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FOREWORD

This report documents the work accomplished during USAF Contract No.
F33615-77-C-3085, The work consisted of developing an interactive PIPSI
computer program, developing an interactive derivative computer program,
and developing and documenting supporting data libraries. The work was
accomplished 1n three phases. As part of the work accomplished in Phase
I of the contract, the interactive PIPSI program was completed and
delivered to the Air Force. As part of Phase Il work, derivative param-
eters were selected and development work was completed o the derivative
program. During Phase III a library of inlet and nozzle/aftbody charac-
teristics was prepared, test cases were completed, documentation was
accomplished, and final programs were delivered to the Air Force. The
program was conducted under the direction of the Vehicle Synthesis
Branch, Air Force Flight Dynamics Laboratory, Air Force Systems Command.
Mr. Gordon Tamplin was the Air Force Program Monitor.

The program was initiated on 17 July 1977 and draft copies of the final
reports were submitted for approval on 15 May 1978.

Mr. W. H, Ball was Program Manager for The Boeing Company., The following
individuals contributed significantly to the work accomplished during
this contract: R, A. Atkins, Jr., computer progkamming; T. E. Hickcox,
inlet derivative procedure development; E. J. Kowalski, inlet configura-
tions and performance; and J. E. Petit and R. M. Trayler, nozzle/aftbody
procedure and configurations.
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SUMMARY

An analytical program was conducted to develop and document two computer
programs that can be used to correct uninstalled propulsion system per-
Forrance data for inlet and nozzle/aftbody installation effects.

The program consisted of three phases: (I) Development and delivery of
an interactive PIPSI computer program, (I1I) Development and delivery of
an interactive Derivative Procedure computer program and Users Manual,
and (111) Preparation of test cases, library maps, and PIPSI Users Man-
ual, During Phase I, an interactive version of the PIPSI computer pro-
gram was developed and checked out on the WPAFB CDC 6600 computer system,
This program permits the rapid calculation of propulsion system perfor-
mance using a library of inlet and nozzle/aftbody characteristics con-
tained in computer disk files, During Phase II, an interactive deriva-
tive procedure was developed and programmed that will allow the user to
obtain new PIPSI inlat and nozzle input c¢haracteristics by perturbations
to the geometric variables represented by the stored 1ibrary of maps,
During Phase III, test cases were completed, library maps of inlet and
nozzle/aftbody performance characteristics were developed and documenta-
tion was completed,

The computer programs and data input formats were developed in a form

that will allew the user to significantly improve the accuracy of the
calculated results by adding new data as it becomes available,
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Cba1n

CDgase

CDp10-A9"
Copap

CDS

Cy
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Sonic area, in?
Area, in?

Inlet capture area, in?

Local stream tube area ahead of the inlet, in?
Free-stream tube area of air entering the inlet, in2

Aspect ratio, Wc/Hc for inlets, Wg/Hg for
nozzles, dimensionless ‘

Drag coefficient, . dimehs1on1ess

D
q Ager,

Sonic velocity; ft/sec.

Convergent-divergent
Dapp . .
Additive drag coefficient, CDADD' TA dimensionless

Afterbody drag coefficient, Ei?g , dimensionless

Base drag coefficient g?*i;ﬁlﬁhﬂw , dimensionless

Drag coefficient, D

R G— based on projected
area, dimensionless %o(A1o—Ag) prod

Scrubbing drag ffi~ient, %?%?%L , dimensionless

F
Thrust coeffic .nt, ~j§:ll—-— dimensionless
g (Vi)

Nozzle velocity coefficient, dimensionless

Convergent
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Drag, 1b.; Hydraulic Diameter, ﬁgl , in., diameter,
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Thrust, 1b.
Net thrust, 1b.
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Fuel/air ratio, dimensionless
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Throat height, in
Integral mean slope parameter, truncated

1.0
e d(A/A
IMSy - A9,A10) f eq d(A/Am)
Ao

Length, 1in.

Mach number, dimensionless
Static pressure, 1b/in2, perimeter, in.

Relative pressure,; the ratio of the pressures p,
and pp corresponding to the temperatures T, and
T?, respectively, along a given isentrope, dimen-
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Power setting
Total pressure, 1b/in?
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SECTION I
INTRODUCTION

During the preliminary design phase of military aircraft development, it
is necessary to evaluate many potential engine/airframe combinations to

determine the best solution to a given set of mission/payload require-
ments.

The evaluation process must be thorough enough not to eliminate, at an
early point in the preliminary design process, any configurations that
might ultimately prove to be viable candidates if time were availcble to
study them in detail.

At the same time, speed in evaluating the configurations is also impor-
tant because it permits many more configurations to be analyzed on the
basis of actual data rather than subjective judgment or experience,

In addition, manpower and money are often limited, especially in the
typical preliminary design study group. This means that calculation
procedures employed during these studies must be simple to use and re-
quire a minimum of input data preparation and setup time. Also, output
data must be easily understood and the results presented in a format that
is readily usable in comparing competing configurations., This report
describes the results of a study to develop an advanced computerized,
interactive propulsion system installation calculation procedure that
meets these objectives. The calculation procedure consists of two main
parts:

(1) An interactive computerized procedure for calculating fnstalled
propulsion system performance using computer-stored files of
inlet, nozzle/afthody characteristics, and uninstalled engine
data, The inlet and nozzle/aftbody characteristics used in this
procedure are obtained from a library of maps representing
specific configurations,
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(2) An interactive derivative procedure to generate new maps of
inlet and nozzle/aftbody characteristics for configurations that
are different from those represented in the library, The char-
acteristics of the new configurations are obtained by first
order perturbations to the configurations in the library.

The develaopment of the interactive PIPSI program has taken full advantage
of the existing Batch-Job version PIPS computer program and PITAP proce-
dure developed for AFFOL under Contract F33615-72-C-1580 (Reference 1),
The capability of the existing procedure was improved by developing
interactive procedures for automatically utilizing inlet and nozzle/aft-
body performance characteristics obtained from computerized files. These
computerized files represent maps of standardized format which provide

the internal losses and drag characteristics for a variety of specific
inlet and nozzle/aftbody configurations. These configurations are de-
signed to cover a wide spectrum of Mach numbers from subsonic to Mach 3.5.

The expansion of the computer library of inlet and nozzle/aftbody charac-
teristics was a significant part of the contract effort because {t en-
ables the user to find in the available files (for instant retrieval) an
inlet or nozzle/aftbody configuration that 1s a fairly close match to the
configuration under investigation. Inlet maps for a total uf 18 config-
urations and nozzle/aftbody maps for 8 configurations are available for
use with the interactive procedure. The configurations to which these
maps zorrespond are described in Section III of this report. The com-
plete documentation of input maps is provided in Volume IV.

Another significant improvement that was made to the interactive calcula-
tion procedure is the incorporation of a procedure that allows the proe
gram user to make trade studies between bypass and spillage airflow. The
purpose of this procedure is to provide the user with maximum visibility
of the effects on performance of various design options that may be
available for handling excess inlet airflow. The bypass vs. spillage

trade study analysis procedure is discussed in Subsection 2.2.5 of this
report.
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The derivative procedure was also developed during the contract period,
to determine the effect on inlet and nozzle/aftbody performance of per-
turbations in the inlet and nozzle/aftbody geometries., This derivative
procedure was designed to calculate the performance characteristics for
configurations that are different from those specific configurations for
which complete maps are stored in computer files. This work included
selection of the derivative parameters that were used during the develop-
ment of the derivative procedure., These derivative parameters are dis-
cussed in Subsection 4,1 of this report and the derivative procedure is
discussed in Section 1V,

(73]
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SECTION II
PERFORMANCE OF INSTALLED PROPULSION SYSTEMS-INTERACTIVE
(PIPSI) PROGRAM

The contract effort was divided into two major parts. The first part
consisted of the development of an interactive propulsion system perfor-
mance computer program and a supporting library of inlet and nozzle/aft-
body maps for specific configurations that can be used as input data.
This computer program was given the designation PIPSI, for "Performance
of Installed Propulsion Systems - Interactive". The second major part of
the contract was the development of an interactive derivative procedure
program that will enable the user to rapidly create new inlet and nozzle/
aftbody input maps for use in the PIPSI program. This was accomplished
by accounting for the first order effects due to differences between the
desired configuration and a selected 1ibrary configuration. This com-
puter program has been designated DERIVP, for "Derivative Processor".

The PIPSI program development is discussed in this section and the DERIVP
program development is discussed in Section IV. In addition to the
material contained in this document, additional details of the computer
programs are contained in the users manuals for the two computer pro-
grams. The users manual for the PIPSI program is Volume II and the users
manual for the DERIVP program is Volume III,

2.1 STRUCTURE AND USAGE

The PIPSI program was designed to meet the objective of speeding up the
process of calculating installed propulsion system performance data while
including realistic effects of inlet and nozzle losses due to drag and
internal performance. The program was also designed to satisfy two
additional criteria: (1) the accuracy of the data generated by the
calculation procedure must be suitable for use in preliminary design
studies (when detailed knowledge of all geometric features of the design
are not known) and (2) the method must reflect the effects of throttle-
sensitive changes in inlet and nozzle/aftbody losses.

a
!
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To achieve the desired capability, a previously-developed batch-job
propulsion installation correction program (P.I.P.S., Reference 1), was
improved and made interactive for use on the AFFDL CDC 6600 computer
system, This program utilizes a computer-stored 1ibrary of inlet and
nozzle performance characteristics and uninstalled engine data as input
to interactively calculate installed propulsion system performance, A
chart showing how this computer program is used in a typical preliminary
analysis process is presented in Figure 1. The calculation of installed
propulsion system performance is almost instantaneous if the tabulated
performance characteristics of the desired inlet and nozzle/aftbody
configurations are available as previously-stored computer files. To
provide a readily-available source of inlet and nozzle/aftbody data, a
1ibrary of inlet and nozzle/aftbody performance characteristics was
created, covering a wide variety of possible configurations, The compu-
ter files that are required to be attached prior to executing the PIPSI
program are shown in Figure 1, as well as the internally-stored nropul-
sfon calculation options that are built into the program, Figure 2 shows
the data flow from operation of the PIPS! program. Required and optional
files are attached externally prior to execution of the program., The
user then enters the interactive input commands. The output from the
program can be displayed on a scope or stored on an output disk file for
disposition to an off-line printer. The interactive commands that can be
entered as input by the pser are shown in the schematic diagram presented
in Figure 3.

