
[(Mﬁ, - 1)1/29]

S
- 1)2
+ 3(Mi - 1)0“{11‘1 _-zﬁlz_ }

Lar, - 1) %6
- -
- (5M2 - 1)e“{zn —_—
2 - 1) /%
+[%Mi+%—+( +1 q]e”
2 - 1)

where € 1s the cone half angle in radianms.

The cone surface pressure ratio can be obtained from the definition of
the pressure coefficient

PSPIN = P /P =C, x (Q/P)) + 1.0

S
where

Q/P_ = 0.7M2

The cone surface Mach number can be approximated by using a formulation
of Lighthill (ref. 4):

1

21 2 _ M2 Y w2
M2 [4 chps(y +1) + 1] chps(4 M2Cp + 1)

M =
cone [l

2 M2 - Y M2
7 Mmcps(y 1) + 1] G MchS + 1)

/2

or, for vy = 1.4,

1/2
(0.6M2Cpg + 1.0) - Cpg(0.35MZCp s + 1)
cone =

(0.7M§CPS + 1)(0'1M"2"CPS + 1)

To complete the additive drag calculation, it is necessary to evaluate
the subsonic spillage drag Cg. Cg 1is the drag of the inlet spillage that
occurs behind a normal shock. This drag is equal to zero if the free-stream
Mach number is subsonic.

16



Using Sibulkin's formulation (ref. 3), we have

C = 2 (As - Ai)(P/Pcone " 1)Pcone
A

s P
M2

[od (-]

A =A - A __cos A (see fig. 1)

‘<!>
[]
b
0
At
N
!>|:>
/2]
N~
1
-
[
<
=]
<@
e J
N

e ()

® = cone half angle (see fig. 1)

L ﬁl)
k(1.0 - 21

~
|

£(M,) = 0.2505M2 - 1.492625M_ + 2.8921
(see ref, 3, p. 7)

where B 1s the ratio of mass flow with supersonic flow at the inlet to the
maximum theoretical capture area mass flow.

Note that £ 1s a function of X /'y M_, 6 and, according to Sibulkin
(ref. 3), B can be considered equivalSRt "ifi most cases" to the supercritical
mass flow ratio. The supercritical mass flow ratio is presented by Barry
(ref. 12) where B 1is equal to Barry's Am/Ao. For the present purposes, it
1s assumed that

B =1.0 ; for X, /vy, < 1.2
= 1.0 - (X oy, - 1.2)/(2.75 - 1.2) 3 for X__ /y_2 1.2
P = = 2 -—
B/P o = PNSEC = (7M2_ - 1)/6

For M_ < 0.4 or AO/AC >1.0,
Ch,.  =0.0

Cb_,, = 0.0

Q
£
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Figure 11 shows a comparison of additive drag coefficient as computed by
the methods of reference 3 and by the PRINC program. Sibulkin (ref. 3)
assumes the spike position to be a function of M_. The PRINC method assumes
a spike position that is a function of M_ and throttle setting such that the
inlet throat Mach number MTH is a constant at the input value.

BYPASS AND BLEED DRAGS

(MODULE CDBYPA)

This module computes the drag coefficients associated with the bypass
(CDBP) and bleed (CDBL) systems. The derivation of these drag effects is the
same; however, it is usually assumed that the pressure recovery for the bleed
system 1s lower than for the bypass system.

Two assumptions may be made for the bleed and bypass exit nozzles;
namely, that they are either (1) sonic nozzles, with Mg = 1, or (2) fully
expanded nozzles, with

PE =P

PLE {5 [(PTE/PQ)O.ZBG - 1]

The assumption currently used in the bleed and bypass subroutine is that

the exit nozzles are sonic; however, if it is desired to use the fully
expanded assumption, the changes necessary are contained in subroutine CDBYPA
as comment cards. Also, the bleed and bypass drags consider momentum losses
only, and do not include any drag that may be associated with the exits them-
selves. The derivation of the governing equation for the bypass (or bleed)
drag is discussed next.

1/2
}

The thrust for the bypass (or bleed) is (see fig. 4)

T = (mEVE + PEAE - PmAE) cos eE - mBPVoo

where ( )g = exit conditions for the bypass and éBP =mg from continuity
considerations.

The thrust coefficient (based on Ac) is

- (x - P
¢ - mBPV°° (mEVE + PE_AE °°AE)cos eE

D T QAc

from reference 13,
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%Ew’:A(l"’YMZ)
£F_F _ 2
> = PA (1 + yM°)

where F 1s stream thrust, A is area, and P is static pressure. Using‘the
definition of dynamic pressure,

N S S S
Q - 2 poovoo 2 YMoon

and using the f/p definition, the thrust coefficient can be rewritten

cos 6 ( ) Pt th ) [ZAE cos SE ABP ]
P

C +
T (1/2)yM2 P Fe Fa YMZA (1724,
However,
Mpp = Pufpple = PEAR'E
P P
1. e e fea
P, PP P P,
E o
AN R 2
A e G
E E°E
and, from conservation of energy,
T =T
t, tp

Using the weight flow function, which, for vy = 1.4, is

1 3 - waf Tt
0.2M2

PtA

WFF(M) = 0.92M(
1+

Therefore, the ratio of the exit flow area to the free-stream flow area for
the bypass (or bleed) is

3 3
by 092, (7o) P, Mo L+ 0267\ Fe,

M P

3
ABP 0.92M, (.____ P, Mg 1+ 0.2M2 te
1+o0.2% CE

and thus the thrust coefficient for the bypass (or bleed) is
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(1/2)YMi Ac

P 2 3
C. = _C0s © App tw}_/[:l.'-o'ZME)(_ﬁ)_PE_j_._ti_l ..2f:B—P-
T PtM_E l+02Mv02 P P P P A
E

or, rearranging terms and using the definition of C_, gives

D

C M_/1+ 0.2M 2\
D __ 211 - cos © _E|___ "=
(App/a.) E M \1 + 0.2,2

2.3 23.5
. cos 8 E(l + 0.2, ) [ L _(1 + O.2Mm> ]}
-(v/2)M2 Mg \L + 0.24,2 (PtE/Ptm) 1+ 0.2M 2

Note: The derivation of the bleed drag coefficlent is identical to the above
derivation with the exception of the appropriate subscripts.

It is currently assumed that

t Pt
Bleed EF
= 0.3 PE...L
P P
t t
oo ©
Pt P
EB ass tEF
—2YPAass _ 4 7
P P
t, t,

It is also assumed that both the bleed and bypass systems have sonic
exit nozzles.

Figures 12 and 13 show example calculations of bypass and bleed drag
coefficients for sonic exit Mach numbers. Engine face total pressure
recovery and bypass and bleed mass flow schedules for a study supersonic
transport configuration from reference 14 are presented in figure 12. These
values are used as inputs to the PRINC module and the calculated drag coeffi-
cients that are based on inlet capture area are shown in figure 13. The bypass
results (fig. 13a) of reference 14, and the PRINC module calculations (dashed
curve) are based on an exit angle of 10° and on a bypass pressure recovery
that is assumed equal to the engine face recovery. The PRINC module results
agree well with those of reference 14. A calculated curve from PRINC module
that indicates the effects of bypass recovery and exit angle is also shown
in figure 13a. PRINC module calculated bleed drag coefficients, shown in
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figure 13b, are compared to reference 14 values for a recovery that is three-
tenths the engine face recovery. Again, the agreement is good. Also, the
effect of changing bleed exit angle on the PRINC module results is indicated
in the figure.

