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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 PIPST

computer program, developing an interactive derivative computer program,
and developing and documenting supporting data libraries. The work was

accomplished in 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 II work, derivative param-

eters were selected and development work was completed om, 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 programming; 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.

Nils
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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-
4fortrance data for inlet and nozzle/aftbody installation effects.

The program consisted of three phases: (1) Development and delivery of

an interactive PIPSI computer program, (II) Development and delivery of
an interactive Derivative Procedure computer program and Users Manual,

and (III) 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 If, an interactive deriva-

tive procedure was developed and programied that will allow the user to

obtain new PIPSI inlet and nozzle input characteristics by perturbations
to the geometric variables represented by the stored library of maps.

During Phase 11, 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 allow the user to significantly improve the accuracy of the

calculated results by adding new data as it becomes available.

xi 11,40 4
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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 available 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 conparing 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 installed

propulsion system performance using computer-stored files of
inlet, nozzle/aftbody 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.

-'-A __i___________l ___I .- , -.. '.',,-............ ...& .iI~t,
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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 oiew configurations are obtained by first

order perturbations to the configurations in the library.

The development 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 flles. 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 it en-

ables the user to find in the available files (for instant retrieval) an

inlet or nozzle/aftbody configuration that is a fairly close match to the

configuration under investigation. Inlet maps for a total of 18 config-

urations and nozzle/aftbody maps for 8 configurations are available for

use with the interactive procedure. The configurations to which these
maps :orrespond 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 pro-
gram user to make trade studies between bypass and spillage alrflow. 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.

2
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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 IV.

3

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


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 library 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.

5 ~;
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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 library 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

library 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 propul-

slon calculation options that are built into the program. Figure 2 shows
the data flow from operation of the PIPSI 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 ftile for
disposition to an off-line printer. The interactive commands that can be

entered as input by the user 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. These 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.

6
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The inlet and nozzle/aftbody computerized files and the uJiinstalled

engite 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 &aount 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 illustrated

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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1.60 1OCC0. 4.00 12542. 149181& 1329-7 79422*04 d6 *97016

I7 N1r 9ga 4. uo 12293* 7!S 0T .360 36d14 -6.9
1.78 10000. 4.00 22942. 4.26969 110.07 4.538 30107 6.352 #981?
1*7$ 10000. *.00 12620. 196Z5. 120.07 6.668 2.485 5.242 .94769
I ov 10003 4.00 356050 84501. 112.3Z 1.59T 3 .8 I7r-T 3 oTif
1.05 10000. 4900 Z'5033. 4402). 112.3do 9.766 3.181 6.639 .9423
1.95 10000. 4.00 13325o, 21278o. 112.36 9.924 2.487 5&410 .9797
Z.719 100CU ;.04 1M. 9;d .* 10907 I's1Z3 3.831 7.983 .95(1
2412 10000. '..oo 29210. 56087. 105.67 11*3110 3o190 ?.114 #9815.
2.12 10000. 4.00 14273. 2342'4. 105.6? 11.501, 2.401 5.082 .9782'
M3Iooo 10000 4713.1400 LOfl1904 30517 $6116 0-41041
Z.30 10000. 4.00 33029.. *4907. o0100.1 13.1I78 36108 ?&191 99619
2.00 10000. 4.00 19111. 25769. 100.10 13.,396 2.4684 b.072 .95101

.20 22500. 1.00 A5339 17646. 162.64 2.961 4.025 46264 .9054

.50 22500. 1.00 9057. 20285. 152.68 3.4') 3.961 4.530 *9d44
wag ZZ00 logo 1215 2503 IdA00 4.060 3.69 2 0W T*

1.030 22500. 1.00 14473s. 30346. L82.668 5.527I 3.755 fo.393 e.9870
1.,20 2250(J. 1.00 17143. 35920. 175.51 6.669 3.706 6.306 .0046 i

100 94D .0;0 1'1941 * 41196o 146,17 8.710 3.130 7 3 0
1.60 Z2500. 4.00 15970a 260o73 146.1? 8.929 3*071 6o190 04627
1.60 2200. 4.000 Inil?. 13940. 146.17 9*047 2&464 5.159 .9795
LTd Z7I~e. 00 Z430w,3598 134o;9 10*01T G.7437 14JI .TMTr
1.78 223400. 4.00 07762w 30321. 134049 10.1-90 3.090. 6.031 .96&3
L076 22500s, 4.00 10460. 15320. 134.49 10.329 2.462 9.51 .979?
1*45 ZZ5600. 4 bei~r ge1 54953. 1165 1160621Tr a !~41rf1
1.05 Moot0 4.0C 14226. 33745. 1222.63 11.25? 3.140 7.169 .9605
1.99 22500. 4.00 10916. 15405. 122.63 11.424 2.465 W.13 .9003
Z.12 22500. 4 00 14050. 67119.- 111.30 11.415r~ 3.831 a a0 13-1 W9ri,
1.12 22500. 4.00 21099. 36013. 11,3041 LL.639 3.160 7@23d .98151
Z.12 2025000. 4.00 11152. 16743. 113.50 11.840 2.465 6.059 .9804
S* 30 ZZ500 4,b333.73o11)pV ~ ~ *
2.30 22501m. 4.00 23674. 437439 106.70 14.034 3*194 7.582 o9796

2.30 229C0. 4.00 1141A. 18405. 100.70 14.077 2.484 6.274 090Q6

0.00 35000. 1#00 ý7066 97423. 1624.0 3*.757 4.14* 4*725 69864
*A U* .07 '7 :400- 1661 do0.0679837-y a~---
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1.60 3500ti. 4.00 11'74* 179U7* 16Z.y? LO*501 302~1 6olbc o9d4,ý

1074 35000. 4..00 17419. 358219 149.53 11.713 3.731 7*736 o01

1.95 350C. 49.0k; 19375* 4C433o i3d,33 13&Z55 3.043 j.3t'3 oqý,03

1.95 SSCove 4.00 4726* 11715. 13$.00 13.667 2.464 b.025 94415
2.12 35000.0 4.00 21239. 45227. 126.74 14.827 3.765 8.263 .9779

2.12 35000. 4.00 4Q360 12110. 126.74 15.298 2.444 bObQ .9422
2.30 45000. 4.00 22894o $01.76. 115.17 16#273 3s330 8.6373 *5755
2.30 35000, 4*5 I36do Z 8 4 r=3.Tf-Tr t6 1 3.01 .441 . M63-
2.30 350000. 4.00 58119. 12682. 115.1? l6.625 2.486 6.423 .9805
0.00 47100* 1.00 2566. 5306. JgZ.68 2.85? 3.572 4.0M5 98S7

Z~o 4700 1..g0 Z74 :7;3=* Zo6 3.a66 3.914 o.,197 .98R0
* 50 47500. 1.00 300.o 6620. 182.66 3,54.5 3*939 49.516 .9866
*60 47500. 1.00 410h. 06149 182.64 470% 13.881 5.161 .'9869

1'247500. 1*00--4783. 64 5*61 Y. T3.3 -59646- -9 8 0
1*26 4?50C. 1.00 6060. 12313s, 182.68 7.206 3.731 6.69? .984,1
1.60 47500. 4.00 8174. 16749. 157.43 9.947 36720 70312 .9839