The single most important factor that made it possible to reduce the time
required to perform installed propulsion system performance calculations
was the extensive use of computerized files. Thase files contain tables
of data representing the non-dimensionalized performance characteristics
of inlets and nozzle aftbodies, These files allow instant retrieval of
inlet and nozzle/aftbody data that can be matched with the uninstalled
engine performance Jatu (also contained in a computer file) during the
execution of the program, which produces the installed propulsion data.
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The inlet and nozzle/aftbody computerized files and the uninstalled
engine data are shown in the typical examples of Figures 4, 5, and 6.
The format of the data was selected to provide a standardized framework
in. which either experimental data or the results of analytical calcula-
tions can be used. The input format for the data remains constant, but
the data that goes into the tables can come from various sources depend-
ing on the amount of time available for preparing the data and/or the
amount of experimental data available. Because of the fact that data in
the input tables can be changed as better data become available, it is
possible to improve the accuracy of the installed propulsion system
performance calculations as the aircraft development cycle progresses
from preliminary design (level I) through full-scale flight test. The
use of the PIPSI program throughout the development cycle is {llustrated
in Figure 7.

The basic structure of the main calculation procedures of the PIPSI
computer program is shown by the flow charts in Figures 8 and 9. Figure
8 shows the inlet procedure. This procedure handles the functions of
sizing the inlet, matching the inlet input data with the engine airflow
demand, and obtaining the matched inlet performance perameters from the
inlet data tables. Engine corrected airflow demand is the matching
parameter between engine data and inlet data. Figure 9 shows the nozzle/
aftbody procedure. Nozzle total-to-ambient pressure ratio is used as the
matching parameter for matching nozzle performance data to engine data.

2,2 INLET SUBPROGRAM

The inlet performance subprogram of the PIPSI procedure involves consid-
erably more procedural steps than the nozzle/aftbody drag and gross
thrust coefficient subprograms. This is due to the fact that the
individual inlet component drags that contribute to the total inlet drag
must be calculated separately. Each of these drags (spillage, bleed, and
bypass) must be determined individually as a function of mass flow ratio,
which adds to the complexity of the computer program.

10
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2.2.1 Inlet Performance

Inlet performance maps are input data to the inlet subprogram. This
subprogram sizes the inlet capture area (if it is required) and converts
the inlet performance maps into total pressure recovery and inlet drags
that are matched to the corrected airflow demand of the engine.

The operation of the inlet procedure is shown schematically in Figure 8.
The connecting link between the engine data and the inlet procedure is
engine-plus-secondary corrected airflow, The sizing routine permits the
inlet to be'sized for operation at a desired inlet mass flow ratio and-
racovery using the design engine airflow demand, A specified capture
area size can also be input, if desired, instead of requiring the program
to calculate the size,

The inlet input requires fourteen tables of input data which describe the
performance characteristics of the inlet. Engineering data obtained from
wind tunnel tests and theoretical calculations are used to obtain the .
inlet performance characteristics. The format for the inlet data was
shown in Figure 4, Data taken from these engineering plots are punched
on cards as part of the inlet library for input into PIPSI.

The inlet procedure recognizes three modes of inlet operation: low-
speed, external compression, and mixed compression., The low-speed mode
is used only at very low Mach numbers, e.g., takeoff conditions, when
only high engine power settings are likely to be of interest and inlet
drag is negligible. The external-compression mode is used over the
remaining Mach number regime for exﬁernaI-compression inlets. It {s also
used for the remaining subsonic regime and supersonic Mach numbers up to
the starting Mach number for mixed-compression inlets, The mixed-com-
pression mode is used at or above the starting Mach number for mixed-com-
pression inlets,
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a)

b)

External-Compression Inlets, The PIPSI calculation of recovery and
drag for an external-compression inlet is 11lustrated in Figure 10.
The required performance maps are input as tables, as indicated.
Table 1 1s used to represent the effect of the airplane flow field on
the local Mach number seen by the inlet. Table 2A gives the basic
recovery/mass-flow-ratio characteristics of the inlet. The minimum
Mach number for which data is input in Table 2A is taken by the

program to be M » below which only the lowspeed mode is used,

Omin

In the low-speed mode, recovery is read dff;ct1y out of Table 2B as a
function of local Mach number only, and inlet drag is neglected,

It the local Mach number exceeds Mo » the recovery and mass

flow ratio are determined using TabTa"2a, Table 7 (which gives the
schedules bypass flow, if any, as a function of engine mass flow
ratio), and the engina corrected airflow demand.

PIPSI 1terates to solve simultanecusly for the matchpoint recovery
and inlet mass flow ratio, as well as the engine mass flow ratio and
scheduled bypass flow, If the indicated buzz (Table 20) or distor-
tion (Tablae 2E) 1imits are exceeded, an appropriate warning message
will appear, but no fatal error will result, The bleed mass flow
associated wtih the calculated inlet mass flow ratio is determined
from Table 6A.

After the required mass flow ratios are detarmined, spillage, bleed,
and bypass drags are found from Tables 3, 4, and 5, respectively.
Spillage drag 1s the incremental change in additive drag and pressure
drag on the airplane due to inlet operations at mass flow ratios less
than a reference mass flow ratio. The bleed and bypass drags include
door drags as well as momentum loss of the airflow.

Mixed-Comprassion Inlets, The performance calculation for a mixed-

compression inlet is {1lustrated in Figure 11. Below the starting
Mach number MS, the low-speed mode and external compression mode

21
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are used in the same way as in the case of an external-compression
inlet. The mixed-compression mode, used at or above MS' is based

on the assumption that a closed-loop bypass system is available to
remove all excess air. Thus, except for the case of excessive engine
airflow demand, the inlet mass flow ratio, bleed flow, and recovery
may all be scheduled as a function of local Mach number only; the
bypass system compensates for changes in engine airflow demand.

If the corrected airflow delivered by the inlet {s inadequate to meet
the engine demand at the scheduled recovery, the program will permit
the inlet to operate at an excessiva supercritical margin. The
recovary will be lowered sufficiently to match the engine corrected
airflow demand, and an appropriate message will warn the user of an
undersized inlet.

Inlet spillage, bleed, and bypass drag are found using Tables 3, 4,
and 6, as in the external-compression mode. The data in these tables
for Mach numbers equal to or greater than Ms apply only for started
inlet operation.

2.2.2 Inlet Sizing

The inlet sizing procedure in the computer program determines the inlet
capture area required to match the largest engine airfiow demand at each
Mach number., From these calculated inlet sizes, the largest required
size is selected as the inlet capture area. For sizing calculations, an
input curve (Table 2C) of recommended (matched) inlet airflow variations

(Ag/A¢) vs. M and an input curve (Table 2B) of recommended

(matched) inlet total pressure recovery vs, Mo are used to determine
the required capture area variation with Mach number, These parameters
are used in the following equations to calculate capture area, Ac:

e () ()

2a
¢

(AJAQ yarcumD 343 (Ay/Ag Iy ATCHED
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2.2,3 Inlet Raeference Conditions

For purposes of aero-propulsion thrust/drag bookkeeping, a reference mass
flow ratio is employed. This reference mass flow ratio is always shown
in 1nlet input Table 3B. It represents the inlet mass flow ratio,

Ay /Ac. at which the spillage drag is defined as zero. This refer-

enée provides the zero drag reference base for the input spillage drag
variations vs, A° /AC at each Mach number input as Table 3, The
reference mass f18w ratio is selected to be a mass flow ratio at or near
the point of maximum inlet mass flow ratio at each Moe At this point,

no further throttle-dependent inlet airflow variations would be expected.
Therefore, at this mass flow ratio it is logical to include the drag of
the spilled airflow in the airplane drag polar. The inlet drag reference
mass flow ratio concept is 11lustrated in Figure 12,

For users who prefer to use a mass flow ratio of 1.0, an option {s in-
¢luded 1in the computer program to add the incremental reference spillage
drag to the spillage drag input data of Table 3, thereby cresting a
reference mass flow ratio equal to 1.0,

2.2,4 Inlet Racovery Corraction

The engine input provides the required data for inlet drag, inlet recov-
ery, nozzle afterbody drag and nozzle coefficient calculations. The
engine section of the PIPS! program calculates only the changes in inter-
nal performance due to changas in inlet recovery. Changes in inlet
recovery produce a directly proportional change in nozzle pressure ratio,
airflow, and fuel flow because the nozzle throat area does not change.
Furthermore; 1t 1s assumed that engine data is calculated with MIL STD
50088 recovery and all inlet recovery changes are made relative to that
value unless the user inputs a different referance recovery. Thermody-
namic data from Keenan and Kaye tables has been "curve-fitted" and sub-
routinas are provided to calculate the thermodynamic properties of the
exhaust gases.
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Baseline (Inlet Drag) Bleed Closed

!

/
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Bypass Closad

The inlet baseline reference condition for spillage drag
is defined at each Mach number as shown below. This
condition was chosen because:
a) it corresponds to an accurate reference and
measurable condition for the real inlet,

b) it corresponds to a condition when inlet spillage
drag is minimum (i.,e., minimum 1ip separation
and therefore less error in scaling),

¢) it is near the operating condition of the inlet

(airplane reference model therefore contains
major inlet interference effects).

Figure 12, Definition of Inlet Reference Mass Flow Ratio
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The calculation procedure is as follows: for each altitude, Mach number,
and power setting, the net thrust (FN), fuel tlow (NF). corrected

airflow (N\/3;]5 2). nozzle throat area (AB). nozzle exit area

(Ag), and nozzle thrust coefficient (CFG) are given,

Standard atmosphere and MIL Standard 5008B inlet recovery are used to
calculate the airflow at the engine face and gross thrust is calculated
for the given engine data before any changes in inlet recovery by the
following equation:

Wy Ve
g

FGow "N

The desired inlet recovery is obtained from the inlet subprogram and the
engine gross thrust is first calculated with MIL Standard recovery and
then with the calcutated recovery. To calculate engine gross thrust, the
engine corirected airflow remains constant for any change in inlet recov-
ery, and at any given power setting, the nozzle exhaust areas and burner
fuel-air ratio remain constant. The engine performance for any change in
inlet racovery is calcu'iated by the following relations:

Wadar = Wg [w J
(Pszro) MIL 50088

27
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After the above quantities are computed, the corrected quantities
(WB)RF' (NF)RF, (NZ)RF and (PTB/Po)RF are used to
compute a new gross thrust, FG . This new gross thrust and the gross
thrust, FG , calculated using @he same subroutines and the uncor-
rected (MIL 5008B) quantities (Wg, Wg, Wy, Prg/Py) are used to
compute a ratio, FG /FG . This ratio 1s then used to obtain the
new value of gross %hrult, FG . The new value of gross thrust is
then found by ratio NEW
F
F =R ....S..?-
Gnew " Gow Fg
1

The ratio procedure is used tc minimize any inaccuracles that may be
caused by assuming burner efficiency ( nB) is constant for all engine
operating conditions.