AUXTLIARY SYSTEMS DRAG
(MODULE CDAUXI)
This module computes the drag coefficient (based on Ac) associated with
the auxiliary system (CDAUX) such as losses for cooling air for various

equipment and compartments. A description of this drag increment is given in
reference 6. For these calculations, the total momentum is assumed lost.

Therefore, .
2
TAUXe  Pefaux’e
CD = QA =
AUX c (1/2)pwViAC
-2 Asux
A

c
where AAUX/AC is a user input and is generally a small value on the order of
0.005 to 0.01.

BOUNDARY-LAYER DIVERTER DRAG

(MODULE CDDIVI)

This module computes the drag coefficient (based on Ac) of the nacelle/
airframe boundary-layer diverter system CDDIV' A diverter half angle SD

of 20° is assumed and the ratio of diverter height to boundary-layer height is
approximately 0.5. The procedure used is to curve fit the empirical diverter
pressure coefficients from two references:

Reference 5, pg. 3-24, gives data at M = 0.9, 1.57 and 1.97.

Reference 6, pg. III.B.4.2, gives data at M = 2.0 and 3.0.

The curve fit yields the following relations:

7
CD = 1‘3 Eg AWEDGE : for M, 2 1.55
DIV M c
6
- 0.499 D MEDGE oo o5 M_ < 1.55

' 20 A ’
c
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(M_-0.8) o
D AWEDGE % 0.499

Dyyy (0.95 - 0.80) 20 AC ’

C for 0.80 < M_ < 0.95

= 0.0 ; for M_ < 0.8
where AWEDGE/AC is a user input,

Figure 14 shows a comparison of the diverter pressure coefficients com-
puted by the PRINC module with data from the two references for various Mach
numbers.

BOATTAIL DRAG (MODULE CDBTA)

The drag on the airframe back to the fuselage end point (the "customer
connect' point, see fig. 1b) is calculated as part of the airplane drag.
The drag on the portion of the engine nozzle aft of this point is defined as
the boattail drag. The boattail drag is a function of the free-stream Mach
number, the boattail angle, and the length of the boattail. The performance
penalty for this drag is charged to the engine performance in accordance with
the ACSYNT bookkeeping system. The boattail drag estimation method used here
is described in reference 2. The boattail drag coefficient is based on the
nozzle area per engine at the '"customer connect" point in reference 2; however,
the basis is changed to the inlet capture area per engine in the program. The
ratio of nozzle area per engine at the customer connect to inlet capture area
per engine required for the change is

2
Ace  m(Dge)

A 4A
C [

The curve fit of drag coefficients based on ACC (from ref. 2, fig. 41) yields

8 1
c, =0.0102 (=) ———— for M_ < 0.95
6 s o =
DB (l Qa - Molo.s)
D 2
c, ~Lbtame [1 (.IS_E_) ]; for M_ 2 1.0
8 Ml.S3 cc

For Mach numbers between 0.95 and 1.0, interpolate linearly between the
above relations. These equations are for a nozzle pressure ratio of 2.5.
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Values for the above equations are

DENG = ENG
L
where AENG is an input from the engine calculation.
D =1,
CcC 1.10 DENG
_(__._Y'l) 1/2
P\ '
-1
P
Noz
MEXIT = ] H (ref. 11)
2
where P /P = 1/NPR which is input.
® t
NOZ
V Tt
- 1 NOZ W
ANOZTH WFF(1) Pt a
NOZ
where WFF(1) 1s the weight flow function at M = 1.0; Tt . Pt , and Wa
are input. NOZ NOZ
Ayoz, ey -
TH + 1\2(-1) y -1 2(y-1)
- (3 ) Moyrr (1 + 55 Merr?) 3 (see ref. 11)
ApxIT
Moz,

AEXIT i ANOZTH/AEXIT

%
D = |/ AExTT
24 m

Assume LNOZ = DENG , then

_ DCC -D
g' = tan ! —-E————Ji in radians
Lyoz

g = 57.3 x B' in degrees

To correct for nozzle pressure ratio NPR, which is an input value from the
engine calculation, use reference 2, figure 42:
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AC =0 ; if NPR < 3
D
8
ACD = 0.005(NPR - 3) ; if NPR is between 3 and 4
B
ACD = 0.01(NPR - 4) + 0.005 ; if NPR is between 4 and 8
B
and
AC = 0.045 ; if NPR > 8
D
g
The corrected CD is then
g
CDB = CDB - ACDB
2.5

To base coefficient on capture area,

Dgr  Dp\A;

where ACC = nDCC2/4, as previously described. Finally, if

o <0, set C =0 .
DT Dgp

Figure 15a is a plot of the PRINC module computed Cp (based on a
customer-connect area of 3 ft2) for a nozzle pressure ratio of 2.5 and for
two different boattail angles. Data from reference 2 is also shown (symbols)
for the same conditions, indicating the ACSYNT calculations are low for Mach
numbers below about 0.8.

A comparison of Boeing lightweight fighter data (ref. 2) and PRINC
module calculations for the same nozzle (based on a reference area of 20.2 ftz)
is shown in figure 15b. The nozzle pressure ratio for the data is not known,
so several values are shown for the calculations. The PRINC module over-
predicts at supersonic speeds and underpredicts at subsonic Mach numbers for
this nozzle configuration.

NOZZLE INTERFERENCE DRAG (MODULE ENGCDI)

This module calculates the interference drag on the base between multiple
nozzle afterbodies. The procedure used is an interpolation between the curves
(Cp,') of reference 2, figure 46, which have been tabularized and put into the
program. Cp.' 1is the interference drag coefficient between two engines for a
nozzle pressire ratio of 2.5. The independent variables are Mach number (Mw)
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and nozzle spacing ratio S/D,, where S 1s the distance between adjacent
nozzle centerlines and Dg 1s the jet diameter. The value S/Dg is a user

input to the program. The final interference drag coefficient CDINF is based
on capture area per engine. For a given S/Dg and M_, CDI' is obtained

from the table look up for a nozzle pressure ratio of 2.5. To determine
the final CDINF for any given nozzle pressure ratio and capture area, the

following correction is applied:
''x 2 x T

c
C =(2.5)(NENG - l) P1 g
Dop  \NPRJ\ T N QA

Cc

where 2.5/NPR 1s a correction for nozzle pressure ratio and NPR 1is input
to the program from the engine calculation; (NgNg - 1)/Ngng 1s a correction
for number of engines since desired output 1s per engine and NgNyg 1s input
to the program; and T is gross thrust per engine for the given M_ and
power setting and is input to the program from the engine calculation.

Figure 16 is a plot ACSYNT determined CDINF for several values of

S/Dg compared with the data of reference 2. The graph simply shows the
accuracy of the table look up procedures while giving an indication of the
magnitude and variation of the results with Mach number.