#.& 750 6015. Q446, 157.43 10.121 3i6?.6 elZ2
1.60 47500.o 4.00 3986. 5174. 157.43 10.250 2.445 5027 *982.a
le~ 473C0. 4.00 9Z07o 19101. 145.26 11.366 3.733 79434 .9821jor 47r7T000 '9.00 B326 10610t 1.l59 11.063 3.7 - 16.54T
1.715 47500. 4.00 4299. 6712. 145.25 11.716 2v484 5o642 09814
1.95 47500. 4.00 10245o 21648. 134.56 IZ.414 3,744 8.015 s9907
1*r) ;70c ;60 -7700 1.o 1*U 1f6 3 4,561IToTrl _01T -4 ti 81-
1.95 47500. 4.00 4595* W270 134-5!6 13.31.6 2:485 5.563 .9130'
2.12 475100. 4900 11413. 24426. 124.60 14.595 30760 8.260 v9183
ic 6 12 Mou 4.00 5937v. 11834o 114.00 14363,1
2.12 47500o 4.00 4863. 67S9. 124.a60 15.05? 2*44" 6o265 o9d0o
12.30 47500. 4.00 12290o 27064. 113.16 150979 L3.;3 6.629 09759 -

Z o 3- -3 7 o 40 7ý 25;131 7 61
2.30 47500. 4.00 4711. 6839. 113.16 160522 Zs487 0*349 &.905
0.000 60000. 1.00 1317. 2078. 182.68 3s440 3.364 3.530 #906-4

- T~b U..0 O T09R Trn~vT r 96s9-0
.50 60000o, 1.00 1541s 3574. 182.68 3.743 3v516 4.034 e9867
0015 60000. 1.00 2159o 4660. 182.68 4.980 3o583 4.833 o9866o

1930~~~ 60(e ou zq~ 52 11 e.~ 97= rq! -3
1.2') 60000. 1000 2604. 60b9. 166.87 6.52.2 3.656 6.31 ,1 *9834
1.60 ftCOOUs 4.00 3894* 6325. 144.42 15.959 3.725 7.0tO .9649
1.96 0 4U T.~7 .55 * 47 £51 -7 4Th-.4--'ZTT- F * 9827
1.60 60000. 4.00 1950& 2926. 144.42 9.232. L*467 5.293 .9759
1.78 400004 4.00 44-924 9618s 134.73 10.341 3.740 7.63? *9426
love SCEJUV. q$09 44610 94 4 0134 I4T-3lg 2..57IU1 ! 4-T-
1t,?l 60000. 4.00 2043. 2634v 134.73 10.713 2.465 5.515 s9806
1.95 60000. '.00 5112. 11023o 126*07 L1.946 3.754 ?s830 m9'e17
1,95SOC 0 '9.00 3790. 6IN3 12603T07 .Tz 30105 17 32
1.95 60000. 4900 2230o. 3149o 126.07 12.321 2.486 5*9q9 .9800
Z.12 60000. 4.00 5792. 12609. £11492? 13.086 3.774 15.187 0.979
ZeJ~ I ougiuQ 4.00 41C66. 114J6 113 2 l7T'u23.130r1 1-
201~! 6OC4OC. 4.00 2395.o31'01o 11i.27 14olZS 2.4156 6.059' .9817
2.30 60000o 4.00 62856. 14C93@ 2.04913 1.'#L16 3.042 15.511 #97%.
2350 O0vo'. 4.u '.W 7,- UIztoTs IS15.66 3.qIT837r
Z.30 60000., 4.00 1346. 3513. loG*.13 1ý..636 2.446 6wZ9Z .9809

9@90444
ee a *0Tn-z I I a 15. T67 e T3 17 4 45 ? o~ I 995Z-

.5 . 6.67 h292. 590.~ 135.51 2.1,04 Zs-tl 29133 s4d41
r2 ., 83'3 Ul?v 23A4. ~J'31? 1.412 2.416 1.4qa qq15o

. TOL 0 -- t 3 £ZT3?E -.10-3 7.t ; 10G T

FIgures (cant.)
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.53 0. 500C 12719. 13116. l'IZ.6d 3.162 2.41! 2&63L .*e567
.50 0. 0,67 7105. 721~8v 141.o64 4.4549 ~4!6 2.26P2 *46b3
:90 n9 0. 34 2424. 3372. L04013 1.729 204i.5 2.0OQ 69N50

.40 O. 5.*i0 13017. 14070)o 170.74 4*14el 2.4lb 20751 Olb
A .Of hab? ?5QZ* A832._137.64 __ 3072 Z,415 2.474 el6C

GO C. 10.00 1360. 2444. 47.26 1.08 2941? 2@044 *9d50
.80 0. 3.00 124370 15467. L6'..82 4.37kT2 29416 J.!1 2 4 *9830

4 C, ( .67 756Q- 4-472 * 13514 3.98 241 .6 .98454
.800 0. 8.34 3579. 5324. 109.98 2o472 2.415 2.330 .4031
.90 C. 1O.CO 900t 2452. 89.72 Iel2462*1 90

-1.00 00 5.00 12256i, 16'19 Eyega 1#63E Z416 3.301 69098
l.an 0. 6.67 6703. 9969. 1316Z7 3.5319 1*416 2o894 .9799
11.00 0. 8.34 2666. 5748. 1.06.34 2.661. 2.415 2.932 .9795

.25 20000. 5.00 5555. 4804o 182.66 3.154 2.416 2.476 1.966a
.25 10000. 6.67 291.0a 2441a. 135.36 2.150 2.4lb 2613IL.064k__
.25 20000. *3 1.034. Ile ~ i; *49 *461#994 .9850
.25 200000 10.00 354.o 718. 58.75 1,111 Z.416 1.936 99650
.50 ZO000. 5.00 58610 5582: 6da68 3.586 2.415 2.623 69867
.50 200006 60.7 JZ71 316 24*4 Z0548 2.416 2! zd .985A
.50 10000o 6.34 1352v 1521. 103.67 1.730 2.417 2:053 .9650
.50 20Q00e 10.00 406. 869. 74.39 1.326 Z.415 1.916 .989

: 8 09 COVO *0 7036* 7439. *'ss llrZoo '..s9o 2.4 Z.9U~5f
.80 200006. 6.67 4081. 43155. 145.7) 3.324 1.416 2.569# .9863
.80 10000. 6.34- 1848& 2251. 111.86 29332 2.416 2.202 .9847

.020M0. 1.0,06 9130 11060. 86.6 No .6b7 4.41d 20 7 *985(
.90 20000. 5.00 765A. 8424. 162.6, 5.095 2.415 3.250 .9892
.90 200C0. 6.67 4432. 4985. 146.95 W.~..jo 2616 8.743 .995$6
.4 M b 8.34 1968. 1607. 1144.03 ol . 6 ffTT SO .96337
.90 20000. 10.00 433v 1327. 896t9 1.863 .4-1.? 24121 .9909 1

1.000 20000. 5.00 6100. 96171, 182961 5,704 2.016 3.630 9831

1.000 20000. 8.4 1692. 2918. 114.1? 2.090 2.416 2.589 .9414
1.00 200000. 10.00 -20o 1446. 89.49 2.071 2.41.6 2.23 e9789
-Z510 iT 8 5.00 3613. 310,0 131.60 5.165 2.416 2.47Y .9086F"
:25 30000. 6.67 2161. 1790w 143.13 2.317 2642.5 t.178 .9847
.25 30000. 8.34 1024. 976. 105.54 1*624 2.446 2.033 .9850