28
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The net thrust and fuel flow after correction for inlet recovery are:

wv, R
FNR - FGN“..—.__ —E

g R it

Ry

WF = WF

R RFMm

and the installed propulsion system thrust and SFC:
FNo ® FNp = Doaer - Dnoz * Dyozrer
w
SPC, = — R
Py
A

2.2.8 Bypass Vs, Spillage Trade Calculation

A calculation procedure has been developed and programmed that provides
the capability to automatically perform trade studies between bypass and
spillage airflow. The purpose of this procedure is to provide the pro-

gram user with maximum visibility of the effacts of various design op-
tions that may be available for handling excess inlet airflow,

The trade study procedure provides the user with the option to select any

of the following modes for disposing of excess airflow:

Mode
1 A1l excess airfiow spilled
2 A1l excess airflow bypassed above a specified Mach number
3 Scheduled bypass with rest of excess airflow spilled
4 Optimum combination of bypass and spillage for minimum drag
5 Uptimum combination of bypass and spillage for minimum installed

SFC (includes effect of bypass on total pressure recovery)

29
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For visibility, an optional printout can be specified by the user that
will display the complete results of the spillage/bypass trade studies.

The bypass vs. spillage trade study procedure was developed by modifying
and adding to the existing program calcnlation routines. For Options 1,
2 and 3 existing program calculation routines are used to allow the user
to simply select the mode. For Options 4 and 5 which involve optimiza-

tion, standard methods are used to find the minfmum cD and SFcA

values, '

Figure 13 presents a general flow chart of the bypass vs. spillage trade
study procedure. Complete flow charts of the PIPSI program are con-
tained in Volume II,

2.3 NOZZLE SUBPROGRAM

The purpose of the nozzle/afterbody drag and cF {nput data and
calculation subprograms is tc calculate nozzle qnternaT losses

( ACFG) and nozzle/afterbody drag.

2.3.1 Nozzle/Afterbody Oraq

The nozzle/afterbody drag 1s computed using maps which represent the
afterpody drag characteristics (Figure 5) as a function of A10/Ag and

Mo' external inout geometry and engine data. Engine data obtained
internally from the engine subprogram include nozzle throat area, nozzle
pressure ratio, freestream conditions, and {deal gross thrust. An essen-
tial geometry input is the nozzle exit area, Ag. which is required for
boattail drag computation. This parameter {s obtained in either of two
ways:

1. From the engine subprogram when the existing nozzle data are used;
2. From a calculation of fully-expanded A9 as & function of nozzle
total pressure ratic for wedge and plug nozzles.

30
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The program currently has built in the variation of base pressure,
Pb/P° , a5 a function of freestream Mach number, This is then used to
calculate CD .
Base
Fully-expanded nozzle/-aftbody drag coefficient is obtained from tables
such as those illustrated in Figure 5a. The drag coefficient 1s obtained
as a function of the ratio of nozzle exit area to maximum cross-sectional
area, AQ/A10° and free-stream Mach number.

A procedure has been programmed that allows the program to account for
effects of varying nozzle exit static pressure ratio. This procedure
determines an incremental drag coefficient, ACD » to be added to

the fully-expanded nozzle/aftbody drag coeff1c1ene§ The incremental drag
coefficient {is a function of nozzle exit static pressure ratio

(Pg/P,) and free-stream Mach number (Mo) and is available for a

range of nozzle/afthody area ratios (A10/A9) from max A/8 to subsonic
cruise, The incremental drag coefficient maps allow the user to input
the pressure ratio effects data if it is available, If the user does not
have such data available, a set of dummy maps ake used that sets

ACDM; 0 for all P9/P°. Mo’ and Alo/Ag. A three-dimen-

sional table look-up procedure is used to obtain the Acbnvalues

during the program operation. A maximum of four maps are used represent-
ing different nozzle/aftbody area ratios. An {llustration showing the
nozzle/aftbody drag procedure is presented in Figure 14,

2.3.2 Nozzle Gross Thrust Coefficient
The nozzle gross thrust coefficient input data maps are used to provide a
means for correcting uninstalled engine data for the effects of nozzle

internal performance that are different from the nozzle internal perfor-
mance used in generating the uninstalled engine data.
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Two different types of nozzle CF maps are provided, as shown in

Figure 5. Figure 5b shows the dﬁta input format for a round nozzle and
Figure 5c shows the data input format for two-dimensional nozzles. For
round nozzles, the nozzle area ratio, A9/A8 {s calculated from tabu-
lated input values provided along with nozzle pressure ratio,

PTa/Po. as part of the engine data.

For use with the twp~d1mens1ona1 nozzle CF input, the engine power
setting and nozzle pressure ratio are obtaQned from the engine input data
by procedures programmed into the engine performance subprogram.

The data input table format for the round nozzle (Figure 5b) provides
nozzle gross thrust coefficient as a function of nozzle total pressure
ratio and area ratio. In the case of two-dimensional nozzles, however,

© the nozzle gross thrust coefficient (Figure Sc) is input as a function of

nozzle total pressure ratio for maximum afterburning and intermediate
(dry) power settings. This input data format is based on the assumption
that a variable area nozzle will be used which will be scheduled to
provide an optimum variation of area ratio as a function of nozzle pras-
sure ratio,

The calculated installed propulsion system performance data include the
throttle-dependent inlet and nozzle/aftbody losses. To detarmine the
throttle-dependent portion of the nozzle/aftbody drag to be included as a
loss to the propulsion system performance, a reference condition has been
established for the nozzle/aftbody drag as follows:

The nozzle/aftbody drag increment to be included in propulsion system
installed net thrust will be defined as zero when the nozzle is at
its maximum (full-open) geometry and operating at a nozzle static
pressure ratio, Py/P, equal to 1.0 (fully-expanded). The
nozzle/aftbody drag at this condition will be included in the aerody-
namic drag. Incremental changes in nozzle aftbody drag due to
changes in nozzle/aftbody geometry and/or nozzle static pressure

34
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ratio different from this condition will be included as propulsion
system drag. This reference condition {is 11lustrated in Figure 15
for a typical set of nozzle/aftbody drag data from Reference 2.

2.3,3 Thermodynamic Properties

Thermodynamic properties required for throat calculations are obtained
using the functions shown in Table I. The functions listed in Table !
are "curve-fits" of Keenan and Kaye data (Reference 29) The gas tables
are primarily used to calculate exhaust nozzle static pressuras and jet

valocities,

x
[ ]

HOFT (T,FOA)

—
¢

TOFH (H,FOA)

PR

PROFH (H,FOA)

x
n

HOFPR (PR,FOA)

()
a

COFH (H,FOA)

()
B

COFHS (H,FOA)

TABLE !
THERMODYNAMIC “SUBROUTINES )
Enthalpy as a function of temparature (degrees R)
and fual-air ratio ‘

Temperature as & function of enthalpy and
fuel-air ratio

Relative pressure, (Pr) as a function of
enthalpy and fuel/air ratio

Enthalpy as a function of relative pressure and
fuel-air ratio

Sonic velocity as a function of total enthalpy
and fuel-air ratio

Sonic velocity as a function of static enthalpy
and fuel-air ratio
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2.3,4  Energy Balance for Exhaust Gas Calculations

[f the temperature at the engine compressor face, airflow, pressure ratio
and fuel flow are known, the exhaust gas enthalpy (h) and relative pres-
sure (pr) can be calculated from the energy balance:

Waby, + WrQmg = Wighp, + Wahp, + Wpxhry,

(for either mixed or non-mixed flow engines)
For mixed flow fans or a turbojet:
\Ve L] w: - wnx + Wr
(f/0)g = Wpl(Wq ~Wpy)
by ® (¥ghy, + WeQng)/Wy (Wgxhgy 18 con-
sidered negligible)
Prp g "1 (b, fla)y
For a separate flow ducted fan (fan nozzle and primary nozzle):
h’!‘z f(Ty o f/a), iwheraf/a =0
(1',1,)2 uf Chy, f/a)g; where f/a =0
(Pephg " (Prp)y (Pryg/Pr,)

h‘l‘" -f(?,,r.fll)n;whm f/s =0
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and
Wg = Wy = W3 = Wpx + W

hrg = (Wahp, — Wig by, + WpQ np)iWg

———— = A e

(waxhTB is
considered~§egl1g1b1e)~
(P,.r). = f(hp.fla)g

2.3.5 Nozzle Gross Thrust Calculation

The caleulation procedure in this section applies to both mixed and
non-mixed flow nozzles.

2.3.8 Converqent Nozzle

The velocity at the throat for a convergent nozzle 15 a function of the
total enthalpy (assuming the throat is choked).

Cg = f(hy, /o)y

and the static pressure is a function of the static enthalpy

(Co)? ~
hy = brg = 377

Tg = £ (N 1/a)g

Pog = F (b tla)y .

Prgs = (Pep)y/Ps

Pra 1 obtained from the tabulated

ena1ne innut data ag f (P.S., alt.,, M ) or
1t {s calculated by the procedure described
on Page 40,

Pg = Pry/®r /Py
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The area of the throat is

WRT
Ag’ '(_”:: $
and the thrust is
F

2.3.7 Convergent-Divargent Nozzle (fully expan

If the exhaust flow 1s fully expanded, the static
exit is equal to ambient, and the exit velocity 1
total to static anthalpy.

Pl, " Pl‘a (Punh/PB)
hg = £ (. f/a)

Tg = f (h, t1a)y

The exit area is . Ag % Wg Ry To/Pymp Vo

and the gross thrust fs F, = _Y.Z%LCFO

WV
R L

ded)

pregsure of the nozzle
s 3 function of the
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2.3.8 Convergant-Divergent Nozzle (not fully expanded)

If the exit area of a convergent-divergent nozzle is less than required
for full expansion, the exit static pressure will be higher than am-
blent., The throat conditions are known; therefore, a guessed exit veloc-
fty gives:

- 2
hg h'rs - V9 IZQJ

T9 - f(hn r,l)’

Prg = f(ho f"),

)
rs

Pg‘

Py PAV
Wo = KT, AoVe = AVY = (7)),

An iteration on Vg to make w9 L] ws will rasult in the exit condi-
tions for a-given area,

The gross thrust {s: Rg -(!%!— + PA)g Cg = Py Ag

2,3.9 Nozzle Pressure Ratio Calculation

The exhaust nozzle pressure ratio can be calculated if thrust, fuel flow
and airflow are known. The gross thrust 1s calculated as follows:
Fg » (Fpq * an)’cFG
Wy Ve,

Fram = —

40
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and the nozzle exit conditions are calculated by assuming that the flow t 1
is fully expanded, : )

Wa'W2-wa+Wr
h-ra - hTz + (Q Ny Wf/WS) "

Vo = Fg (9)/Wy

hg = hry - V¥ 201 D)