CONTROL ROUTINE (XINLET)

This portion of the program controls the sequence of calling the various
modules. In addition, it converts all the drag coefficients to the wing
reference area and to the proper number of engines, since the values from the
various modules are based on capture area per engine.
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APPENDIX B

MODULE LISTING

This appendix contains the FORTRAN listing for the Propulsion Installation
Calculation (PRINC) module for the ACSYNT program.
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SUERCLTINE LJ3YPA

alnNaNeNeNoleoNeRasNaNaNaReNaRalN o

[aNp]

OO0

s RaNalel

laN e

SLBRUUTIND COBYPA(XMI AIYPAC, ASLEAC,COBE,COBP,PRTUT,PINF,PTD)

COMFULTES ThE 3YPASS AND BLEED ¢FFECTS
THE ACOITIVE DRAG CALCULATION IS FJR THE
FRTERING THE INLET. USING TH1S BODJKKZEPING TH:
TH? SYPASS AND ALEED MUST 3¢ ADDED 1IN,

¥MO=FRzE STREAM MACH NO

AbYPAC=43YPASS/AC AT FREESTREAM

AsLe AC=ABLEED/AC AT FREESTREAHM

COBL=INCREMENTAL DRAG CIZF FOR BLZIED 3ASTD ON 2&C
COEP=INCREMENTAL DRAG CIEF FOR BYPASS HASED ON AC
FRTOT=INL.T TCTAL PrESSURE RECAOVERY TJ EINGINE FACE
FINF=FRECSTREAM STATIC PRESSURE (PSF)
PTLC=FRESZSTREAM TOTAL PRESSURE (PSF)

TOTAL AIRFLOW
EFFECT OF

FTIEPPT=3YPASS TOTAL PRESSURE RECOVERY (.7%#ENGINE FACE PRES REC)
FTBLPT=3dLLtl TOTAL PRESSUR:Z RECOVIRY [.3=ENGINT FACE PPES REC)

CPTUXF) = 7 XMEXM¥ (1ot 26XMEXM)R(=3,5)
FPTUXM)=(la4iea®¥XMAXM)R (Lot 2%k XMEXM)*E(~3,5)
PPTUXM) = (1 edo2% XMk XM ) k%[ =3,5)

ASSLME EXIT AMGLE FJIR BLEED AND B8YPASS = 15 DeG
2i02=XM3%xMO
LESCE=,966
PTEPPT =, 7%PETIT
PTEY=2TBPP1#PTU
FIBFLIN=PTBYP/PINF
IF (FT8PINGGT4ls)
CoeP=C,

GCL Tu 29

¢3 10 10

AS5UME THc BYPASS EXIT IS FULLY EXPANDED. FOR A SCNIC
BYPASS NOZZLt SET XMZBY (NOZZILe =XIT MACH NO) = 1.
XMEBY=SGRT(S ¥ ({PT3YP/PINF)#%,286=L4))

L5SLME A SCMNIC &£x1T7

. XkFtbY=1,

AMEMOK= (1 o+ e 2% XMEBYSXMERY) /(L4 2% XM0%XMD)

CORP2=2 4 (1e=((XAEBY/XMD) *(XMEMOR®*(~,5))=CCSDE))
CLtP2=ClBPe+ (COSOE/ (o 7THXMD2) * MO/ XMEBY * (XMCHOF**3)%(1,./PTBPPT
1 ~(XMEMOR**(=-3,35))))

CLBP=COBP2*ABYPAC

IF (CD3P.LEWCe) CDBP=0,

FLF BLEED

FTBePT=,32PKkTUT
PIEL-=PT3ZFPT#*PTO
PToLlPlsPTuLE/PINF
IF (PTBLPIWGTW1s)
CURE=C.

RETURN

G3J 10 30

ALSSUME THE BYPASS EXIT IS FULLY £XPANDED. FOR A SCNIC
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COBYUuDI
COBYCUOUE
COBYQOGC:
CDBYJUGK
COBYJGCE
CDBYOGOE
CoBYUL LT
COBYQCOE
COBYOOQOY
COBYJL 1
CDBYICil
COBYOO12
cpBYIL13
CDBYAC1l4
COBYQOLS
CDBYLOLE
COBYCC17
coByYQoOls
cuByYOooOlS
CDBYQOG0L0
CDBYSC21
CDBYOCZ22
COBYOGR3
CDBYJC24
Co8YGC025
CDBYQC026
cpavonL2?
coBY(CCZS
CDBYO0G29
CDBYIC30
CDOBYO003}
COBYQL 3
COBY0O033
COBYOuU34
COBYOL3S
C0B8YCT3e
cOBYCO37
coBYOC33
CDBYO0-" 36
CDBY3JL4C
COBYOO&41
CDBYOO42
CDBYOQUL43
CDBYOC44
CDBYDGL4S
COBYODO4Ss
CDOBYOUL47
CDBYOU4E
CDBY(CS4S
coBynns¢
coBYONS]
COBYQO052
CDBYODU53
CDBYOUS 4
CDBYDL5E
CDBYDOS6



3

SUBKILTIND Cuayea

COMNO

BLeED

NGZZLE SET XME3:

(BLEzU Nullle

ExIT

AL =SORTUE ¥ ({PTALE/PINFI ¥k, 286=1,))

ASSUME

30 xMLdE=1L,
PEEMIC =T o 4o 2% XMIBE#XMEZZ)/(1o+a2¢XM02)
CuBble2a{ia=({XMEBI/XMO) K XMEMUE+*€( =0 5) ) #ZOSDE))

CCLFE=C03Z24(COSDc/ (o THXMOA2) #XAU/ XMESE# (XAIHOE#*3)+ (1, /PTBEPT

A

I

A SUNIC EXIT

={XMEMJZ4%(~-3,5))))
COct=CD3u %Al AL
IF (CD3C ebLZeva) ChbL=e

F

(CDB*eLtaCu)

FETURN

£

NL

cbapr=g,
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~8ZZLE FOk THE BLEED

AACH)

=

l.

COBY(LCS
CDBYO(S
C0BYO(S:
cheyuCe:
CoOBY(LE.
CDBYOULo:
CDBYOCLo:
CDBYCOs:
CDBYOC<z!
COBYOL 6!
CoBYCCo~
coavgle:t
COBY VLot
COBYS( 7:



Stev LUTINE PRSUDS \

SLEr SUTEN. PrSUBS(XAT,PRSUY) ) PRSUCIQ

C PRSUDCC
¢ COMFLTES Trt SUBSONIC DIFFUSER PRe3SURE ReCOVERY PRSUOGT
C PRSUCCC
AMTe=xmTxxrT PRSUCDY
LES=2e37148%xnT2=4 221028 %XMT+el> PRSUCT
FROLE=ZT =P S {la=1o/ (La#e2*XMT2)k%3,5) Pr SUQ0VL
RCILRN PRSUDLC
Ee L PRSUCCY
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SUBRILTINE (D37a

OO C OO

OO cCcocon

OO0

e

SURF {UTINe CUHTA(XMU;XNPR)PTNCZ)TTNUZ;AEN&;CDST’NA'AC,AEXIT}BETA) COBTO.