10M7 386, UW* M4~ 7 7 1 .D4 2.415 5o;60
05C 3C000. 5.00 3806o 3496o 182.64 1.594 2.416 2.023 .9867
.50 30000. 6.67 2370. 22.81. 147.62 20070 2.416 Z.3Q7 0656

.50 30000. 10.00 471. 740o S5.21 1.461 2.415 Z.002 .9850

.80 300000. 5.010 4565o 464l.. 162.60 t4.5996 l.4L5 9,945 &9655
$do 30060 6M. 2411, Z966. 151.16 3.547 2.416 2&4 74F6
46d0 30000. 8.34 1961o 1745. 120.41 2,567 2.415 2.285 v9853
*80 3000C. 10.00 627. 1003. 95.55 L.OW 2.416 2.082 .9819
M8 30000. 5.00 4967. 9238. L51,64 5.1.03 2,415 3.260 .9855

a,90 30000.D 6.67 32.41. 3377. 151.76 3.895 2.416 2.808 .9982
040 30000. 8.14 1649o 19A2. 121.76 2.872 2.416 2.502 *93

1.*00 30000. 5.00 5U4'0 5973. 182.68 5.715 2.415 3.6.3 *4632
1.00 3000OC. 6.67 3211. 3816a 151.43 4,340 2.416 3s303 69790
1.3a 10000o. I 834ý L54 L208.. 3*1FT 7Z 2.416 9@685 *NT'4
1.00 30000. 10:00 336a. 1225. l7.29 2.336 1.416 2.344 o'797
.25 '.5000. 5.00 1827v 1964o, 112.64 3.231 2.415 2.499 .9063
.2! 45CCQ. 460ST 11046 6217T747,7 2,371 Z#4160 ta1 2 *91340
.25 45000. 4*34 541. 163# 134.68 L.666 Ze4LO 24042 .9909w
.25 *.5tCC. 10900 Z24. 360. 71,34 1.249 2.417 1.964 .9610

Figurt 6 (cant) 1
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__ 50 45i0006 6.67 1209. 1146. 147&22 2.163 2..15 2.333 o9837
.50 41COC. 0.34 633. 6 91a 113.1! 2.003 2.4L6 2.094 .99.34
.50 45000# 3.#0.0 272. 439. 84.?92 1.504 29416 2,003. .9850

.80 45000. 6.67 1413.153. 1.7 3.565 24*413 2.606 o9drb7

.Sln 4500t). A31# ýQbo 927. 119.63 2.630 2.41.6 2.301. *4454

.90 45000o 5.00 2506. 2645. 182.68 5.184 2.416 361ýZ *9854
.o90 45000o. 6o7 l1593. 1724. 1$1*33 3.954 2o415 Zo#31 t9849

V.~r ~ T goL-7T!7 ~1T 00 16 2641 1 5. *94
44n 45000. lu$00 332. 630. 91.86 2.157 i.~lb 2.22? 0980

ls 1.00 4000. 5.00 2670* 3001. 182.68 30798 2.,3.e 3o642 .9832

.1.00 45000. 8.o34 80. 31.40m. 120.64 34215 2.416 2.674 o.9534
'1.O0 45000t 10.00 lose. 675s. 95969 2.363 Z#416. 2.366 OM79

.29 60000. 6,67 586, 614. 140.68 2.490 2.415 2.236 .9481
.25 600N.~. 5.34 302. 34.o 141.24 100~2 2@416 2*(W o~e5I2.

.59 CO*0 5.30 WQOA. 1.060. 3.82.68 3.863 2*416 2,664 99866
.50 60000.b- 6.67 642. 713. 143.80 2.890 2.41? 2*3b3 o9659

rJ9uu, 834 35z. 4560 3.OQ.97 24l10 Z.415 aflod .98318
'.50 600000. 10.00 l7po 32.7. 42.35 10'05 2.417 2s031 o989V

A 440: '$.00 1200o 1339o 182*68 4:863 2:4ld318 94

.14.0 60000. 4.34 441.. 590. 117.33 W.39 2.415 2.344 .*9S61
.00 60000. 10.00 218. 385v 91.35 2.056 2*417 Z.1C3 .9836
sqU OQUOU. 9 WIM 94u. 14799 131*0 5*.f qTg=.2 zw-,rjq
.90' 60000. 6.67 029. 999. 149.50 4.077 lo415 2.927 s9841

.90 600006. 8.34 464. 649. 118.75 3.024 2s416 2.070 .9841

16.00. 60000. `5's08 2.294a 1.566& $0.? .47 2.417 3o641 05831

1.000 600000. 10.00 111*. 442s 93.50 Zs472. 2.415 2.417 .9796

Rua~m 8 C~nldd
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Figure S. Inlet Procedure
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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 besized for operation at a desired inlet mass flow ratio and.
recovery 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 external-compression inlets. It is 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.

~~1
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a) External-Compression Inlets. The PIPSI calculation of recovery and

drag for an external-compression inlet is illustrated in Figure 10.

The required performance maps are input as tables, as indicated.

Table 1 is 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 Mon, below which only the lowspeed mode is used.
min

In the low-speed mode, recovery is read directly out of Table 21 as a

function of local Mach number only, and inlet drag is neglected.

If the local Mach number exceeds Mo , the recovery and mass

flow ratio are determined using TabOn2A, Table 7 (which gives the

schedules bypass flow, if any, as a function of engine mass flow

ratio), and the engine corrected airflow demand.

PIPSI iterates to solve simultaneously 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 2D) or distor-

tion (Table 2E) limits 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 determined, spillage, bleed,

and bypass drags are found from Tables 3, 4, and 5, respectively.

Spillage drag is 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.

b) Mixed-Compression Inlets. The performance calculation for a mixed-

compression inlet is illustrated 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 is inadequate to meet

the engine demand at the scheduled recovery, the program will permit

the inlet to operate at an excessive supercritical margin. The

recovery 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 5, 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 airflow 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

(Ao/AC) vs. Mo and an input curve (Table 28) of recommended

(matched) inlet total pressure recovery vs. M. 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:

A ,C n.2 A ING V rT ...... .A 0

(Ao/AA) A, .343 (Ao/Ao )M ACIDMM

24

i I -ii nm,,m m •,N ~mm~mqmnmull~ml~m|•pmIM• __mmi____"" ..._i i i

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


2.2.3 Inlet Reference 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 inlet input Table 3B. It represents the inlet mass flow ratio,

Ao /Ac, at which the spillage drag is defined as zero. This refer-
enie 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 fl w ratio is selected to be a mass flow ratio at or near
the point of maximum inlet mass flow ratio at each Moo 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 illustrated in Figure 12.

For users who prefer to use a mass flow ratio of 1.0, an option is in-
cluded in the computer program to add the incremental reference spillage

drag to the spillage drag Input data of Table 3, thereby creating a

reference mass flow ratio equal to 1.0.