Prg = f (i th)g

(Peg)y = £ vr g | %

Since Po = Pam Prgumn = (Prp)gPrs P

The pressure ratio calculation will be in error, an amount relative to
the vulue of the thrust coefficient (C|= ), because this is usually
unknovin 1f pressure ratios and exhaust <inr-eas are not given,

a1
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SECTION III

LIBRARY MAP CONFIGURATIONS

The purpose of the 1ibrary of inlet and nozzle/aftbody maps is to provide
a readily-available source of input data that can be utilized by the
interactive PIPS! computer program. The input data are converted to data
tables and stored as permanent files on computer disk storage for compu-
terized retrieval, When interactive calculations are to be performed,
the desired 1ibrary computer files representing the inlet and nozzle/aft-
body data along with the uninstalled engine data, are attachaed externally
to the PIPSI program prior to execution of the program

The input data are stored in the form of tables of standardized format
representing maps of inlet- and nozzle/aftbody performance characteris-
tics. The format of the inlet characteristics is shown in Figure 4, The
format of the nozzle/aftbody drag and internal performance (CF )
characteristics 1s shown in Figure 5, G

The data for all the configurations are contained in Volume 1V.
3.1 INLET CONFIGURATIONS

The matrix of inlat configurations for which performance characteristics
are available is shown in Figure 16, Performance characteristics are
available for a total of 18 separate inlet configurations, These config-
urations include a variety of inlet types: chin, pitot, two-dimensional
and axisymmetric external compression, and two-dimensional and axisymmet-
ric mixed compression., The design Mach number range covered by the
configurations is 0.5 to 3.5.
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The inlet configurations that are represented by the 1ibrary of perfor-

mance characteristics have been selacted by considering the following
factors:

(1) At each design Mach number, the configuration must be typical of
an inlet that could reasonably be used at that Mach number.
Design Mach number affects such design features as variable
geonetry, number of compressioh ramps, Loundary layer bleed
system design, and mixed vs. external compression scheme. The
way typical inlet des1gn features vary as design Mach number is

increased is {1lustrated in Figure 17. In general, the trend is |

toward more inlet complexity and more variable geometry as
design Mach number is increased, assuming a high level of tota
pressure racovery is to be maintained. The configurations
contained in the library of inlets are shown in Figure 17 by
their configquration numbers, as defined in Figure 16.

3.2 NOZZLE/AFTBODY MAP CONFIGURATIONS -
The nozzle/aftbody configurations include: axisymmetric convergent-dis
vergent nozzles, (single and twin), two-dimensional cohvgrgeht-dﬂvérgent
nozzles (single and twin), axisymetric plug nozzles (single and twin),
and two-dimensional wedge nozzles (single and twin). Tha nozzle/aftbody
files that are available are shown in Figure 18, These files and the
configurations that are represented in the library of inlet and nozzle/
aftbody maps are described in detatl in Volume IV,

(2) Experimental data are available for several inlet configurations
that can be used to provide well-substantiated inlet performance
maps, It has been an objective of the program to use experi-
mental data whenever it {s available and the configuration is
suitable (or typical) for the intended application, Examples of
some of the useful sources of data that have been utilized in
developing the inlet performance cheracteristics are:
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Tailor-Mate tests (Reference 4), F-15 inlet tests (Reference §),
Boeing LWF tests (Reference 56), XB-70 inlet tests (Reference 7),
NAR F-100 inlet tests (Refarence 8), and Boeing subsonic inlet
tests (Reference 9),

(3) Several sats of inlet performance characteristics were available
from the previously-completed Air Force Contract
F33615-72-C-1580 (Reference 1), These data were used in the
present contract for Configurations 6, 10, 7, 9, 13 and 14,
1&rge1y unchanged, except for some revisions in the data table
formats.

(4) 1Inlet data maps are available at Boeing for configurations 8 and
11, Thase data are in the PIPSI format and are directly usable
in the present contract, because they represent typical {nlet
configurations for the required design Mach numbers.

A summary chart is presented in Figure 19 which shows the inlet configur-
ation number$ (indexed to Figura 16), a brief &escr1pt1on of the inlet,
and the source of the data and/or methods used to obtain the inlet per-
formance characteristics. 1In additiun to the information shown in Figure
19, each of the inlets is described in detail in Volume IV.

4a
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Inlet
number

INLET CONFIGURATIONS AND SOURCES OF DATA
USED TO DEVELOP THE INLET MAPS

A7 type inlet; developed from published
A7 data and enginsering anslysis

F-8 type inlet; developed from published
F:8 inlat data and analysls

Subsonic Inlet type; basad on data and
methods from Boeing subsonic inlet (i.e. 707, 727 etc)

Subsonic inlet type; based on data and methods used
to develop Boaing 74 7«type inlats

Notmal shock inlet; based on data from Rockwall
tests of F100 alrplane inlet

Normal shockstype inlet; based on data from
Rockwell F+100 inlet, Bosing LWF iniet tests,
and GO LWF inlet data

Fixad-Geometry, 2-shock inlet; bated on data
from Boaing LWF Inlet tests

Four-shock, variable ramp inlet; theorstical
design based on analysls, optimlzed for Mo = 2,0

Four-shock, variable ramp inlet; based
on data from NR Iniet tests of IPS modsl

10

Fixed-grometry, single cone Inlet; based on analytical
design for a Mo = 1,6 VTOL

"

3-shock, half-round inlet with varisble=diameter
canterbody; analytical design for a supersonic Navy
VTOL configuraiton

12

3 shock , half-round inlet with variabls second
cone sngle; GD tallor-mate tests

13

Mixed-compression; analytical design documented
in AFFDL~TR=72-147-vol |V

14

Mixed compression; based on XB-70 type
configuration and data

Mixed comprassion; based on NASA AMES
configuration and tests of a mach 3.8, 2-D inlet

18

Mixed compression axisymmetric; based on
¢ Boelrg analytical study of an AST Inlet for NASA AMES

17

Mixed compression axisymmetric; based
on dats from NASA AMES tests of M, = 3,0 iniet

18

Mixed compression axisymmetric; based on
results of Boeing analyticel studies for s NASA AMES
mach 3.B Iniat

Figure 19 , Sources of Data for Matrix of Inlet Maps

49

A - R qun



http://www.abbottaerospace.com/technical-library

SECTION IV

DERIVATIVE PROGRAM (DERIVP)

The purpose of the der{vative procedure is to provide a first order
analytical method to determine the effects on inlet and nozzle perfor-
mance of configuration differences from the nearest configuration repre-
sented in the 1ibrary of stored maps (which are built-up for specific
configurations). The derivative procedure employs analytical and experi-
mental data in determining the changes in the stored performance maps
that result from geometric changes in the inlet and nozzle/aftbody con-
figurations.

The derivative parameters are discussed in Subsection 4,1, the inlet
derivative procedure is discussed in Subsection 4.2, and the nozzle/aft-
body derivative procedurs is discussed in Subzection 4.3,

4.1 DERIVATIVE PARAMETERS

The first step in the development of the derivative procedure was the
selection of the derivative parametars., The derivative parameters are
those parameters that will be perturbed to produce a new set of perfor-
mance characteristics from an existing (or "baseline") set of maps.

The criteria used to select the derivative parameters were:

(1) Variations in the parameter must have a significant effect on
the content of the maps used to describe inlet or nozzle/aftbody
parformance. The derivative procedure should be usad as part of
an overall concaptual analysis procedure for calculating first-
order propulsion system installation effacts. The derivative
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et

(2)

(3)

parameters selected for the present procedure are those which
have been clearly identified by test or analysis as having
"first-order" effects on installed performance. The derivative
procedure should not be used for detailed design studies since
the procedure may not be sensitive to the effects of small
variations in some design variables.

To the maximum extent possible, an attempt was made to define
the derivative parameters in terms of geometric variables that
can be easily related to the airplane configuration. This was
done to help in evaluating the effects of configuration changes
on installed parformance.

Derivative parameters had to represent trends that were strong
enough to be clearly evident in spite of the scatter in test
data obtained from typical inlet and nozzle tests.

Table I presents a 1ist of the derivative parameters that have been
selected for uze in the derivative procedures. The definition of each of
these parameters is included. Tables III & IV present the derivative
parameters and the performance map variables that they affect, either
directly or indirectly.
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TABLE II
DERIVATIVE PARAMETERS AND THEIR DEFINITIONS
1. Aspect Ratio - Applicable to two-dimensional
(AR) inlets only

. Defined as inlet width divided by fnlet 11p
height (relative to tip pos1t1on{.

2, Sideplate Cutback - Applicable to two-dimensional
(SPC) inlets only .

- Defined as the parcent of a full sideplate
area that 1s removed to define a partial
sideplate.

The upper edge of a full sideplate extends
from the ramp tip to the cow! lip.

3, First Ramp or Cone - Applicable to two-dimensional
Argle and ax{symmetric inlets

- Defined as surface ramp angle, in degrees,
relative to horizontal reference line for
two-dimansional inlets

- Defined as cona surface angle, in degrees,

relative to inlet centerline for axisymmet-
ric inlets (cone half-angle)

83
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T e =

-1

6.

7,

8.

9.

10|

11,

Dasign Mach Number
(Mo Design)

Cowl Lip Biuntness
Takeoff Door Area
External Cowl Angle

Exit Nozzle Type
for Blead

Exit Nozzle Angle
for Bleed

Exit Flap Aspect
Ratio for Bleed
(ARF)

Exit Flap Area
for Blead

(Ag/Ac)

TABLE IT (Continued)

Applicabla to all inlet; -

Defined as the maximum Mach number at which
;he inlet is dasigned to operate

Applicable to a1l inlets

Defined as the inlat 11p surface radius
divided by the 1ip height,

Applicable to all inlets

Defined as the total door area for the
takeoff auxiliary air system divided by the
inlat capture area

Appi1cab1e to all inlets

 Defined as axternal cowl surface angle, in

degrees, ralative to inlet horizontal refer-
ence line

Applicable to two~-dimensional and
axisymmetric- inleLs

Defines whether bleed exit nozzle is conver-
gant or convergent-divergent

Applicable to two-dimensional and
axisymatric inlats

Defined as bleed exit nozzle angle, in
degrees, relative to inlet horizontal refer-
ence line

Applicable to two-dimensional and
axisymmetric inlats

Defined as flap width divided by flap length

Applicable to two-dimensional and
axisymmetric inlets

Defined as flap area divided by inlet cap-
ture aresa

54
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12,
13,
14,
18,
18,

'v ’ 170

18,

20,

Exit Nozzle Type
for Bypass

Exit Nozzle Angle
for Bypass

Exit Flap Aspect

Ratio for Bypass
(ARF)

Exit Flap Area
for Bypass
(Ap/Ag)

Subsonic Diffuser
Area Ratio
(A2/A1)

Subsonic Diffuser
Total Wall Angle

Subsonic Diffuser
Loss Coefficient

(c)

Throat to Capture
Area Ratio

(Ar/Ac)

Nozzle/Aftbody Area
Distribution

TABLE I1 {Cantinued)

Applicable to all inlets

defines whether bypass exit nozzle 1s cone
vergent or convergent-divergent

Applicable to all inlets

Defined as bypass exit nozzle angla, in
degraees, relative to inlaet horizontal refer-
ence line