XPUsPRZo 3TRIAM MACH NUMALQR

ANER=NTZZLE PRESSURE RATIO

FINDZ=NIZZLES CXIT TOTAL PEZSSUK:

TTRGZ2=N2220e EXIT TUTAL TEMPERATURE

ALFG=oNGIe FACT TLTAL ARed, Su FT
CHLT=ga8TT2IL UFAG PER ENGINE, REFCRENCED TU AL
¥i=INCINEG AIREFLOW, LAS/SEC

LC=IntLeT CAPTURE AFEA, 5Q FT

Ciobhbph=ldRAG CURRECTION FACTIOR FUR NPR
AtXxIT=N3ZZLE EXIT AXEA PEF ENGINE, 5Q FT

EEFOXM) = J2%XM/ {144, 2% X 1% X" ) %43
XRLX=SAr T{(XNPR¥$,256=1,)74c)

ARUTIT=S JaT(TTHNZ)/PTNUZ*wWA/WFF(1,)
ANTAE=] 720#XMEX/ (Lot e2%XMEXKXMEX ) %%3
AEX]1T=D,

IF (aNTALWCTasa) AXIT=ANUZT/ANTAE

ESSLME
A CUSTUMER CONNECT = 1,21%AENG
LNCZ = LIa OF ENG

LIMTT THL MAX EXHAUST DIAMETER TO CuSTIMEKR CONNECT DIAMETER
ACC = Ax:A AT CUSTOM=R CONNECT POINT, Su FT

BTES [=14.21*%AENG

IF (AEXIT.CToATESL) AEXIT=ATES]

DENC=z o #SUKT(AENG/3414159)
CCC=141%DENG
DEXIT=2.¢SCRT(AEXIT/3,14159)
DEXLCC=55X1T/DCE

ALxIT=ATES]

XLMUZ=DENS
BETAI=ARSIN((UCC-DEXIT)/Z{2.#XLNDZ))

It {3tETaleiTuaCo) BETAI=D,
BETA=L 74255 7795%BETA]
Tbil=leu4*TAN(BETAL)
CONTEBI=TRI*(1l.-DEXCCC*DEXDCC)

IF (AMS oL ee9E) CDET=2.0102/(1e~XMO%+1.5)%BCTA/LG,
IF (XMUJGEsa95) CDBTL=CONTBI/XMO%**1.53
I (XM elTee99¢0ReXMTeGTals) GJ T i0
COBT2=CONTBI

CLBT=CONTBl/495%%,,5)
COBT=COuT42C 4% (CDBT2=CDBT)* (XMD=,35)
IF (XMOo.GEele) COBT=CDBTL

SET ALL CoBT > (CDBT AT M=1.2) EQUAL TQO (C03T aT M=1,2)
THEN CORRECT BUATTAIL DRAG DUE TO XNPR VARIATIONS

CCBTLIZ=CUNTRI/1,.2%%1,53

IF (CCBT124LT.CD3T) CDBT=CDITI?

CURNPR={,

IF (XNPRGTe24 o ANDeANPReLT44,) CORNPR= 43G5*( XNPR=3,)

Ir (XNPPOGE.4..AND.XNPR.LF'8.) CORNPR=.C‘1*(XNPR-".)+.CO§

30
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co8T0(
CDaTG:
CDBTOC
CUOBTOL
COBTCC
COBTOL
cosTaL
CuaTac
€o3TCC
ChdT0.
€08To¢
co8TOC
COBTOLC
CD3TOU
COBTIL
CoBTY
CDBTOD
CDBTOC
COBTCC
CDBTOC
COBTOQL.
CoBTCe,
COBTCG.
COBTOC.
CoaToo.
CDBTuC.
CoBTOC,
CDBTOO:
COBTIY:
COBTOL:
CoOBT2C:
COBTOG:
CD8T00:
cbsTCC:
CoBTOC:E
CDBYCC?
CDBTOC2
CDBT.,C3
CuB700«4
CDBTOC4
CDBTOUG4
CDBTONG
CDBTGC4
COBTO004
COBTOO04
CDOBTGC4
COBTIC
CDBTUC4
coBvIg
CDBTOUS
Co8TOCS
CDBTOCS
CDBTOCS
COBTCOS
CDBTICS:



SUERDLTIHE C0aTA

IF (XMPRe53T48s) CUKMPR=,0G45
CRrel=Ca2T=-CCPAPR
ACC=,755338%DCC*0CC
CCET=C0ITEACC /AL

IF (CUBTeLTels) CDBT=9.
KLTURN

Ent
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CD3T0057
COBTGU5¢
CoBTON5S
CDBTI06K
C0B8TI00o]
CoBTL(o0e
CDBTOCo2



Sus~CUuTint Cuvivi

O OC C.

SUHF UTL ic COOIVI (XMO, AWASNG,CLDIV)

FIT DATA AT M=2, IN G/D HEBK PG 3¢eRe4e2

LESULME DIVIRT+R HEIGHT = o3

FIT SATA Al M=,6 s INT AERD MANUAL (#/a) °G 3-24
Thllv = JIVERTER INCLUDED ANGLE

FadING = AnEA OF UlVaRTIR WLDGE OIVIDED BY aC

Trulv=2.,

COlIv=s,

T CaMdeoT e o8B0 AND o XM JalTee95) CLULYEIXMU=43) /e 5%,6%5%THOIN/ 20,
IF (Xp ]'\'JE.UQSOIANDQXMUOL‘rolosf’) CO0IV=4226495%THDIV

IF (XML e524149%) CODIV=o QL *¥THDIV/ (X#U* XM

CLUINV=CCi TV AWMAENG

FETURN

ENE
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CODIUCY

CODIVCU.
CODIVGL!
CODIGLOT«
CODICr 2!
CODIQCTS
CooIGO
CDDICL 3¢
CODICOC
CODLILOL!
COLIGC..
CoDIOTlc
CDDIGLL:
Covlogl¢
cuploctL:
CDDIVCL¢



IR B GRS IS Y

COONCOOOOO0OMEOO T 6000

strte JUT oNG SSZINCAEF s XMEF, XMT oPRUES,AC» XML S, FRkSUB,SFBEP)
seEv 7T NG TL SIZe THLETS

ioodlut o sLlTel ANT BYPASS SCHSOULES FOLR INLET
TS THaT TH:SE SCHEDULES MUST RT LUMPATIALE wlTH THE
blbtl, Aaau PYPASS SCWdoJDULES IN SUBRIUTIKe CoaoDi
At o= S hD FACE FLOW AREA, FT4¢T

AV E 5 S IPG FACL FLIW M2CH NG

XFT = THAJAT MACH N0

P = Sife «SONIC JlFF. PeKa

FRSU S = LULSTNIC LUIFF. PeR,

ATU = D:o31u?* THRIAT FLUY ARCAs FT*FT

1 = TH4«0BT *LUW wrhthy FT*FT

FL = INLET (e2TUKS AREA, FT*FT

YLl INLIT DLSTON MACH

P10 T TITAL P~ISS Q:Ce 117 F

CtBEF SCALE rAJTCOx +#31 INLET BLEED JXas

SEmspo Sctlr FACTOR FUR INL:T BYPASS CfAG

L I I

P e AT =St a I {1a4e28XMNEXN) %3
Eplocimg t R {XMODES/2,)»«4345F5CP

AviACL =, 3

WEFXFT=wFF(XMT)