2.2.4 Inlet Recovery Correction

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 PIPSI program calculates only the changes in inter-
nal performance due to changes 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; It Is 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 reference recovery. Thermody-

namic data from Keenan and Kaye tables has been "curve-fitted" and sub-

routines are provided to calculate the thermodynamic properties of the

exhaust gases.
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3.ei•n. (Inlet Drag Slend Closed

Acb

Bypas Cloud

The inlet baseline reference condition for spillage drag
is defined at each ýtach 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 lip separation

and therefore less error in scaling),

0) it is near the operating condition of the inlet

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

0

]1 Figure 12. Definition of Inlet Reference Mass Flow Ratio

1I
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The calculation procedure is as follows: for each altitude, Mach number,

and power setting, the net thrust (FN), fuel flow (WF), corrected

airflow (WV-/2/6 2 ), nozzle throat area (A8 ), nozzle exit area

(A9 ), and nozzle thrust coefficient (CF ) are given.
G

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:

W2 V-
FGOLD FN+ g

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 calculated recovery. To calculate engine gross thrust, the

engine corrected 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 recovery is calculated by the following relations:

(Wa)Rp WS [.(PT2
11'T0 )

LRT2/PTo) MIL 50080
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[(PT 2 /PT) 1

(PT T)
(W2 ) RP W2 [(PT2') 0 1

L PT2 1PT0  iLoaJ

(PT8IpO) Pi PTS/Po (P71T NILT 108

After the above quantities are computed, the corrected quantities

(WB)RF, (WF)RF, (W2)RF and (PT8/1 o)RF are used to

compute a new gross thrust, FG. This new gross thrust and the gross

thrust, FG , calculated using ýhe same subroutines and the uncor-

rected (MId 5008B) quantities (W8 , WF, W2 , PT8/Po) are used to

compute a ratio, FGiFG . This ratio Is then used to obtain the

new value of gross ?hrult, FG EW. The new value of gross thrust is

then found by ratio
FG.2

FG M Wn " I'G O LDn "• G

The ratio procedure is used to minimize any inaccuracies that may be

caused by assuming burner efficiency Ti,) is constant for all engine
operating conditions.
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The net thrust and fuel flow after correction for inlet recovery are:

WV.. -F

FNR FONGw g RFipL

WFR "WF RFM

and the installed propulsion system thrust and SFC:

FNA - - - DNOZ ÷ DNOZRK,

SPA"WFR

SFC A
VNA

2.2.5 Bypass Vs. Spillage Trade Calculation

A calculation procedure has been developed and programmed that provides
the capability to automatically perform trade studies Oetween bypass and
spillage airflow. The purpose of this procedure is to provide the pro-
gram user with maximum visibility of the effects 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:
Mod_.

I All excess airflow spilled

2 All 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 Optimum combination of bypass and spillage for minimum installed

SFC (includes effect of bypass on total pressure recovery)

2922
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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 calculation 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 minimum 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 input data and

calculation subprograms is to calculate nozzle hnternal losses

(•C ) and nozzlelafterbody drag.

2.3.1 Nozzle/Afterbody Drag

The nozzle/afterbody drag is computed using maps which represent the

after~ody drag characteristics (Figure 5) as a function of Aio/A9 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 Ideal gross thrust. An essen-

tial geometry input is the nozzle exit area, Ag, which is required for

boattail drag computation. This parameter is 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 a function of nozzle

total pressure ratio for wedge and plug nozzles.

S30
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The program currently has built in the variation of base pressure,

P ,as a function of freestream Mach number. This is then used to
calculate C

Base

Fully-expanded nozzle/-aftbody drag coefficient is obtained from tables
such as those illustrated in Figure Sa. The drag coefficient is obtained
as a function of the ratio of nozzle exit area to maximum cross-sectional
area, Ag/Ai 0 , 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 coefficienP The incremental drag
coefficient is a function of nozzle exit static pressure ratio

(P9/P0) and free-stream Mach number (Mo) and is available for a
range of nozzle/aftbody area ratios (Alo/Ag) from max A/B 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 a0e used that sets

ACDAj 0 for all Pg/Po, M., and A10 /Ag. A three-dimen-
sional table look-up procedure is used to obtain the AcDAvalues
during the program operation. A maximum of four maps are used represent-
ing different nozzle/aftbody area ratios. An illustration 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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CDAB DAB/q 0 A1 0  P9/Po 1.0

CA

II

FULLY. EXPANDED
DRAG MAP

Mo

I CRUISE

I INT.

I MIN. A/ B

CORRECTION FOR
/ = MAX.A/B NOZZLE EXIT STATIC

A/A MAX.PRESSURE RATIO

7FT7iI1Z~ii ~EFFECTS

Pg /P 0

CDAB - (CDABP/Po P 1.0 + (ICDAB)P/PoMo. A1o/Ag

Figure 14. Calculation Procedure for Effects of Nozzle

Static Pressure Ratio on Drag
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Two different types of nozzle CF maps are provided, as shown in

Figure 5. Figure 5b shows the dita input format for a round nozzle and

Figure Sc shows the data Input format for two-dimensional nozzles. For

round nozzles, the nozzle area ratio, A9/A8 is calculated from tabu-

lated input values provided along with nozzle pressure ratio,

PT /Po, as part of the engine data.
8

For use with the two-dimensional nozzle CF input, the engine power

setting and nozzle pressure ratio are obtained 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 pres-

sure ratio.

The calculated installed propulsion system performance data include the

throttle-dependent inlet and nozzle/aftbody losses. To determine 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, P9 /Po, 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
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ratio different from this condition will be included as propulsion

system drag. This reference condition is illustrated in Figure 16
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 I
are "curve-fits" of Keenan and Kaye data (Reference 29) The gas tables
are primarily used to calculate exhaust nozzle static pressures and jet
velocities.

TABLE I

THERMOOYNAMIC"SUBROUTINES

H • HOFT (TFOA) Enthalpy as a function of temperature (degrees R)
and fuel-air ratio

T • TOFH (H,FOA) Temperature as a function of enthalpy and

fuel-air ratio

PR • PROFH (H,FOA) Relative pressure, (Pr) as a function of
enthalpy and fuel/air ratio

H - HOFPR (PR,FOA) Enthalpy as a function of relative pressure and

fuel-air ratio

C a COFH (H,FOA) Sonic velocity as a function of total enthalpy
and fuel-air ratio

C w COFHS (H,FOA) 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

If 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:

W2hT2 4 WrQq 3  - WiahTI8  * wS + WBXhTBX

(for either mixed or non-mixed flow engines)

For mixed flow fans or a turbojet:

W8  w W2  WBX + W.

f 08" Wr/(W2 -WBX)

hT1 " ('1"1'2 ÷IT2 w+ W •)/W1l (WBXhBX is con-
sidered negligible)

PfT 1 " t (fhT, f") 8

For a separate flow ducted fan (fan nozzle and primary nozzle):

"h'2 f(TT , .f0 2 ;wheref/amO

(PIA) E- (hT, f/0)2 ; whm- f/ .O

a ~('r)AS *'(PT)2 (p~r 18 ,'/T2 )

hTlI - f /ur,." ./o), 8 ; where U/s 0

37

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


and

W8 W2 - W1 8 - WBX W

hT8 s (W2 hT2 - WIs h'rS + WfQ n7)/W8

(W XhT is

consideredBgegl igible)
(PfT)o f (hT f 16)S

2.3.5 Nozzle Gross Thrust Calculation

The calculation procedure in this section applies to both mixed and

non-mixed flow nozzles.