Applicable to all inlats

Defined as flap width divided by flap length
Applicable to all inlets

Defined as flap area divided by inlet cap-
ture area

Applicable to a1l inlets

Defined as exit area (compressor face)
divided by entrance area (throat)

Applicable to all inlets

Defined as the total aguivalent wall diver-
gence angle, from entrance to axit

Applicable to al) inlets
Defined by the equation

—;;z- -]t <1 - —t )
1 (1 +.2M2)33

Applicable to Pitot inlets
only

Cefined as the fixad throat arsa divided by
the inlet capture area

Applicable to all nozzle/aftbodies,

Definad by the cross-sectional area
distribution as a function of station from
A1g (ref, area) to Ag (nozzle axit

area), Characterized by the parameter IMSt

Al
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21, Radial Tatl Orien-
tation Position

22. Fora-and-aft Tail
Location

23, Base Area

24, Plug Half Angle

25, Ramp Half Angle

26. Aspect Ratio
(Wo/Hg)

27, Divergence Half-
Angle
(0prv)

TABLE II (Concluded)

Applicable to all nozzle/aftbodies with
tails. Defined by the angular orientation
of the tail raelative to the vertical
position,

Applicable to all nozzle/afthodies with
tails. Defined by the location of the aft
point of the tail/aftbody junction relative
to the aftbody length (Xa)q = Xag)

Applicable to all nozzle/aftbodies with base
area, Defined by the ratio of the base
area, Agasg to the aftvody referance area,

A10

Applicable to round plug nozzles., Defined

as the half-angle of the plug centarbody

T:asured relative to the plug axial centers
ne.

Applicable to two-dimensional wedge nozzles,
Defined by the wedge half-angle ralative to
the wedge centerline.

Applicable to two-dimensional nozzles, both
C«D and wedge types, Defined by the ratio
o: 2$zz1e width to height at the nozzle exit
station,

Applicable to convergent-divergent round and
2-D nozzles. Defined as the angle of the
diverging section nozzle wall relative to
the axial centerline of the nozzle.
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TABLE TIL INLET DERIVATIVE PROCEDURE CROSS=REFERENCE

PROGRAM STEP

§ ] 7

DERIVATIVE PARAMETER 1] 2 13 h‘ cf -

A A/A [
oz’ cbﬁf oA :','r a;m. Dyzc| “Dave

ASPECT RATIO C )
1 | (FoR 2.0 INLETS) ¢ o o 0 o

IDEPLATE CUTBACK ole
2 | (POR 2.0 INLETS) ¢/ 6 o 0 o

FIRST RAMP (CONE o0 0o 0|0
y | st (cone) e O
4 | DESIGN MACH NuMaER o 0 0| 0 0|00
§ | CONL LIP BLUNTNESS °® LN o
¢ | TAKEOFF DOOR AREA e o @ e
7 | EXTERNAL COWL ANGLE o
o | EXIT NozzLE TYPE °®

FOR- BLEED
o | EXIT NOZZLE ANGLE ®

PO BLEED
10 | EXIT FLAP Asprct °®

RATIO FOR LLEED. a
" EXIT FLAP AREA o

FOR BLEED
12 | EAIT NOZZLE TYPE °

FOR BYPASS

EXIT NOZZLE ANGLE
13 | For BYPASS o
‘ EXIT FLAP ASPECT ]
1

RATIO FOR BYPASS
18 | IXeT e arta ®

FOR BYPASS

SUBSONIC OIFPUSER Py
18 | AREA RATIO ° o

SUBSONIC DIPFUSER ® ®
17 | TOTAL WALL ANGLE ®

SUBSONIC DIFFUSER °
18 | (oss COEPFICIENT o ¢ o

THROAT/CAPTURE ARTA
19 | RaATIO (FOR PITOT INLETS) * ®

87

r 4 R



http://www.abbottaerospace.com/technical-library

(S37Z2Z0N
3903IM G-Z HO4)
JFTONV-4TVH 3DA3M

(S372Z0N
3903IM G- ANV
a2 GZ HOd)
0lLvYd 103d4SVY

3TONV-4TVH DN1d
JMHLINNASIXY

$3T1Z2ZON Q0 a2
ANV JTULIVINAS
-IXV HO4) 319NV
-3TVH IONIODHIAIQ

V3Uv 3Sve

NOILYIOT MVL
14V- ONV -3HD4

NOILVINIIHO
MNvLWVIavd

ONIOVdS 312Z0N
NIML ‘3T9NV TIvL
-1v08 “O1LVY 103dSV
40 1933443 S30N1ON1)
JUNSOTI ONI-L4Y

NOLLYTNIIVD
JN3I2144300
ASNYHL SSOHD

NOLLYINI YD DvHA
AQ0O81d4V/3TZZ0N

dI1S NVHDOY 4

i

1SI7 32134343 34N0II0Ud IALLVAIYIQ ACO814V/3TZZON

H3LINVHV
JAILVAIYIA

Al 378yl

58

"I T



http://www.abbottaerospace.com/technical-library

TN

4.2 DERIVATIVE PROCEDURE FOR INLETS

The use of inlet performance maps in mission analysis for preliminary
desian has simplified the task and provided for consistent, rapid re-
sults, The existing files of inlet performance maps do not cover all
cases, however, and where the existing maps do not match the application,
various approaches have been used to generate new maps. The user might
modify the performance maps by hand to reflect changes, but no standard
procedure is avaiiable, and the process would not be conducive to rapid
response. Further, there would 1ikely be a lack of consistency in map
changes among many users, A common approach has been to use the maps as
they exist and accept the possibility of reasonable errors.

A rapid process which would produce modified performance maps that re-
flept the variables of the installation being considered, would allow
maximum utilization of the advantages of the map installation analysis.
The concept of a derivative processorn fits this requirement. It will
produce a new set of performance maps, reflecting the effects of the new
installation,

4,2.1 Concept

Since the primary application of the derivative procedure is preliminary
design, the user will not nave highly detailed information on the inlet
design or operating schedules. The starting information will be the
existing performance maps, and the derivative parameter values associated
with those maps. A1}l results will be anchored in the baseline map file.
Thus, level of technology, complexity, and design philosophy are removed
as variables in this process. Those variables are reflected in the map
files available as baselines. Each map file then represents a class of
inlets which reflect the sophistication, level of technology, design
philosophy, and design trades presant in the baseline inlet. Variation
in these parameters is accomnlished through selection of the baseline map
file. It is important to note that the inlet data for the same design
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generated by the derivative processor from dissimilar inlets in the data
base will not have unigue characteristics. Each derivative inlet will
reflect the design of the baseline inlet. '

4.2,2  Description

The derivative procedure is structured as an analytical technique as much
as possible. Physically based analyses are used to relate parameter
changes to the various performance map changes. The effects on all maps
and map variables are included, The analyses and governing assumptions
provide a procedure that is first order accurate or better. The approach
is structured so that all map effects are included in seven consecutive
steps that require no iteration between the various steps. In general
for each sten, those effects which relate to modified geometry are deter-
mined first at the existing design Mach number. Then the effect of
design Mach number change is determined.

Three types of inlets are included:
1. Two-dimensional
2, Axisymmetric
3. Pitot

The two-dimensional and axisymmetric inlets are treated similarly, though
a coneflow solution 1s required for axisymetric inlets while wedge flow
is used for two-dimensional inlets. These inlets are assumed to have a
design Mach number greater than or2, The pitot inlet is treated differ-
ently because it may have a desigr Mach number of any value, and the
derivative procedure must handle a change from subsonic to supersonic and
vice versa. As a result, no simple Mach number scaling is used, For
two-dimensional and axisymmetric inlets, Mach number scaling is employed
if the design Mach number 1s changed. This Mach number scaling i:
accomplished as follows:
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The starting Mach number is unchanged for mixed compression inlets. The
range of starting Mach number is relatively small, and does not vary
directly with design Mach number. The assumption of fixed st
number is at least first-order accurate, The terminology for
inlet flows 1s i11lustrated below.

arting Mach
the various
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4,2.2.1 Step 1. New Inlet Capture

The first thing done is to establish the matched capture for the existing
inlet:

(A°IIA°)2cr - (AJA°)IC * (A“wm"")n

The remainder of this step will deal with this matched capture. For
pitot inlets the existing capture is multiplied by the ratio, new-to-old,
of throat-to-capture area ratio, Then if the new design Mach number 1s
less than the 01d, the table is simply truncated. If the new design Mach
number is greater than the 0ld, the matched capture is extended past the
previous maximum Mach number using the relation '

(A1A%)y,  (PryPry),,

Aoc) . (Aol/Ac) X TR erTamunmum
( Mo new Mo Hry A M, max 2T Mg Max NORMAL SHOCK

l

which assumes a fixed throat area and throa’t Mach number represented by
the previous highest Mach Number.

For two-dimensional inlets, the Petersen-Tamplin analysis (Reference 10)
is used, for Mo > 1.0, to determine the effects of geometry changes

with the existing design Mach number, This analysis, for single ramp
inlets, includes the effact of aspect ratio, ramp angle, and side plate
shape, and includes side spillage effects. It is assumed that ramp
scheduling will be similar enough between the 01d and new geometries that
the variation in capture will be represented by the relative variations
in capture for single ramp inlets. To dimensionalize the inlet it is
assumed that the ramp tip shock (old and new) is on the 1ip at the exist-
ing design Mach number, For this existing Mach number range, the maximum
capture is determined from the analysis for the old and new geometry:

62
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(Aorle) 27 (AopAc )ﬁ %::/A))P -

old

For axisymmetric inlets, at M > 1.0, a coneflow solution is used for
the old and new initial cone angle for Mach numbers up to the old design
Mach number, The cone tip shock 1s assumed to be on 1ip at the old
design Mach number. A translation schedule is determined (f(Mo)) for
the old cone angle such that the maximum capture is the matched capture
determined previously. The new cone angle uses the same translation
schedule to determine the new capture,

For all three types of inlets, at M°-< 1.0, the effects on capture of
cow! 1ip bluntness, takeoff door area, and subsonic diffuser modifica-
tions are determined. For cowl 1ip bluntness and takeoff door area the
ratio of inlet airflows 1s equal to the ratio of effective throat areas.
For the subsonic diffuser the compressor face Mach number {s assumed
fixed so that diffuser recovery affects capture directly (MTh< 1.0),

Then for two-dimensional or axisymmetric inlets {f the design Mach number
is changed, the inlet capture is adjusted. If the design Mach number fis
increased the design (minimum) throat area goes down (and vice versa).
Since geometric variation is limited, the maximum throat size will be
changed accordingly., It is assumed that the inlet mass flow ratio at the
design Mach number is the same (new and old) while at Mach 1.0

(Mg design)
(A°!/A°) new (A°T/A°) old X w‘: d:'il“j new
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Mt

This relationship has been shown to be generally valid for several axi-
symetric inlets (References 11, 12, 13), but may be conservative for
two-dimensional inlets,

4,2,2,2 Step 2. New Inlet Bleed

Pitot inlets are assumed generally to have no bleed, since present exam-
ples are unbled. However, in anticipation of a pitot inlet with bleed,
the bleed rate tables are simply passed from the old file to the new
file. No other approach would be well-founded since system characteris-
tics are as yet undefined, :

Two-dimensional and axisymmetric inlets have the effect of design change
on bleed rates determined similarly, except that two-dimensional inlets
can have a wetted area ratio change with fixed initial ramp angle, due to
changes in aspect ratio and/or sideplate area, that axisymmetric inlets
do not have. For two-dimensional inlets the bleed rates are multiplied
by the ratio (new-to-o1d) of wetted areas.