ETL=2  FrlAdtF(XMIF) /wFFXMT)*PSUB*{1,+AVEACD)
bL=ATU*(wr FXMT/WFF{XMGES) ) ®PRD: S* ([ +ABLACY)
If (BCQL’OAT&) AC‘ATU

FETUERN

D

ORlg
0 Iig;? {RAGm?zS v
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SIZIan.
SI110.%
SIZIale
SIZIOZu
SIZIOO0v
SIzZIvio.
SIilues
SIZIQVQ0O
S12T2lw
SIZIOOL!
SIZ21004
SIZIQC..
S1ZI.0].
SIZIC(:-
SLZIOC!
SIZI.vic
SI ZIU.
SIZICT o«
SIZ1Gul-
SIZIuiat
STZIu2.
SIZICGe.
SIZIOoLe:
SIZI0G2¢
SIZILL2E
SIZIoG2¢
SIZIC0275
SIZIoL2¢
SIZIGL2S



SUBRLLTIME ENGCSI

leKe

SO

OO M

s NN al e NeNe]

e NaN e

i

2q

31t

4t

-
}

SUERGUTING ENGCOI(XMUSEN)STOGCDIsFIPyGsalranPi)

LIMENSION

CLG2(4)»501u(a),CBLC(4)

LATS
DaTa
CaTea
AT
LiTA

SO055%/ 209 2e49leBs349/5CUE5/ V5903225 2%,01.257
SD?:Ilul.fnl.3;3-5/;CD?5/.&J5;.JlB;Z*--fCL/
303511-;1.702.1,3.5/)C0851-336,.518;3*.49b/
S):'f‘;/lc9.’.2!206)305/,:095/ 0037’ 0)373’2‘0025/
$Ii07 1092020247533 79CD10/ 023390562507 3990%20¢

(ll=we

1t (SNGLY sl eeliReAMO Lt eDe) RETURN
I (xedelTole2) GO T 39

IE (X"l Telag) GO TS 12

XtL GRIATER THAN Uk CWQUAL TO 1.8

CliZ=e iy
GC T4 133

XMl 2 TwceN je2 AND 144

I (xPaewuTelea3) GS TU 23
[e=(ArI=1ec)ila3

Cti’=. YiY=e T L L5%RDM

CC T 1=
Lir=t(gaM3=165) /a3
CUTL=42%70=4u025 %DM

O Tu 1a0

3T OLESS ThaAN 142, TABL: LOOKUP KEQUIRED

Lrltiuzd,.

Lrrng=s,

I (XMJ.GTels) SU Td BO
It (204G TeeSE) SO TU 72
IF (X3, GTeaBE) GO TO 6)
I (X™JeUT4e?5) G2 T3 52
IF (¥4]).G6Teez3) U TJ 42

AME Ae TWEEN O AND 455

CLLL TAINT(SDYEslD55,SUUG»CDU»4» 1o n2RR,DMINU)
Cul=_e

UhMTAY= 458

DrexMp

6O TU 30

XME BETALEN «55 ANC o735

CALL TAINTU(SCT75, D75,S5S00GsCDU»S» LsNERR»CMONU)
Catt TAINT(SDLL5sCDES,S00GeCDLs%» s NERRSUMIONL)
[(MTa3=42

CLr=xril=e59

o T2 32

PR 3-Twd:h o753 AND <85

34

ENGCQuu

LD55(4)sCO55(4)sS075(4),Cu?5(4),508B5(4),CL8504)»SD%5(4)s ENGCOTL

ENGCVGC

ENGCU
ENGC OO

ENGCOO L
ENGCUCT
ENbC’JLu
ENGCLT
ENGCOC L
ENGCICL .
ENGCOO4:
ENGCOGL:
ENGCOGL:
ENGCGLL:
ENGCCG i¢
ENGCLL LT
ENGCOO1:
ENGCuDL
ENGCUI2.
ENGCUU2]
ENGCTUEe
ENGCLG2:
ENGCO024
ENGCUCL2E
ENGCOQ2¢
ENGCOL2T
ENGCOG2ZE
ENGCOL26
ENGCOO3ZL
ENGCCO31
ENGCGL32
ENGCGL32
ENGCOU34
ENGCGOs5E
ENGCIU3E
ENGCO(37
ENGCCO38
ENGCOG3°
ENGCQO4
ENGCQual
ENGCU04«2
ENGCOC43
ENGCJIL 44
ENGCOUL4E
ENGCOC46
ENGCUUa?
ENGCZ048
ENGCOC4 S
ENGCOLSC
ENGCOU D]
ENGCU(52
ENGCUC52
ENGCQr.5e
ENGCOO0ELE
ENGCO0S50



SUBRLULTINE ENGCL]

[aNeNel o0 [aEeXal

eNe Nyl

£

7¢

©CLLL TAINTA(SLB5,C0b5sSO0GCsCDU, G 1sNERR,MUNU)

CALL TAINT(SL75,5025,500GsCDLs4s»LsNERRyDMONL)
DMTAB=, .

LM=Xxt0=e7Y

G TL I

X sz TwFEN 85 aND 95

Calt TAINT(SU95,CDG593006sC0Us0s LINERR,TMUNU)
Cetl TAINT(SDB5,CDB5,5006,C0Ls451)NERR,DMINL)
UrTE3=2,1

CH=sxMO0=et3

¢t Tu I

X0 3ETWweEN 495 AMD 4.0

CALL TAINT(S010,CL10,S5G0G»CDUs4» Lo NERR)yDMUNU)
Colt TAINT(SDO9S,CD95,SO0DG»COLs4s 1o NERRYDMGNL )
LuTag=.0C%

CrexXPl=,95

Gu TS 9C

Xty gETwcEM 10 AMD L1lo2

ChHu=a(19

CatlL TAINT(SD10sCD10,3500G»COL,4s1sNERR,UMONL)
LrTads,e2

Ck=XM(i=1,

CDIl=COL+(COU-COL)I*YDA/DMTASB

DETERMIN= CDI FOR THE ENGINES

COIT=(245/XMNPR)SCDIL*2,*FIP/(Q¥AC)
CLI=(EN-1.)*CDIT/EN

KETURN

END
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ENGCOC057
ENGCNOIL 58
ENGC U9
ENGCOUED
ENGCOCHL
ENGCUl52
ENGCOC5H3
ENGC(C( b4
ENGCDLED
ENGCOC6O
ENGCu o7
ENGCoL 68
ENGCCO069
ENGCOLTC
ENGCCCTY
ENGCOOT2
ENGCUUTS
ENGCJLT74
ENGCOOTS
ENGCOCTE
ENGCICT77
ENGCOCT78
ExGCOGT79
ENGCOC30
ENGCuuBl
ENGCIGos 2
ENGCOC B3
ENGCUOG6 4
ENGCAL85
ENGCQUB 6
ENGCUCBT
ENGCUCSBB
ENGCOGC39
ENGC L0990
ENGCOU91
ENGCOCI2



SLErLLTIN. Cunid]