2.3.6 Convergent Nozzle

The velocity at the throat for a convergent nozzle is a function of the

total enthalpy (assuming the throat is choked).

Co - (hT., f/A)s

and the static pressure Is a function of the static enthalpy

hS 0 ~s -(C) 2
2g1

To w t (h, frI)S

pro a r (h, f/a)3

PTS/F " (PfT)$/i
a\

PTI is obtained from the tabulated

er•ine input data al f (P.S., alt., M ) or
It is calculated by the procedure described
on Page 40.
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The area of the throat is

AS*

and the thrust is
WS V8

g, " - + A&*' (P8 - mb)

2.3.7 Convergent-Divergent Nozzle (fully expanded)

If the exhaust flow is fully expanded, the static pressure of the nozzle
exit is equal to ambient, and the exit velocity is a function of the
total to static enthalpy.

P? 9 pr8 (Pamb/Pg)

h9 f (r., (,)9

T9 f (h, tla)9

Since h8 • h9  v, -[29J (hTS - 9)]'

The exit area is A9 0 W9 R8 TP/Prmb V9

and the gross thrust is Pg U V9 CFO
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2.3.8 Convergont-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-
ity gives:

h9• hl 8 - V9
2/2gJ

T9 • f(h, r/a) 9

r f (h, t/s)9

Pg U

Pr 9•

P9 PAV\ i
w9 R" ) Agv, " (pAv) 9 "

An iteration on V9 to make W9  W will result in the exit condi-

tions for a&given area.

The gross thrust Is: Pg -(!•- + PA)9 CS - Pumb 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 Is calculated as follows:IF Fg '0 (Fnlt + FrmY) CF0W 2 V,,.

Frsm • g

S~40
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and the nozzle exit conditions are calculated by assuming that the flow

is fully expanded.

WO W2 - WBX + Wf

hr8 - hT2 + (Q 17 Wf/W8)

TT8  f (hT f/a) 8,,TTS T ,8

!' V9 • g (9)tWe,,

hq- hTS - V9
2/2g,

-?,,P r 9 - f ( h . U s ) s

•/"PrT iS f (hT , f'/&)8

Since P9 " Pamb PT8
1Pab (PrT)uSPr 9

The pressure ratio calculation will be in error, an amount relative to

the v&lue of the thrust coefficient (CF ), because this is usually
unknown if pressure ratios and exhaust ýreas are not given,
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SECTION III

LIBRARY MAP CONFIGURATIONS

The purpose of the library of inlet and nozzle/aftbody maps is to provide

a readily-avallable source of input data that can be utilized by the
interactive PIPSI 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 library computer files representing the inlet and nozzle/aft-

body data along with the uninstalled engine data, are attached 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 ilnlet, 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 is shown in Figure 5.

The data for all the configurations are contained in Volume IV.

3.1 INLET CONFIGURATIONS

The matrix of inlet 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 library of perfor-
mance characteristics have been selected 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
geometry, number of compressloO ramps, boundary layer bleed
system design, and mixed vs. external compres.sion scheme. The
way typical inlet design features vary as design Mach number is
increased is illustrated 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 total
pressure recovery is to be maintained. The configurations
contained In the library of inlets are shown in Figure 17 by
their configuration numbers, as defined in Figure 16.

3.2 NOZZLE/AFTBOOY MAP CONFIGURATIONS

The nozzle/aftbody configurations include: axisymimetric convergent-di-
vergent nozzles, (single and twin), two-dimensional cohvergent-dlvergent

nozzles (single and twin), axisymmetric plug nozzles (single and twin),
and two-dimensional wedge nozzles (single and twin). The 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 detail 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 Orogram to use experi-
mental data whenever it is 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 characteristics are:

44
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Tailor-Mate tests (Reference 4), F-15 inlet tests (Reference 5),
Boeing LWF tests (Reference 6), XB-70 inlet tests (Reference 7),

NAR F-100 inlet tests (Reference 8), and Boeing subsonic inlet

tests (Reference 9).

(3) Several sets 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,
largely unchanged, except for some revisions in the data table
formats.

(4) Inlet data maps are available at Boeing for configurations 8 and

11. These data are in the PIPSI format and are directly usable
in the present contract, because they represent typical inlet

configurations for the required design Mach numbers.

A summary chart is presented in Figure 19 which shows the inlet configur-

ation numbert (indexed to Figure 16), a brief description of the inlet,
and the source of the data and/or methods used to obtain the Inlet per-

formance characteristics. In addition to the Information shown in Figure

19, each of the inlets is described in detail in Volume IV.
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InletINLET CONFIGURATIONS AND SOUR~CES OF DATA

USED TO DEVELOP THE INLET MAPS

47? type Inlet; developed trom published
4r7 data and engineering analysis

2 PF.S type Inlet; developed from Published
F-S Inlet data and analysis

3 Subsonic Inlet type,, based on data and
methods from Boeing subsonic Inlet (i.e. 707, 727 aet)

4 Subsonic Inlet type; based on data and methods used
to develop Boeing 747'type Inlets

Normal shock inletl based on data from Rockwell
tests of P1I00 airplane Inlet

Normal shock-type Inlet; based on data from
* Rockwell F-100 Inlet, Boeing LWF Inlet tests,

and GD LWP Inlet data

Fixed-Geometry, 2-shock Inlet, based on data
7 from Boeing LWF Inlet tests

Four-shock, variable ramp Inlet; theoretical
9 design based on analysis, optimized for Mo m 2.0

Four-shock, variable ramp Inlet; based
9 on data from NR Inlet tests of IPS model

Fixed-geometry, single cone Inlet,- based on analytical
10 design for a Mo w1.6 VTOL

11 3.shock, half-round Inlet with variable-diameter
centorbody; analytical design f or a supersonic Navy
VTOL configuraiton

12 3. shock , half-round Inlet with variable second
12 cone angle; GD tailor-mate tests

113 Mixed-compresslon; analytical design documented
13 In AFFDL-TR-72-147-vol IV

14 Mixed compression; basvd on XB-70 type
14 configuration and data

Mixed compression; based on NASA AMES
15 configuration and tests of a mach 3.5, 2-D Inlet

Mixed compression aXIsymmetricl based onIs a Boeing analytical study of an AST Inlet for NASA AMES

17 M ixed compression axisymmetric, based
on data from NASA AMES tests of M. - 3,0 Inlet

1B Mixed compression axisymmetric; based on
results of Boeing analytical studies for a NASA AMES
mach 3.5 Inlet

Figure 1.9 * Sources of Dota for Matrix of Inlet Maps
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SECTION IV

DERIVATIVE PROGRAM (OERIVP)

The purpose of the derivative 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 library 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 procedure is discussed in Subsection 4.3.

4.1 DERIVATIVE PARAMETERS

The first step in the development of the derivative procedure was the

selection of the derivative parameters. 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

performance. The derivative procedure should be used as part of

an overall conceptual analysis procedure for calculating first-
order propulsion system installation effects. The derivative

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


parameters selected for the present procedure ave 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.

(2) 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 performance.

(3) 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 list of the derivative parameters that have been

selected for ue 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 =

Defined as inlet width divided bY inlet lip
height (relative to tip position).

2. Sideplate Cutback - Applicable to two-dimensional

(SPC) inlets only

a Defined as the percent of a full sideplate
area that Is removed to define a partial
sideplate.