The inlet design point, (specified in terms of design Mach number and
geometric variables) 1s assumed to be the critical sizing point for the
bleed system, It may be that some off-design condition caused a modifi-
cation in the system, but that will be reflected in the design point
blead for the existing inlet. There are two criteria which may be gener-
ally used to determine the relative amount of boundary layer control:

(1) the adverse gradient the boundary layer must traverse and (2) the
Reynolds number, The adverse gradient is the dominant effect. Oblique
shock reflection results indicate that the allowable pressure ratio
divided by the upstream Mach number {is a reasonable measure of the 1ike-
11hood of separation (Reference 14) in the range of interest. Using this
as a basis, and assuming a fixed downstream Mach number (throat or
compressor face) and neglecting the secondary effects of recovery, the
following expression may be derived (remembering that it {s the surface
pressure gradient the boundary layer must undergo):

64
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This expression works reasonably well when applied to existing inlets.
Note that the pressure gradient term 1s affected by init{al ramp or cone
angle and design Mach number. The surface condition is obtained from
simple wedge flow for two-dimensional inlets, and from cone flow for

[ axisymmetric inlets. The results improve if this expression is multi-

i plied (on the right-hand side) by

(Re /ftll’-rc) M, I
(Rc/ﬂlPTJM

where the Re/ft/PZo values come from Chart 25 of Reference 15,
using the T = 100°F curve. This last step accounts for the Reynolds
number change with Mach number,

17

o design old

It was determined that the expression discussed above provided excellent
prediction of forward bleed in mixed compression inlets. This is quite
reasonable since it implies that the bleed rate will go up or down with
pressure ratio divided by initial surface Mach number to provide a con-
stant throat entry condition.

It was found on further examination that terminal shock bleed (throat
bleed for mixed compression or total bleed for external compression)
| scaled as

7

Re/ft/Pyp
(—A-EM) - ( fo—!-‘-‘) . (A A ‘)Mlurﬁm new ( ‘)M
A new Ac old (A,A * )M (Rc /"’FTO)

o design new

A

suface old Mo design old
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The bleed rate split for mixed compression inlets was based on the mixed
compression inlet design guidelines of Reference 16, where it s assumed
that forward bleed equals throat blockage, and throat bleed is 2/3 of
throat blockage. This translates to

A = Ao 17
( °w=/A°) 3
forward 1.67

IAq

and, as demonstrated in the Appendix, this bleed splitting provides
excellent results, '

[t 1s assumed that for all inlets the variation in bleed rate with inlet
supply 15 a variation in terminal shock bleed alone,

4,2,2.3 Step 2, New Engine Supgjyv

Engine capture is inlet supply minus inlet bleed, Since inlet capture and
inlet bleed have been determined for the new inlet in an independent
‘manner, the resultant inlet supply does not simply scale by a shift, In
fact non-linear scaling of inlet supply may well result,

A°|/A‘ new

(AolAg) - - ‘[(*o/Ac )‘i'};’

An equivalency of supply, new-to-old, as a function of Mo ts determined
in thig step so that all old tables with supply axes may be rescaled to
new supply values,

4,2.2,4 Step 4, New Inlet Recovery

In this step the matched reccvery will be modified, and the recovery
variation with supply will simply be shifted by the same amount as the
matched recavery.

66
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For all Mach numbers less than or equal to 1.0 the ratio of new to old
recovery 1s determined for cowl lip bluntness, takeoff door area, and
subsonic diffuser changes. The axisting recovery in this Mach number
range is multiplied by these recovery ratios (new-to-01d) to determine
the new recovery. For pitot inlets this corraction is applied at all
existing Mach numbers.

New effective terminal shock Mach numbers are determined for two-dimen=
sional and axisymmetric inlets at Mach numbers greater than 1,0 and less
than or equal to the starting Mach number (external comprassion), The new
values arae calculated from the existing terminal shock Mach number and
new and old inlet capture (prior to design Mach number change). The
recovary difference for a normal shock at the old and new effective
terminal shock Mach numbers {s determined. The matched recovery is
incremented by one-half this amount, since it {is assumed ramp scheduling,
or centerbody translation scheduling could be used to control this Mach
number,

For two-dimensional and axisymmetric inlets at all Mach numbers greater
than 1.0 the increment in initial ramp or cone shock recovery {s deter=
mined for altered initial ramp or cone angle. Wedge flow is usad for
two-dimensional inlets and a cone flow solution for axisymatric inlets,
The matched recovery {s incremented by one-half of the difference, assum-
ing that altered inlet operation can be used to mitigate this effect.

For these same inlets and for this Mach number range the effacts on
recovery of subsonic diffuser geometry changes are determined for new and
old geometries and the existing recovery is multiplied by the ratio
new-to-01d subsonic diffuser recoveries.

For two-dimensional and axisymmetric inlets, {if the design Mach number is

changed {1t {s assumed that the loss coefficient APy /Py afMg) s still
valid. Therefore the new recovery is simoly o
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using Mach number equivalence, This is probably optimistic for axternal
compression inlets with large design Mach number shifts, but has others
wise proven quite accurate (see the Appendix).

For pitot inlets if the design Mach number is reduced, the existing curve
is simply truncated. If the design Mach number is increased the curve is
extended by multiplying the recovery of the previous maximum Mach number
by the ratio of the normal shock récovery at M° divided by the normal
shock recovery at the previous maximum Mach number,

The recovery as a function of mass flow curves are simply shifted by the
difference in matched recoveries at equivalent Mach numbers. For pitot
inlets this involves duplicating the previous maximum Mach number curve
and shifting it so that the matched point agrees with the new M°

matched supply and recovery, or simply deleting some curves {f design
Mach number {s decreased.

The buzz and distortion limit tables are assumed to be physically keyed
to recovery, so at the same shift from the matched recovery as in the oid
inlet, at equivalent Mach numbers, a new inlet supply is determined and -
the new buzz and distortion 1imit tables result,

4,2.2,5 Step 5. New Spillage Drag

An inlet capture equivalence is determined

(A°|/Ac) onl'dw&. ) (‘:\QMC') olsz&. new * ( ho “‘CMc) 6A old & new
68
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using the point-to=point equivalence in Table 2A. This allows simple
rescaling of all inlet capture axes, old-to-new,

Next an absolute drag level is established by adding the reference drag
levels to the power sensitive drags,

CD"- - CD, + CD!A

The drag calculation for two-dimensional inlets is done with the Peter-
sen-Tamplin analysis, which includes the affect of side spillage. The
drag analyses in this program are based on momentum equations,

The drag calculation for axisymmetric inlets utilizes a cone flow solu-
tion, and the drag calculation proceduras are equivalent to those in
Petersan-Tamplin, except for side spillage, which has no axisymmetric
counterpart,

The drag calculations for pitot inlets are equivalent to the subsonic and
detached shock calculation procedures for two-dimensional and axisymmet-
ric inlets, except that no external compression surface exists, Momentum
balance equations are used with the upstream condition being freestream
or behind a normal shock at froestream Mach number,

In gereral

C
c - C - D calculated new
Dnew D od Cp -
calculated old

the new drag is determined as the old drag times the ratio (new-to-old)
of calculated drags. The exception is for two-dimensional and axisymmet-
ric inlets between Mach 1.0 and the starting Mach number where the ramp
or cone tip shock is not detached. For those cases
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Cp

max AollA‘ ACD cl.l&uhta
(o) = C . _E_ﬂlﬂlﬂ'.ﬁ!! + {Ic - C . L
D D D D
new Am;,xA ) D{nu A A, old An;n’xA ACp “ll Jate
, % Cold galculate old v old old N.3.

the maximum capture drag is determined hy multiplying by the ratio of f
calculated maximum capture drags, but the drag at reduced capture is .
determined incrementally from the maximum capture drag. This {is because
the drag increment is due to normal shock spillage, a different mechanism
than the maximum capture drag, and the relative contributions in the old
and new inlet may not he the same.

For two-dimensional inlets an equivalent single ramp angle as 2 function
of Mo 1s determined from the existing tip location to match the maximum
inlet capture as a function of Mo.' The drag is calculated using these
equivalent ramp angles,

For axisymmetric inlets the act .al cone angle 1s used and the tip is
translated to match the maximum capture. The drag 1s calculated using
these translation schedules,

| The effect of cowl external angle on spillage drag is included as a

; multiplier, The ratio of KADD has been determined empirically (Refer-
ences 1, 10) as a function of cowl external angle, and the updated drags
are multiplied by the ratio of KADD values to deterinine the final drag.

: Then for the specified reference mass flow in 3B, Table 3A is the 38
L intercepts in 3T, Table 3 is 3T - 3A,

4.2,2,6 Step 6, New Bleed Drag

J
i The new drag s determined from the old at equivalent M, and

; Ay BLC/Ac- making use of the point to point equivalency between Table
; GAOLD and Table SANEW'
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CD ML | new calculats

(chl.c)mw - (CD nx.c)old ) Cp
ML / old calculate

T =

The PITAP (Reference 1) plenum pressure data are used, with the high.
pressure and low pressure bleed mass flow splits as defined in Step 2 for J
Mo >-M° START" For all other Mach numbers the high pressure curve:is
used. The calculated drag coefficients are determined from the flip drag
and momentum drag procedures (Reference 1),

c . g Gy
Ocatc  COrLAP  OmoM

4,2.2.7 Step 7. New Bypass Draq

This step is vary similar to Step 6. The new bypass drag 1s determined
from the o1d at equivalent M° and Ao /Ac as
BYP

' (Cnm )nnw " (CD BYP) old ) Davy caleulate old

using the flap and momentum drag procedures as above., The nozzle plenum
pressure is the matched inlet recovery multiplied by the PITAP plenum
pressure multiplier, which is a function of bypass flow (Reference 1),

|

T R A
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4.3 NOZZLE/AFTBODY DERIVATIVE PROCEDURE

The nozzle/aftbody derivative procedure consists of two parts: (a)
nozzle/af tbody drag (CD ) calculation procedure and (L) nozzle
internal performance (céa) calculation procedure, Each of these
caleculation procedures 1§ discussed separately in the subsections which
follow.