SUERCUTEN: CDADDILAT,AC, XM3, PRy XMTy XMDES,PTU,TTOsCDADSCDADS) CDADDIVI

s CEYFAC,ASLEAC,)ADAC,WASSFBEP,SFBPI) CDADIL C¢

¢ COADOTG:
C AT = INLt T THROAT FLOW AR:As FTHFT COADOC( e
C AC = INLuT CAPTURE AREA» FT*FT CDADGOIE
C XtD = FRi: STRZAM Mald COADILDE
C bro= SUP:SONIC DIFFUSER TOTAL PRESSUIE KECUVERY COADOSIT
C XtT = InbeT TheJAT MaCHA NO C0ADUDIC
C XteunS o= INLYT DESIen MACH NO CDADOCIS
C vTi = FRIZ STHREAM TOTAL PRrSSUR. COADIC .
C TTC = FRLE STRPEAM TOTAL TEMP CcoabCsil
C CusD = SUP:IESONIC SPILL AODITIVL ORAG 2aSc¢h ON AC CDaDOCLZ
¢ CLALS = SUBSONIC SPILL ADDITIV: DRAG 3ASFD Jh AC COADSC LS

C ACKC = A'J/EC COADUTLY
< AFLTAC = AELEZAC CLADOCL:
o C AEYPAC = AEYP/AC CDADDOls
C Wae = INGINE ALRFLOWs LBSZSEC CDAaDOL1?
C Xelinld = CUNL SURFACE MACH MUMBER chaADCClE
C CPLS = CUNE SURFACE PRESSURE FECOVERY CDADSCly
C PSPIN = PSTATIC ON CONE/PSTATIC FREE 3TwcaM COADIC20
C PREBEC = STATIC PRESS. RATIO ACROSS NeSe AT CUNCE SURF MACH CcbaADoL21
C . CDADOLZ22
FETOI{XM)z{] ot o 2%XM*XM)%k({=3,5) COoADOCZ23
WEFAXMY 2 oS8 XM/ (Late24XMe XM ) k224,051 CDhADOO024
CIAPINIXMY =l s 1+ TEXMEXM CDADUL 25
PLSPCT(XML) (7, %¥XA1*XM1~1.)76, CDADuC 26
WHEFY A0z WwEF(XMO) CDOADOCe7
ACACLeWARSOFTATTOU) 7 (AFFXMO*PTO%AC) CCADQO2S
ALAC=AD0ACS COADOUVZ29
Cs=2, COADLUC3C
XMUT 3 XM (M] CDADGCO31
IF (XMDOE546Tele) GC TO 10 CDADOOGz2
CLal=C., CDADO( 33
CPACS =0, CDADOQO34
AeYPAC=L, COADUL3Y
AuvLELC=2, C0ADJU3e
ke fU~N CDADCO37
10 GAk=5 .4 CDADIC3s
ThkTA=2¢, CDADGG 39
THETAlI=THETA/S57.2957795 COADSC4D
CesSlams=1, CDADOUS4 ]
C COADOC42
C Trt NEXT CAKDS ARE THE BLEED AMD 3YPASS SCHEDULES FOR THE INLET CDADOD43
C TRESE SHUULD CFE MACE COMPATIBLE WITH THE INL:eT DTSIGN POINT CDADOG4 %
C VELU-S [N SUBGUTINE SIZIN CDADOV4S
C CDADDC4¢
ApLbaCs X *SFBEP*(XMOES/ 3o ) #%3%( XMI=14) /{XMDES=10 ) CDADOGC4Y
AbYPul= o 5%SFBPP*(),—ADACG) CDADOC48
IF (XFMJeGTals) GG TI 22 CDADIG«9
COAC =, o CDADSOSC
ABLEAC=, CDADOOS1
XECUNE 2 {XMO+RMTY /2, - CDADOGS5
PS2lN=1, CDADCSCS3
N 23 1F (AUACGSCTeoS7) ABYPAC=G, CDADOCE &
AviAC=,213 CDADOCS55
WCAP=AC*WFFXMO*PTUL/SAKT(TTY) CDADOCSS6

36
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TURKILTING

oo O

s aN ol e aN o NaNala N alle i ol e

OO

O OO

Cosbal

WP IF I (AL ACHARYRACHAVEAS IR WO AP/ AA
AL LC=20A034( o+nXew=F)

ItLoT GLuvETERY

PHUTVT = aFFR(XAT) 202 %PT(

AT =w e ( Latnl XWEF Y*SAPT{TTN) /RHITIVT
I (\T.u;.AC) A1=.99*AC
Al=al-AT*CSLAM
FLIPD=50RkTIA5/3414910)
YillnEs o ONC/(TANITHETALY)
YC=SuRT(AC/2,.7.415)

XCLYC=XACINF/YC

bBeTe TH8T THE INLeT SEOMETRY HAS 3EEN SPECIFLED
TERGAT MACH NUMBZIF ANO THF ANGLL OF THF JONE O«
Al = INLET THKOAT +LOw AREA, FT*FT

AS = FRUONTAL AREA CF INLET C/B AT INLET TARGAT,
*CLNe = RACIUS OF CuNe AT [ALFT THKRCAT, €7
XLCONE = SISTANCE ¢RUM CONE TIP TO INLET THRUOATs FT
YU = KA21US CGRRISKINDING 1D IMLET CAPTUxE AREA, FY
2CUYC = XCONEZYC

BY ASSUMING THE
RAMP

FT4FT

POF FAP Jr CONE STATIC PFe3SURE US: AVERASE QOF
Frbr STxkeatm AND THROAT STATIC PRISSuRS

Fivi=Prexe”TOTIXMT) /P2 TAT(X4D)
CCS=e5%(#160=1,)/3INPIN(XMI)
PSPIN=(C P +_,)12,

IF (xXM3.Ll-ele) 32 13 3

CuNE SURFATE PRISSUR: RATIN

thZ]=XMJl-l-

SLHMClI =S58 (XxMALyL)
ALU=ALIO(Z./(SAXYNI*THETAL)Y)

THeTAG=TH-TEL*%4

Al=THETAL1*#2% (2 %ALG=1.)

A2 A ANULI*THETAG* AL G#ALG

Aiz=(L ¥ XML1-1 o) *¥THETAL*ALG

A4=2THT Taqe(134%XM0174¢4+.5+42,4%XMIL*XMOL/XMI11)
(FCS=Al+u2+h3+AG

IF (CPCSe3Teed) CPLS=,9
PSPIN=CPUS*CINPINC(XMO)+ .,

1t (x*3.6Teed) ST Tu 40

CLabli=",

CLALS=),

FETURN

Cha=24./{Gar*xXmDl)
COAL=AT/ACAFPOR(GAHMEXMT*XMT+,, ) *COSLAM
Cubl=(AS/AC)*PSPIN=14=AJAC#GAMEXMN]

Tht APORTX FUR THE CONZ SURFACE PRESSUPE CJefFF INTRGDUCES AN
EvPL% In Tht ADDITIVE URAG CaL wHICH ZAUSCS THE ADDITIVE DRAG
TU Bt NON ZERD AT 2UAC=1e3 THE NEXT CARDS INTRUDUCE A
CORRCOCTION TO THE ADDITIVE DRAG TO COMPENSATE FOR THIS ERERCR
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CoADCCS
COADOC U
CDADULH!
CDADDZ &
COADOOE:
CDADG. »:
CDADOCw:
CuUADOL b
CDADCCE!
Coabuwisc
COADGOE”
cLAdlCet
CDADOuSC
CDaADdC?:
COADILT )
CDADICT:
CDADWLT:
CCADIOT¢
COADGCTE
COADCC7¢
CoaDuL 77
CDADJIC ¢
CDADGI7S
€CDADOCSC
CDADUOB]
CDADZ(C B¢
CDADOOB3
CDADILB4
CDADCUBS
CoADOCS8s
CDADICA7
CDADOGCBS
CoaDOLC9
CDADGCIY
CDADOGS)
CDADOCS2
CDAD(S93
CDADOC Y4
CDADJC95
CDADOC v6
COADULIT?
CDADOCY9SB
CDaADOOI9
CDADJ14OG
COADL1O1
CDADO1C2
CoaDolo3
CDADCLC4
ChaDC1)I5
CDADULUS
COAD2ICT
CbaADOl08
CDADD109
CDADO110
CDADO11l
CDADQ1112