The upper edge of a full tideplate extends
from the ramp tip to the cowl lip.

3. First Ramp or Cone Applicable to two-dimensional
Argle and axisynmetric inlets

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

Defined as cone surface angle, In degrees,
relative to inlet centerline for axisyimet-
ric inlets (cone half-angle)
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TABLE Il (Continued)

4. Design Mach Number - Applicable to all inleti.
(MO Deslqn)

- Defined as the maximum Mach number at which
the inlet is designed to operate

5. Cowl Lip Bluntness . Applicable to all inlets

- Defined as the Inlet lip surface radius
divided by the lip height.

6. Takeoff Door Area - Applicable to all inlets

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

7. External Cowl Angle - Applicable to all inlets

- Defined as external cowl surface angle, in
degrees, relative, to Inlet horizontal refer-
ence line

8. Exit Nozzle Type - Applicable to two-dimensional and
for Bleed axisymmetric-inleLs

- Defines whether blood'exit nozzle is conver-
gent or convergent-divergent

9. Exit Nozzle Angle . Applicable to two-dimensional and
for Bleed axisyametrtc Inlets

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

10. Exit Flap Aspect - Applicable to two-dimensional and
Ratio for Bleed axisymmetric inlats(ARF)

- Defined as flap width divided by flap length

11. Exit Flap Area a Applicable to two-dimensional and
for Bleed axisymmetric inlets(AF/ AC) . Defined as flap area divided by inlet cap-

ture area
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TABLE II (Continued)

12. Exit Nozzle Type - Applicable to all inlets
for Bypass

- defines whether bypass exit nozzle is con-
vergent or convergent-divergent

13. Exit Nozzle Angle - Applicable to all inletsfor Bypass
- Defined as bypass exit nozzle angle, in

degrees, relative to Inlet horizontal refer-
ence line

14. Exit Flap Aspect - Applicable to all inlets
Ratio for Bypass
(ARF) - Defined as flap width divided by flap length

15. Exit Flap Area . Applicable to all inlets
for Bypass
(AF/AC) • Defined as flap area divided by Inlet cap-

ture area

16. Subsonic Diffuser - Applicable to a11 Inlets
Area Ratio
(A2/A1) - Defined as exit area (compressor face)

divided by entrance area (throat)

17. Subsonic Diffuser - Applicable to all inlets
Total Wall Angle

- Defined as the total equivalent wall diver-
gence angle, from entrance to exit

18. Subsonic Diffuser - Applicable to all inlets
Loss Coefficient

- Defined by the equation
(C) PT - -

(+ .2M2 )35

19. Throat to Capture - Applicable to Pitot inlets
Area Ratio onl
(AT/AC)

- Defined as the fixed throat area divided by
the inlet capture area

20. Nozzle/Aftbody Area - Applicable to all nozzle/aftbodies.
Oistribution Defined by the cross-sectlonal area

distribution as a function of station from
A1O (ref. area) to A9 (nozzle exit
area), Characterized by the parameter IMST
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TABLE I1 (Concluded)

21. Radial Tail Orien- Applicable to all nozzle/aftbodies with
tation Position tails. Defined by the angular orientation

of the tail relative to the vertical
position.

22. Fore-and-aft Tail Applicable to all nozzle/aftbodies with
Location tails. Defined by the location of the aft

point of the tail/aftbody junction relative
to the aftbody length (XA10 - XA9 )

23. Base Area Applicable to all nozzle/aftbodies with base
area. Defined by the ratio of the base
area, ABASE to the aftbody reference area,
A1D

24. Plug Half Angle Applicable to round plug nozzles. Defined
as the half-angle of the plug centerbody
measured relative to the plug axial center-
line.

25. Ramp Half Angle Applicable to two-dimensional wedge nozzles,
Defined by the wedge half-angle relative to
the wedge centerline.

26. Aspect Ratio Applicable to two-dimensional nozzles, both
(Wg/Hg) C-0 and wedge types. Defined by the ratio

of nozzle width to height at the nozzle exit
station.

27, Divergence Half. Applicable to convergent-divergent round and
Angle 2-D nozzles. Defined as the angle of the

80D1V) diverging section nozzle wall relative to
the axial centerllne of the nozzle.

I(
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TABLE III INLET DERIVATIVE PROCEDURE CROSS-REFERENCE

PROGRAM STEP
16 6 7DERIVATIVE PARAMETER 1 2 3 4 -

ASPECT RATIO - * 0 0 0(FO, R 9-0 INLETS)

2 IEPLATE CUTBACK * * * O
(FOR 2-0 INLETS)
FirST RAMP (CONE) S * 0 e
ANGLE

4 DESIGN MACH NUMBER 5 0 0 0 0 0

6 COWL LIP BLUNTNESS •

0 TAKEOFF DOOR AREA S - - -

7 EXTERNAL COWL ANGLE _-

I EXIT NOZZLE TYPE
FOR- BLEED

9 EXIT NOZZLE ANGLE
FOR BLEED

10 EXIT FLAP ASPCCT
RATIO FOR LLEDý-

11 EXIT FLAP AREA •
FOR BLEED

12 EXIT NOZZLE TYPEFOR BYPASS
EXIT NOZZLE ANGLE

13 FOR BYPASS

14 EXIT FLAP ASPECTRATIO FOR BYPASS

is EXIT FLAP AREA
FOR BYPASS

t SUBSONIC DIFFUSER • * *
AREA RATIO

17 SUBSONIC DIFFUSERTOTAL WALL ANGLE

is SUBSONIC DIFFUSER
LOSS COEFFICIENT

THROAT/APTURE AREA19 RATIO (FOR PITOT INLETS) @
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4.2 DERIVATIVE PROCEDURE FOR INLETS

The use of inlet performance maps in mission analysis for preliminary

design 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 available, and the process would not be conducive to rapid

response. Further, there would likely 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-

flect the variables of the installation being considered, would allow

maximum utilization of the advantages of the map installation analysis.

The concept of a derivative processor fits this requirement. It will

produce a new set of performance maps, reflecting the effects of the new

install ation.

4.2.1 Concept

Since the primary application of the derivative procedure is preliminary

design, the user will not have 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. All 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 present in the baseline inlet. Variation

in there parameters is accomplished 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 unique 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 steD, 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 is required for axisymmetric inlets while wedge flow

is used for two-dimensional inlets. These inlets are assumed 'to have a

design Mach number greater than ore. The pitot inlet is treated differ-

ently because it may have a design 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 is changed. This Mach number scaling i

accomplished as follows:
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1FOR BOTH MIXED AND
if M0 EXTERNAL COMPRESSION

Mo new Mo old INLETS

if Mo start old > Mo desipg old,
Ngo dep new 1.-0 )EXTERNAL COMPRESSION

Mo new "% 1.0 ý NMo old - 1.0) t•( desip old -. O) INLETS

If Mo start old <Mo design old ,

Mo start new Mu start old

for 1.0 < M0 'Mo start , (EXTERNAL COMPRESSION MODE)
MIXED COMPRESSION

INLETS

for Mo new> Mo tut (MIXED COMPRESSION MODE)
(No design now -Mo istr

Mo now MO st7•r t (MO old - Mo start) o desip old -Mo start)

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 starting Mach

number is at least first-order accurate. The terminology for the various

inlet flows is Illustrated below.