The purpose of the nozzle/aftbody drag calculation derivative procedure
is to nprovide a rapid first-order computerized calculation method for
obtaining the incremental changes in drag due to changes in nozzle and
afterbody gjeometric variables and nozzie static pressure ratio. The
basic premise in the development of the noz2zle/aftbody drag derivative
procedure 1s that a set of baseline hozz1e/aftbody configurations and
their estimated (or measured) drag characteristics are available in PIPSI
format. The format of the nozzle/aftbody drag maps is 11lustrated in
Figure 20.

The derivative procedure provides a means for calculating the changes in
drag that are caused by changes in certain geometric parameters. These
geometric parameters are defined by the list of derivative parameters in
Section 4.1, The nozzle/aftbody derivative parameters are summarized
below.

1. Aft end area Includes the effects of rectanqular
distribution nozzle aspect ratio, nozzle boattail
angle, twin nozzle spacing
2. Tail pesition Includes the effects of radial tail
orientacion and longitudinal tail
Tocation

3. Ba:ze area
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Figure 20, Nozzle/Afthody Drag Map for Twin Round Nozzles

73

R i



http://www.abbottaerospace.com/technical-library

4,3.1 Drag Due to Aft End Area Distributinn

The approach used to calculate the effects of changes in parameters which
affect the aft-end area distribution is the truncated integral mean shape
IMST method documented in References 17 and 18. This calculation
procedure is summarized in Figure 21. The calculation of the IMST
parameter requires that the nozzle/aftbody area distribution be deter-
mined as a function of several different nozzle positions ranging from
minimum nozzle exit area (Ag) position to maximum nozzle exit area. A
typical area distribution such as that required by the IMST procedure

is shown in Figure 22. The calculated IMST parameter for a particular
area distribution is used as input to data correlations of nozzle/aftbody
drag as a function of IMST parameter and free-stream Mach number to
obtain the nozzle/aftbody drag coefficient, CD . Examples of the

drag data correlations are presented in Figure§193. 24, and 25.

The computer program is structured to have built-in drag correlation
tables such as the data shown in Figures 23, 24, and 25, At the present
time, only a limited amount of data has been found to provide the table
look-up data required for all configurations. Until such time as better
data are available, the same data will be used for 2-D wedge nozzles and
2-D C-D nozzles. Similarly, the only data correlations available for
round plug nozzles are for twin round plug nozzles. These data correla-
tions vi11 also be used for single round plug nozzles until better data
correlations are available. Twin round C-D nozzle drag correlations will
1ikewise be used for single round C-D nozzles. The basic drag correla-
tions are for a fully-expanded nozzle (P9/Po = 1,0). The effects of
nozzle exit static pressure ratio (other than 1,0) on drag are calculated
using a drag correlation developed during the Exhaust System Interaction
Program (Reference 18). This correlation is:

= -M 2 Py Ag Ao 32
Cp Agp ~Ag CZ‘;°I' N + [4.5: °@- T,-0—).(1.1 yrule "°)‘(I',%) ms{‘
: 9 PU = 1.0

ACD - CD - (CD )
( Ajg ~ Ay ) Ao - Ay

@ ryr, =10
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A1l the parameters required to calculate the above relation are readily
available except AQ/AB. To ohtain Ag/A8 values, the user of the
derivative procedure must input a variation of Ag/A8 as a function of

Mo or the program will default to a typical area variation schedule.

The typical area variation schedule built into the program {is shown in
Figure 26, Using the above equation, incremental changes in drag due to
pressure ratio effects will be calculated and stored as tables that can
be used as input for the PIPSI program. A flow chart that illustrates
the steps in the above part of the drag calculation procedure 1s shown in
Figure 27,

4.3,2 Drag Due to Tai) Effects and Base Area

After the calculation of drag due to aft-end c1o§ure effects (previously
described) drag increments are added to account for the radial orfenta-
tion of tails, longitudinal Jocation of tails and base drag. The program
is structured to contain a table of incremental drag corrections

( ACD ) as a function of free-stream Mach number, Mo' and radial

tail oﬁ1entation angle, 8+ However, due to the lack of experimental
data to show the effect on drag of radial tail orientation, it has not
been possible to construct a satisfactory correction table, Therefore,
the table structure was coded to contain ACD = 0 for all Mach

numbers and tail angles. When adequate data %re available to construct a
satisfactory table of corrections, the data can be entered in the compu-
ter program code. The format of the table 1s shown in Figure 28.

An incremental drag correction to account for the effects of fore-and-aft
movement of the tail surfaces on aftbody drag has been developed from
analysis of the data contained in Reference 19. These data were for
single engine installations. Figure 29 shows the variation of

ACD as a function of the tail fore and aft location for a nozzle
stgéwc pressure ratio, P9/P° » 1,0, The computer program {is
structured to contain the incremental tail location drag data shown in
Figure 29. If better data become available, the computer code can be
changed to incorporate the data tables,
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(R


http://www.abbottaerospace.com/technical-library

Ag/Ag

1.8

1.8

1.4

1.2 A

Los YT 12 1.8 2.0 2.4 2.8

Mg

Figure 26. ODefault Nozzle Area Ratio Schedule



http://www.abbottaerospace.com/technical-library

T Y

—— s . A i —

po

START

\/

READ IN OLD (BASELINE)

G, VS Mo & Aig/hg ThRLE

AND GEQMETRIC PARAMETERS

READ IN OLD (BASELINE)

NOZZLE/AFTBODY AREA
DISTRIBUTION

v

READ IN NEW

NOZZLE/AFTBODY AREA

DISTRIBUTION AND
DERIVATIVE PARAMETERS

v

CALCULATE IMST
PARAMETERS FOR
BOTH NEW AND OLD
AREA DISTRIBUTIONS

&

Y

OBTAIN C,'S FOR OLD
AND NEW IMS.'5
FROM CORRELATIONS OF
Cp VS, IMSp , My,

4 CONFIG. TYPE

=

CALCUATE atp
T

c - ¢
Onew OoLp

INPUT Ag/Ag
SCHED. OR DEFAULT

CALCULATE EFFECTS
OF NOZZLE EXIT
STATIC PRESSURE
RATIO, P9/P0

FROM .5 TO 3.0

PREPARE INPUT
TABLES OF CD
A8

vs. PglPO FOR

VARIOUS A, /Ag RATIOS

5

Fiqure 27, Nozzle/Aftbody Orag Derivative Proce-ure

82

R T e sl e i

P —— el


http://www.abbottaerospace.com/technical-library

L1R] JO uS1IRIUBLQ |BLPRY 40J UO1IID140) °§Z 34nbiy

— m

b
=

83

ATTNO L¥YWHO4 319VL ViVQ 31VHISNTII OL 310N

"



http://www.abbottaerospace.com/technical-library

ueL]1ed07] JJY-pue-aavy
11e] 0} ang juaLdijyeo) beug (elusmanu]

"6 aanbiyg

HIGWNN HOVIN

»Z z2z 0z 91 141 rag ! ot ] v *

[ = |°

‘ o
e H
- A

'/
/
—~— 98z
I T~
o0°
Yo mcaru
1% / oy
80"
———— ] ————3—

\ o
Sy
w
X Oly ‘

"

01 =04/64

B R e I

dh T IR


http://www.abbottaerospace.com/technical-library

i b o A L

The first-order effects of base area on drag are calculated by using
input tables of base pressure coefficient as a function of free-stream
Mach number, Mo, and nozzle type (efther axisymmetric or two-dimen-
sional). The base pressure coefficient in the program is shown in Figure
30. Using the base pressure coefficient, CP , and the base area

ratios, the incremental base drag coeff1c1en§ is calculated by the fol-
lowing relation:

acp, = Cpy * [(Abuw/A10) new  ~ (Abua/Ar0) aid]

A flow chart showing the main steps involved in the calculation of radial
and longitudinal tail effects and base pressure drag increments is pre-
sented in Figure 31,

The total of the incremental changes in drag due to geometry are added
and the resultant drag increment applied to the input drag map to obtain

the new nozzle/aftbody drag map.

4,3,3 Nozzle Gross Thrust Coefficient Derivative Procedure

The calculation methods employed to determine the effects on nozzle gross
thrust coefficient (CF ) of changes in nozzle geometric variables

depend greatly on the Qype of nozzle being used. Separate calculation
flow paths were constructed to handle each of the following nozzle types:

(1) Axisymmetric Convergent-Divergent
(2) Axisymmetric Plug

(3) Two-Dimensional Convergent«Divergent
(4) Two-Dimensional Plug (Wedge)

For all the above nozzle types, the approuach used in developing the
derivative procedure was to utilize as much as possible the data from
experimental results, with theoretical calculations used where there were
data voids or where it was necessary to calculate geometric relationships
for typical trends of nozzle variations.

85

L -


http://www.abbottaerospace.com/technical-library

[

T

U S

!

0.8

0.6

0.4

0.2

Doattail Angle = 0°
No Jet
No Fins

Ref: WADC T.N. §7-28

N
\%

Mo

Figure 30. Base Pressure Coefficient

86

PO p———— e h
e, L SEL B SETIRITE ORI PO


http://www.abbottaerospace.com/technical-library

VR S SR A,

CALCULATE CORRECTION FOR

RADIAL ORIENTATION OF TAIL:
Dy RnEW RoLp
FROM DATA IN TABLES OF

Aty Vs. My & &

v

CALCULATE CORRECTION FOR
FORE-AND-AFT LOCATION OF TAIL,

AC 'ACD - AC
Ora “Ormvew  © CFAgLp

v

OBTAIN BASE PRESSURE
COEFFICIENT FROM TABLES OF
Cpg VS Mo FOR 2-D AND
AXISYMMETRIC AFTERBODIES

v

CALCULATE INCREMENTAL BASE
DRAG COEFFICIENT,

Alp, = Cpy X [(Agase/A10)new -
(Agase/A10)oLo ]

Figure 31.