NS

aEeNeNal el

acy e

OO0

el Ine COADDI

(W)
o

ol

£ l=AC
AlLl=wrFxal/arr(XMTY/PR*AG]L
FE1=l=aTOL*lGSLANM
COLLZ2.= (a5 _/ACY¥PSPIN=1,=GAM*XMD]

COADLI=aTOL/ALKPLIPUH (GAMEXITAXNT+]1,

Cuut R-'LJ“*(LJADI +C04aAD21)
IF (XMOeLZele) G TO %)
KKz 2l G5 #XNM1]1=1449265%XMU+2,85921

FoTh = LofeC FIF MINIMUM SUPENZKITICAL SPILLAGE

BETa = FON(XCOYCHXMU, THETA)

bor PReaSNT LSY O APPRGX VALUC FGR 20 DEG CuNC AND YMO=1l.4

teTa=j.

I (XCuYlellase?) EETA'ln'(XCGYC-loC,/Ins

Ir (3ETALfeue) BETA=Z4 0001
TeHTA=TAH(THETAYL)
XLYC=XK¢{1l,=A{-AC/B:TA)
AY=LUX(SAIRT(AS/AC)-XLYCHTANTH) *%2

CUME SuwkFACE MACH NUMBER

8l=XMl1#LPCS
LeSel %3141,
Lz=e3E%35¢7,
BEba=e7%814.,
dheel*31+1,

XMUONE=xXMO#50rT{{be=cPCS*B3)/{34%45))

IF (XMCCN:-oLTels) XvCUNE=1,
EHSPC=PN>PCL{XMIONL)

C5=(24/71GAF*XMOL) ) #({AS-AY)/AC)*{PNSPC~1.

Clal=Cua*(CLAI+CNA)+CDCOP

#LNG AND AMNDERSON FORMULATION 3F ADUITIV- DRAG

PLF wASA Th D-7445

VIVI=( o 2%XKT/XMO) #SIRT(1e+e2%XMO1)/ L1 +XNTRXMT))

LEST = (PLPLl=1e ) /UINPINIXMO)

(CADZ=2.%A0AC*{VIVE*COSLAM=-1)+CPSTI1*AT*CUSLAN/AC+CPCS*AS/AC

COADRZ=S0AXZ+C0CUR
CLal’S=CS

1F (AGAC.LTeie) 50 TO oC
CiLaD=C.

CCaDS=),

PeTURN

it (CLADLLTeTe) CuAD=0,
IF (CDADSeLTel ) CDADS=73,
FETURN

CNC
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CDADyY147
CDADG1438
COADJ1+9
CDADO1SO
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CDADOLl>2
CDADO1oS3
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CDADO159
CDADO160
CDADO1S1
CDADCle2
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sledauTIns

YINLET

XIFLET(PTUPTTO,PTINIZ» TINOZ»GoFlPruwAC» PINFLACNGS FRSUH)

D OERSPRTIT,AT,KEYZ)

CLRMONJWROCDMIZI{3) sENy
COMMAN/PRIC/XMEF, Z0{15)» XM 260 7)0A
C[FM;N/P?JIPS/XWPR,D:LPR’IPR’X1T;XMDFS)AU&ENG’ANAENG:SCDG)
FEPRICO) s XPRI(S) s YL,CDAFTP,Y2,COINLP,Y2,COIP,CORTP,CODIVP,CDALXE,
CihPFoCUSLP)CDADSP,CUADP,ADAC, Y4(3)pPCLFAC,SFINSP»SFADP, SFADSP,
Sfﬁgr;JFdPP;SFAJXp;SFD[VPpSFIH;SrBTPoABLEAC ABYPAC,BFTA
COMPIANISTIRAG/YS (4 )9 ACH A

(o A\ e

FLLTINE

X+ L
LPLFR
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TO CalCULATE INSTALLATION LOSSES
FREE STREAM MACH NUMBER

Illll““ﬂllll'lllhﬂlIIIIIIHIHIIIIIIIOIIHINHNNUIIIl!l!lll!!ll'

IMCREMHNTAL PRESSURE RECIVERY KEDUCTION TRPUT

AS A PUSITIVE NUMBER
PRESSJURE R:COVEFY COLE

SNGINE FACE FLOW AREA, FTHFT
LMGINS FACE MACH nUMBER

THRGAT MaCH NUMBELR
INLET DESIGN MACH NUMB

=R

FFEEt STRUAM TITAL PRrSSURC
FFPet STREAM TITAL TEMPZRATURE

AUXILIARY AREA UVER AC

UIVERT:ZR WiLGZ AREA OVER AC

MOZZLE PR:=SSURE RATIL

NCZZLE EXIT TITAL PRESSUR:

NOZZLE EXIT TOTAL TIMPERATURE (k)
NOZZLe SPACING OVER JFT DJIAMe1:R
FREE STREAM DYNAMIC PPESSURE
EMGING GFSS THKUST PLR ENGING
ENGINE CORRECTED WEIGHT FLOD4

FREE STREAM STATIC PRESSURE
ENGIN: FACE TOTAL ARrA FT*FT
INL=T SUeSONIC DIFFUSER PRESSURE
INLET SUPERSONIC DIFFUSER PRESSURE RECOVERY

INLET TCTAL PRISJURE KrCUVERY TO ENGINE (=PE*PRSUB)

INLET THEOAT FLOW AREA (FT#*FT)
INLET CAFTURE AREA (FT#FT)

INLET ADUITIVE ORAG PEk A/C BASED UN WING APEA
INLET SUBSONIC SPILL ORAG (P:Ik a/C)

Z2015)»SnINGsZ3(2)sCDINSFrZales)

ke COVERY

SWING REF

INLET 3LE:D DRAG (PER A/C) SwING REF

IMNLET 3YPASS ORAG (PEK a/(C)

INLET AUXILARY AIR DKAG (PER A/C)

INLET DIVERTcKk DRAG (P.IR a/l)

SwING REF

SAING REF

dSWING REF

NOZZLlc BUATTAIL DRAG (P:eR A/C) SWING RFF

BA5C DRAG FOR SPACE BLTWEEN ENGINES (PER 8/C)

INLET TOTAL DRAG PEk &/C

AFT END TOJTAL DRAG PtR A/C
TOTAL PRLP INSTALLIATION DRAG WER A/C

FREESTHzAM FLOW AFEA/AC

FREEESTREAM FLOW AREA FOR BYPASS/AC

SWING REF
SwING KEF

FRECSTREAM FLOw AREA FOR INLcT BLEED/ AC

1) INL:-T DRAG-PR COMPUTED;