Ao A°

(Blne*u (gypas") Bleed Exit Bypass Door

(Capue
(Supply)

k~ie + Bypais)
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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:

(AN/A0)= -UA/c,+(ABCA)

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 is

less than the old, the table Is simply truncated. If the new design Mach

number is greater than the old, the matched capture is extended past the

previous maximum Mach number using the relation

of /SMO (r/PTr1 )m
OnI~X.11Y NORMAL SHOCX

which assumes a fixed throat area and throat Mach number represented by

the previous highest Mach Number.

For two-dimensional inlets, the Petersen-Tamplin analysis (Reference 10)

is used, for M > 1.0, to determine the effects of geometry changes

with the existing design Mach number. This analysis, for single ramp

inlets, includes the effect 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 old 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 lip 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:
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(A 01/A0) P -T

T old

For axtsymmetrtc inlets,.at 'o > 1.0, a coneflow solution is used for

the old and new initial one angle for Mach numbers up to the old design
Mach number. The cone tip shock is assumed to be on lip 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 M0o 1.0, the effects on capture of

cowl lip bluntness, takeoff door area, and subsonic diffuser nmodiflca-

tions are determined. For cowl lip bluntneis and takeoff door area the

ratio of Inlet airflows is equal to the ratio of effective throat areas.

For the subsonic diffuser the compressor face Mach number is assumed

fixed so that diffuser recovery affects capture directly (MTh< 1.0).

Then for two-dimensional or axisymmetric Inlets if the design Mach number

is changed, the inlet capture is adjusted. If the design Mach number is

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

N o deadp)
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This relationship has been shown to be generally valid for several axi-
symmetric 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 axisy•metric inlets
do not have. For two-dimensional inlets the bleed rates are multiplied

by the ratio (new-to-old) of wetted areas.

The inlet design point, (specified in terms of design Mach number and

geometric variables) is 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
bleed 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 like-
lihood 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 is the surface
pressure gradient the boundary layer must undergo):
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(r surface ~ M surface, M0 din
I, s Ar f ace) c old•d

A ; surface new

V design new

This expression works reasonably well when applied to existing inlets.
Note that the pressure gradient term is affected by initial 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-
plied (on the right-hand side) by

1/7

(R lPTO) Modeip 1n/w

e Mo design old-

where the Re/ft/P 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.

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 externdl compression)

scaled as

1/7
/(Re/ft/PV•)

* AMsufa) e old An [ aMo design oldne
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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 is assumed
that forward bleed equals throat blockage, and throat bleed is 2/3 of

throat blockage. This translates to

A° I/AG

(A0  I fra0) 1.67

and, as demonstrated In the Appendix, this bleed splitting provides

excellent results.

It is assumed that for all Inlets the variation in bleed rate with inlet
supply is a variation in terminal shock bleed alone.

4.2.2.3 Step 3. New Engine Supply

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) f(A 7AO /A ]no /
2A 2A 11A 6AT

An equivalency of supply, new-to-old, as a function of Mo is determined

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

New effective terminal shock Mach numbers are determined for two-dimen-
sional and axis.,mmetric inlets at Mach numbers greater than 1.0 and less
than or equal to the starting Mach number (external compression), The new
values are calculated from the existing terminal shock Mach number and
new and old inlet capture (prior to design Mach number change). The
recovery difference for a normal shock at the old and new effective
terminal shock Mach numbers Is 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 is deter-
mined for altered initial ramp or cone angle. Wedge flow is used for
two-dimensional inlets and a cone flow solution for axisymmetric inlets.
The matched recovery is 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 effects 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-old subsonic diffuser recoveries.

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

changed it is assumed that the loss coefficient AP.IP fTOo) is still
valid. Therefore the new recovery is simoly
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(PT2'pTo) new o )l ool )
using Mach number equivalence. This is probably optimistic for external

compression inlets with large design Mach number shifts, but has other-
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 recovery at M0 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 Mo
matched supply and recovery, or simply deleting some curves if design
Mach number is 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 old

inlet, at equivalent Mach numbers, a new inlet supply is determined and

the new buzz and distortion limit tables result.

4.2.2.5 Step 5. New Spillage Drag

An inlet capture equivalence is determined

(AGSA6) oldAA + (A0 B A0) Ac od&e

6B
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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.

CD3 CD3 + CD3A

The drag calculation for two-dimensional Inlets is done with the Peter-

sen-Tamplin analysis, which includes the effect 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 procedures are equivalent to those in

Petersen-Tamplin, except for side spillage, which has no axIsymetric

counterpart.

The drag calculations for pitot inlets are equivalent to the subsonic and

detached shock calculation procedures for two-dimensional and axisynmet-

rnc 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

CDne - CD old U (calculatedno(.CD 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 axisymet-
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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CD A CD .6 old C)
MI 1 /Ao 6 CCDnow CD ma CD Calculate no + D aid- CD & (_ nwU

A AxA /AA0 / CD adat
01 a4 old I 9 5alcate Old J d\ ./J

the maximum capture drag is determined by multiplying by the ratio of

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 be the same.

For two-dimensional inlets an equivalent single ramp angle as a function

of M. is 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 ac ,al cone angle is used and the tip is
translated to match the maximum capture. The drag is 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 drmgs
are multiplied by the ratio of KADD values to determine the final drag.

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

4.2.2.6 Step 6. New Bleed Drag

The new drag is determined from the old at equivalent M. and

Ao BLc/Ac, making use of the point to point equivalency between Table
6AOLD and Table 6ANEW.
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(CD NW nwcalult
(CD ui..CXueW (CD BLC Old CD 3RC )old calculate

(Co

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

Mo> Mo START' For all other Mach numbers the high pressure curveis

used. The calculated drag coefficients are determined from the flap drag

and momentum drag procedures (Reference 1).

CD C + CD
0CALC DFLAP Dmom

4.2.2.7 Step 7. New Bypass Drag

This step is very similar to Step 6. The new bypass drag is determined

from the old at equivalent M0 and A yp/AC as

od Laclt 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).
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4.3 NOZZLE/AFTBODY DERIVATIVE PROCEDURE

The nozzle/aftbody derivative procedure consists of two parts: (a)
nozzle/aftbody drag (CD ) calculation procedure and (b) nozzle
internal performance (CF ) calculation procedure. Each of these

calculation procedures A discussed separately in the subsections which

follow.

The purpose of the nozzle/aftbody drag calculation derivative procedure

is to nrovide a rapid first-order computerized calculation method for
obtaining the incremental changes in drag due to changes in nozzle and

afterbody geometric variables and nozzle static pressure ratio. The
basic premise in the development of the nozzle/aftbody drag derivative

procedure is that a set of baseline nozzle/aftbody configurations and
their estimated (or measured) drag characteristics are available in PIPSI

format. The format of the nozzle/aftbody drag maps is illustrated 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 rectangular
distribution nozzle aspect ratio, nozzle boattail

angle, twin nozzle saacing

2. Tail position Includes the effects of radial tail
orientation and longitudrinal tall
location

3. Base area
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4.3.1 Drag Due to Aft End Area Distribution

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 sumnarized 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 (A9 ) 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 FigureV1 23, 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 vill also be used for single round plug nozzles until better data
correlations are available. Twin round C-D nozzle drag correlations will

likewise be used for single round C-D nozzles. The basic drag correla-
tions are for a fully-expanded nozzle (Pg/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:

CD Cjo + 4.5,cMo2 ,p, 32 IMS
Ao -0D - A

•CD " CA~o A, -CDA,0 A,

74

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


3.