\/
Flow Chart for Tail Effects and Base Orag
Increments

87

e

—



http://www.abbottaerospace.com/technical-library

o~ —

- e

el o

The derivative parameters for each nozzle type are summarized in table V:

TABLE V
DERIVATIVE PARAMETERS FOR NOZZLE Cpp CALCULATION

NOZZLE DERIVATIVE
TYPE | PARAMETERS
AXI C-D pty DIVERGENCE
HALF ~ANGLE
AX1 PLUG 8 PLUG HALF-ANGLE
2-0 C-D Wg/Hg  ASPECT RATIO
8p1y DIVERGENCE
HALF ~ANGLE
2-D WEDGE Wg/Hg  ASPECT RATIO
Y RAMP (WEDGE)
HALF -ANGLE

The user of the derivative procedure has the options available to calcu-
late the effect on the input CF map of any of the derijvative param-
eters shown in the right hand c§lumn of Table V. The methods and data
used to calculate the effects of variations in each of the derivative
parameters are described in the sections which follow,

4.3,4 Effect of Divergence Half-Angle on C. for a Round C-D
Nozzle 6

The input map format for round C-D nozzles used by the PIPSI program is
f1lustrated in Figure 32. This map provides CF as a function of
nozzle prassure ratto, PTB/Po' for various nozzﬁe expansion ratios,
A9/A8. To provide a method whereby the effect of ODIV could be

related to area ratio, a typical round C-D nozzle °01v varfation as a
function of A9/A8 was examined, Based on the results of this
examination the simplified variation shown in Figure 33 was adopted for
programming into the procedure, With a knowledge of A9/A8 and

i d
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GDIV' it is possible to determine the angularity loss, using the
angularity loss coefficient data from Reference 1. These experimental
data are shown in Figure 34,

4,3.5 Effect of Plug Half-Angle on CFG for a Round Plug Nozzle

The input map format for an axisymmetric plug nozzle is shown ir Tiqure
35, This format provides nozzle gross thrust coefficient, CF , A5
function of nozzle pressure ratio pTB/Po for various area rat90$5

A9/A8. To obtain the relationship of AglAa and plug half angle,

2 two-dimensional table look-up set of data was prepared that represents
the geometric relationships between 1ir anjle, « plug half angle, Bps
and area ratio, AglAa. for a typical plug nozzle configuration.

These data, presented in Figure 36, is programmed into the code to pro-
vide inputs necessary to calculate the parameter (e« - ap). The para-
meter (a - 6p) is then used to enter Figure 37 to ohtain the plug nozzle
performance loss. Figure 37 documented in Reference 1, is based on
experimental data,

4.3.6 Effect of Aspect Ratio and Divergence Half-Angle on CF for
a Two-Dimensional Convergent-Divergent Nozzle G

The methods used in developing the computer code for the 2-D £-D nozzle
interral performance calculations are based primarily on the experimental
data gathered during the AFAPL Installed Turbine Engine Survivability
Criteria contract documented in Reference 20. These tests provided data
on a variety of 2-D nozzles of various aspect ratios and d vergence
angles.

The input map format for the 2-D C-D nozzle CF is shown in Figure

38. This format provides nozzle CF as a func§1on of pressure ratio

and nozzle jet area. Two jet area §chedu1es are provided, minimum jet
area and maximum jet area, corresponding to the experimental configura-
tions tested. An optimum schedule of area ratio is used for each of the

91
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jet area settings., This area ratio schedule is presented in Fiqure 39,
The area ratio schedule is truncated at a maximum area ratio of 1.60,
corresponding to the maximum area ratio used in the tests, A divergence
angle schedule was also obtained from the test configurations, as shown
in Figure 40, With the geometric relationships provided by the previous
Ag/A8 and eDIV schedules, the necessary input parameters are

available to obtain CF oFA as a function of A9/Aa and

8n1y from the corre1agioﬁ 5f experimental data presented in Figure

41, The Cp values for old and new configurations provide

the data negdgﬁAﬁo obtain the AC. resulting from the geometric

change in Op1ye 6

The experimental data from Reference 20 were also used to obtain the
effect of nozzle aspect ratio. These data, presented in Figure 42,
provide a correction factor, CF/CF as a function of

Log R for minimum G G/R =1

and maximum jet area settings.

4.3.7 Effect of Aspect Ratio and Wedge Half-Angle on CF of a 2-D
Wedge Nozzle o

The format for 2-0 wedge nozzle PIPSI input data maps is shown in Figure
43, This format provides CF as a function of nozzle pressure

ratio PTB/Po' for two nozz1a area ratio schedules, one for non-

af terburning operation and one for maximum afterburning operation. These
schedules assume that variable area nozzle geometry is available such
that the nozzle area ratio can be scheduled to operate at the optimum
value until the geometric limits of nozzle travel are reached.

The experimental data from Reference 20 were used to provide the correc-
tion factors for 2-0 wedge nozzle aspect ratio and wedge angle. The data
used in the computer program were prepared as correction factors relative
to the baseine values of a wedge angle, 8p, of 10° and an aspect

ratio, R, of 1.0. The resulting correction factors are presented in
Figures 44 and 45,
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APPENDIX
CHECK OF SOME DERIVATIVE PRCCEDURE METHODS

This appendix will show results for a 1imited number of inlets, using the
inlet derivative procedure methods for bleed rates, and inlet design
point recovery with vuried inlet design Mach number, The attempt will be

made to transform from one known inlet to the parameters of another known
inlet.

Two groups of inlets are considered. The first consists of three mixed
compression, two-dimensional inlets, defined in the following table, A1l
values are given for the design Mach number.

Design Mach Ne. 2.50 2.60 2.0

Recovery 0.905 0.916 0.885
Bleed Rate 0.07 0.07 0.105
Initial Ramp Angle 7.00 5,00 7,00
Aspect Ratio 1.0 0.91 1.0
Side Plate Cutback 0.0 0.0 0.0
Ramp Surface Mach No. 2.179 ?.381 2.65
Reference 1 26 7

Since there 1s very little difference in aspect ratio, its effect will be
neglected in the following, Bleed rate calculations will be made for
these inlets, then recovery calculations will be considered.

Two bleed predictions methods will be used, The first will use the

equation
( )ﬁ. (MS)Md

A°nu: A, (R.)Mo esign new
(T) new (—A:juy("d‘ i’r;jh‘s (Ms)“'w . (R.)M‘,:,.lin old

naw

Fo

\

ol
-3
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The second will use this same equation for the low pressure hleed, where

(22, - (o) 7 - () (=) - (o),

and it will use

AlA® .
( fﬂg_) " ( _Af_gg) . ( : )Mluface old(M 'um“)old . (':,,I:ro) 'fg design new
A AlA® . M (Re 5
€ /new b /ad (/ )Mmrhce nc\(v wmc—e)"‘“’ To Mo design old

for the high pressure hleed,

For the Mach 2.5 inlet transformed to the Mach 2.6 inlet design varia-
hles, the following results were obtained:

AO
Mach 2.§ — L . 007
(]
A
Mach 2.6 Method 1 »«-f-ll-!-‘ = 0,087
A

Method 2 .._A_E.!LS.. = 0.085 (vi.0.07)

For the Mach 2.5 to Mach 3,0 design variables

A
Method 1 T‘-’M— - 0116
¢
Ao
Method ? m;;!hﬁ- » 0111 (v 0.105)

For the Mach 2.6 to Mach 3.0 design variables

Ao
Method 1 —BL o« 0,092
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Method 2  -—BK w090 (w. 0.103)

These results do not seem initially to be consistent. If one were to say
that they are due to differences in maneuverability, with higher bleed
rate equating to higher maneuverability, then we would rate the inlets
with the Mach 2.6 as least maneuverable, the Mach 2.5 as most maneuver-
able, and the Mach 3,0 inlet between, This was done by comparing bleed
rates at a Mach 3,0 design for each inlet. Examining the references it
was found that the Mach 2.5 inlet was for a fighter-bomber, the Mach 2.6
inlet for a commercial SST, and the Mach 3.0 inlet for a bomber. The
maneuverability characteristics would indeed rank the inlets as listed
from the prediction.

It is 1ikely that high maneuverability brings lowered recovery to achieve
stable operation, Knowing the ranking above, it would be expected that
for a Mach 3.0 design, the Mach 2.6 base would have highest recovery, the
Mach 2.5 lowest recovery, and the Mach 3.0 between them,

A
The recovery calculation assumes that the inlet loss coefficient, FrlPr =f (M,)

is valid. Thus when design Mach number changes, q, changes. The
equation s

v (- ) ()

O new

For the Mach 2.5 to Mach 2.6 design

Py
TL = 0.897 (va. 0.916)

TO new

For the Mach 2.5 to Mach 3.0 design

Pr
Ez__ = 0863 (vs. 0.88%)

© new
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For the Mach 2.6 to Mach 3.0 design

P
) S PN (v. 0.285)

These predictions of recovery would, in fact, order the {nlets in the
same manner as previously ranked. The result of these comparisons 1s
that the bleed and recovery analyses show the correct trends. It also
f1lustrates the effect and importance of the selection of the baseline
inlet map file. Further demonstration of the methods requires evaluation
among a family of inlats with similar designs and applications,

The second group of inlets consists of four mixed compression, axisvm
metric inlets, all designed for supersonic cruise application, The
following table provides information at the design Mach number.

Design Mach No. 2.35 2.65(A) 2.65(8) 3.5
Recovery .93 927 907 837
Bleed Rate 0883 0862 07 134
Initial Cone Angle 10.30 11.20 9.00 10.00
Cone Surface Mach No, 2,174 2,326 2,439 3,125
Raference 13 11 11, 27 12

The two bleed rate prediction methods used previously are
usea again,

For the Mach 2,35 to the Mach 2.65(A) design

A
Method 1 “2ME w0643 (~ 2.8%)
A new
Method 2 Aomc . 0.0638 (=4.1%)
new
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For the Mach 2.35 to the Mach 2.n5(B) design
A

Method 1 T"—"&- » 0.0732 (+4.6%)
€ new
A
Method 2 SNC . . 00715 (+2.1%)
new

For the Mach 2.35 to the Mach 3.5 design
A

Method 1 Klm . 0153 (+14.0%)
¢ new
A
Method 2 —2ME- = 0141 (+54%)
new

For the Mach 2.65(A) to the Mach 3.5 design

Ao
Method 1 -l e 0,157 (+174%)

€ new

A
Method 2 UL = 0147 (+92%)
*V new

For the Mach 2.65(B) to the Mach 3.5 design
A

Method 1 —E . 0146 (+9.05%)
€ new
ol Ao
Method 2 —AL o 0138 (+2.9%%)
A new

These comparisons show that Method 2 produces less than 10% error in
bleed rate for all these design modifications, when compared to the
actual inlet. Generally the error is considerably smaller than that.
Method 2 {s used in the derivative procedure for mixed compression in-
lets, Thaese results ara better than first order accurate,
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The recovery calculation is as described previously in this Appendix.
For the Mach 2.35 to Mach 2.65(A) design

P
22— = 09t (= 17%)

% new

For the Mach 2.35 to Mach 2.65(B) design

Pr
—-,;1— w0911 (+0.44%)

% new

For the Mach 2,35 to Mach 3.5 design

Pr
—,;L = 0.845 (+G92%)

0 new

For the Mach 2.65(A) to Mach 3.5 design

Py
—P_L_ s 0873 (+4.26%)
To nw
For the Mach 2.65(B) to Mach 3.5 design

Pr
-—,;L = 0838 (+0.09%)

% new

These results show excellent agreement, certainly better than first order

accurate,
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