SCaLle FACTOK FOR INLET

SCALE FACTUR FOR VARIGUS DRAGS

€<<< CORKESPUNDS TO INSP,

NCZZLE EXIT AREA, FT*FT

v
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ADFJ ETCQ

=25 AFT END EFFECTS COMPUTED
CAPTURE AREA

SWING REF

XINLOUL L
XINLIGO2
XINLDUS3
XINLOCO&
XINLTwL 2
XINLGDCE
XINLuGC?
XINLOQOSB
XINL2CLY
XINLLOLC
XINLOC1L
XINLOC 2
XINLOuwL3
XINLCUL4
XKINLOCLS
XINLUCL6
XINLOOGST
XINLOC1®
XINLOOLO
XINLCGC2C
XINLGLel
XINLuu22
XINLOG23
XINLUC24
XINLOGLZ2D
XINLOG26
XINLCC27
XINLOG26
XINLGL 29
XINLOC30
XINLOOS1
XINLOQ32
XINLGU33
XINLOC34
XINLOC35
XINLOGC36
XINLOC3T
XINLOC38
XINLOU3O
XINLOu4C
XINLJU4L
XINLOD42
XINLOO43
XINLCC44

SWING REFXINLUC4AS

XINLOC46
XINLOC47
XINLOQ48
XINLOC49
XINLOC50
XINLOOS1
XINLOCS52
XINLGLE3
XINLGOS S
XINLOUSS
XINLQUS6
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CLALo=T,
CoalubP=rl,

CLREP= .,

(LukPr=2,

CLEiUAP = .

CeulvbP=,

CueTr=l,

Chlv=(,

(oINLP= ..

CLAFTP=

CTIN>P=13,

L= T7rxvax M2 PINF

IF (nEY¥Z2.2Ce2) GO TU (4
reSid=1.

Tre INLET IS ASSUMED TI HAVE GEL%ZTRY THAT CAN BF VARIED IN
SLCH B MANNER TC RiSP THE THROAT MACH NuMuiwe AT THE INPUT
ValUZe FHE INLET MCOEL IS (FOR TrI PRISLNT) rdR AN EXTeRNAL

XINLOCS
XINLLLE
xXInLOC
XINLCCo
XIMNLuLC
XINLOCc
XINLOCo
XINLGCE:
XINL3lc
XINLOGE
KINLCGe
XINL2CH
XINLOGD
XINLOCT
XINLOC?
XINLGCT
XINLOLT
XINLOC?
XINLILT?

(LMP=ESSION aX1SYMETRIC INLET. IF [T IS DeSIKED TU MODIFY THL CODEXINLILY

TC HAMDL. A FIXED INLLT THE THRULAT FLOw ARZA SHOULD BE SET
FOUAL T3 THE DS3SIGh VALJE AND THE SUBSONIC DIFFUSER PRESSURE

FECUVERKY 3HOULD Bt COMPUTED FrROM CONTINULTY.

If (IPR.LTelC) CALL PRSUBSIXMT,PR3UB)

CALL PRINL(XMJIsOELPR,PRyIPRyPRTGT,PRSUSS XMPRI»XPRI,PRDES, XMDES)

I (IPRWLTLC) ReTUrN
W z=e0L0T7o0%nACHPTO®PRTOT/SQARTITT )

Coll STZUIN(AEF XMEF, XMTsPRUES,)ACY AMDES»PRSUB,SFBEP)
CALL COAUDL(ATsAC» XMUpPR)XMT, XMDES,PTI»TTI»CDAD,COADS,ABYPAC,

BHRLZACSADAL WAL SFBEP,SFBFP)

LALL CD3YPA(XMU,ABYPAC,ABLEAC)CLRESCD3P,PRTUT,PINF,PTO)

CALL COAUXICAUAENG,CDAUX)
CALL COulvI{XMOs AWAENGHICOLIV)
IF (KEYZsECLLl) RETURN

CALL COATA(XMOsXNPRsPTNIZsTTNOUZsAENG»CDET)WA» AC»ANDZ,BETA)

Catl ENGCOI(XMUs ENpSGOGHCOILFIP,QsAC, XNPR)
FATIC=al*cN*PCDFAC/S41ING
CLADP=CODAD#RATILC*SFADP
CLACSPaCOACS*RATI(i#SFADSP

(LeEP=CO42*RaTIO

CCaPP=Cou *FATIY

CLAUXP=CUALXY*RATIU*SFAUXP
CCDIVP=CDOIVH#KATIO*SFOIVP
CovTP=CUBTHRATIO*SF3TP

(DIP=CDI*KATIO*SFIP
CLsMLP=COADP+CDADSP+CDBTP+CDIPP+COAUXP+CDDIVP
CCAtTP=CD3TP+CDI?
COINSPs(COINLP+CDAFTP)I*SFINSP

ktTURN

END
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Figure 3.- Block diagram of propulsion installation losses subroutine (PRINC); values computed
are in the boxes; inputs are in parentheses below each box.
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Installation drag coefficients:

P

Accounting method:

@ additive = J‘%I(P-—'%)ﬁ’-c-
9y Ac

thI ‘Vw - (IhEVE‘l'AE( P _Poo)

(:) Bleed = W Aa

fpPVer -(MEVEHAR(P o))

Bypass = o Ao

Boattail = [

f( P -P.)dAy
U4 Ac
ATV e

Diverter =

Q
®
(® Interfarence = [AF FauldAx
@

Auxiliary

Fnet = Trysp -D
TINST = installed thrust

D = airframe drag

Where:

Tonst = TuninsT (D +@ Q@+ +@+(D)xq, Ac

Where:

TynInsT = uninstalled thrust (corrected for pressure

recovery)

Figure 4.~ Accounting method used in PRINC module.
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Figure 6.- Mass flow retio versus Mach number for simulated F-5A with (2}
J85-13 engines.
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Figure T.- Example propulsion installation drag calculated by
J85-13 engines; based on Spes.
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Figure 8.- Example installation drag versus mass flow ratio calculated by PRINC for simulated

F-5A with (2' 385-13 =ngincs; baced on Spor.
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Figure 9.- Thrust correlation for simulated F-5A with (2) J85-13 engines;
h = 10973 m (36000 ft).
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Figure 10.- Jpecific fuel consumption correlation for simulated F-5A with

(2) J85-13 engines; h = 10973 m (36000 ft).
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Figure 11.- Additive drag correlations.
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Figure 12,- Pressure recovery and mass flow schedules for a study super-
sonic transport concept from reference 4.
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(a) Bypass drag.

Figure 13.- Correlation of bypass and bleed drag coefficients for sonie

exit Mach numbers; based on capture area.

62



Recorery = 0.3XPRpgr
Fxit angls = 15°

/
Results from ref. 1k /&
== {PRINC module

[Recovery = 0,3XPRpoT
Fxit angle = 10°

(b} Bleed drag.

Figure 13.- Concluded.
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Figure 14.~ Correlation of boundary-layer diverter pressure coefficient.
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(a) Boattail angle effects.

Figure 15.- Correlation of nozzle boattail drag coefficiont.
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(b) Nozzle pressure ratio effects.

Figure 15.-~ Concluded.
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Figure 16.- Correlation of nozzle ‘nterfererce drag coefficiont; nozole
Pressure ratio = 2.50,
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