I
I
2

Ga

B
0 JD� .p.

0

lbs
(1 0

g-�j
Iv

I
N

Ga

I.

/ 11
I
4

I

_________________ - 75

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


50~

~40

oil

20 I2.18

I 2.50
Ui

3.33
"cc0 . 5.00

7.43

0,5
000 700 Soo 900

STATION, INCHES

Figure 22. Nozzle/Aftbody Area Distribution for a Twin
Round Nozzle Configuration

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


.14

,12a

4 ,10 '.fb~~~a

CoCbow

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


.14

I--

,KJ

2 . .. .8 1.0 1.2 1.4

4S

Figure 23. Nozzle/Aftbody Drag Correlations for a Twin C-0
,Axiswmetric 11ozzle Configuration

77

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


0.14 --

0.12

0,08

0.06-

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Im

Figure ýd. Nozzle/Aftbody I)raq Correlations for Twin and
Singl1e '-)- Wedge 1lozzle Configurations

73

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


0.32

.p,

0.211.. ..

0.24

0.20

0.16 -

0.12

0.0 .

0.04

0 0.2 0.4 0.6 0.3 1.0

IMST

Figure 21. Pressure Drag Coefficient for Twin-Jet
Axisynmetric Plug Nozzles

79

iL

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


All the parameters required to calculate the above relation are readily

available except Ag/A 8 . To obtain Ag/A 8 values, the user of the

derivative procedure must input a variation of Ag/A 8 as a function of

M. 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 is shown in

Figure 27.

4.3.2 DragDue to Tail Effects and Base Area

After the calculation of drag due to aft-end closure effects (previously

* described) drag increments are added to account for the radial orienta-

tion of tails, longitudinal location 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, M., and radial

tall oPientation angle, eRO 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 &CD - 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 is 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
SC0  as a function of the tail fore and aft location for a nozzle

st•fc pressure ratio, P9 /Po - 1.0. The computer program Is

structured to contain the incremental tail location drag data shown in

4 Figure 29. If better data become available, the computer code can be

changed to incorporate the data tables.
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Figure 27. Nozzle/Aftbody Drag Derivative Proce,!ure
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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 (either axisimmetric 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 coefficienA is calculated by the fol-

lowing relation:

a CP .- ,(AbuIAjo) ,,,w - (Aban /A10) old]

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) Axlsyimmetric Plug

(3) Two-Dimensional Convergent-Divergent

(4) Two-Dlmensional Plug (Wedge)

For all the above nozzle types, the approach 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.
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Figure 31. Flow Chart for Tall Effects and 3ase Drag
Increments
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The derivative parameters for each nozzle type are summarized in table V:

TABLE V

DERIVATIVE PARAMETERS FOR NOZZLE CFG CALCULATION

NOZZLE DERIVATIVE
TYPE PARAMETERS

AXI C-D ODIV DIVERGENCE
HALF-ANGLE

AXI PLUG 8p PLUG HALF-ANGLE

2-D C-D Wg/Hg ASPECT RATIO
8DIV DIVERGENCEHALF-ANGLE

2-D WEDGE Wg/Hg ASPECT RATIO
eN 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 derivative 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 CF for a Round C-D

Nozzle G

The input map format for round C-D nozzles used by the PIPSI program is
illustrated in Figure 32. This map provides CF as a function of

nozzle pressure ratio, PT8/Po' for various nozzie expansion ratios,

A9 /A8. To provide a method whereby the effect of eDIV could be
related to area ratio, a typical round C-D nozzle aDIV variation as a
function of A /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 A./A8 and
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Figure 33. Divergence Angle/Area Ratio Relationship for a
Round C-D Nozzle
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eDIV, 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 onCFG for a Round Plug Nozzle

The input map format for an axisymmetric plug nozzle is shown ir• iqure

35. This format provides nozzle gross thrust coefficient, CF , as a

function of nozzle pressure ratio PTB/Po for various area rathos,

A9 /A8 . To obtain the relationship of Ag/A 8 and plug half angle,

a two-dimensional table look-up set of data was prepared that represents

the geometric relationships between lir andle, c plug half angle, ep,

and area ratio, A9 /A., for a typical pl nozzle configuration.

These data, presented in Figure 36, is programmed into the code to pro-

vide inputs necessary to calculate the parameter (ca- eP). The para-

meter (cii- Op) is then used to enter Figure 37 to obtain 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 onCFG for

a Two-Dimensional ConveretDivergent Nozzle

The methods used in developing the computer code for the 2-D C-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 funcqion of pressure ratio

and nozzle jet area. Two jet area 9chedules 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
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jet area settings. This area ratio schedule is presented in Figure 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/A, and ODIV schedules, the necessary input parameters are

available to obtain CF as a function of AY/A8 and

ODIv from the correla 0 A~f experimental data presented in Figure

41. The CF values for old and new configurations provide

the data ne~d A~o obtain the &CF resulting from the geometric

change in GDIV*

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

LogýR for minimum GG IR

and maximum jet area settings.

4.3.7 Effect of Aspect Ratio and Wedge Half-Angle on CF of a 2-0

Wedge Nozzle

The format for 2-0 wedge nozzle PIPSI input data maos is shown in Figure

43. This format provides CF as a function of nozzle pressure
ratio PT8/Po, for two nozzli area ratio schedules, one for non-

afterburning 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-D 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, Op, of 100 and an aspect

ratio, AR, of 1.0. The resulting correction factors are presented in

Figures 44 and 45.
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APPENDIX

CHECK OF SOME DERIVATIVE PROCEDURE METHODS

This appendix will show results for a limited number of inlets, using the
inlet derivative procedure methods for bleed rates, and inlet design

point recovery with varied 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. All
values are given for the design Mach number.

Design Mach No'. 2.50 2.60 3.0

Recovery 0.905 0.916 0.885

Bleed Rate 0.07 0.07 0.105
Initial Ramp Angle 7.00 5.OO 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 2.381 2.65

Reference 1 26 7

Since there is 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 R -1/
A '" A VT• '" ,(M"')old, o .d.signnow,

T_)MS now o deoIln old
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The second will use this same equation for the low pressure bleed, where

( A0 '9LP = . ' ; / -

and it will use

I A0  I AS -(A / A' (Msurface) [(Re/PT) M
A t n e w( I ca f a ~ e _ _ _ _ _ \O F- m u ta c e O ld b id 0O P o d e s i an n e w ] IA ~ ~ ~ ~ ~ sufc now \A cd (/ ) Mutc) ' o' design oldJ

for the high pressure bleed.

For the Mach 2.S inlet transformed to the Mach 2.6 inlet design varia-

bles, the following rLsults were obtained:

A

Mach 2.5 0 YL 0.07

Mach 2.6Method I A0 .8

Method 2 .- o =I - 0.085 (vs. 0.07)
Ao

For the Mach 2.5 to Mach 3.0 design variables

Method 1 -91kc-. = 0.116
A0

Ao

Method 2 .- A 0.131 0.10S)

For the Mach ?.6 to Mach 3.0 design variables

Method 1 A0 I 0.092
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AO
Method 2 : - 0.90 (Va. 0.105)AC

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 likely 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.

The recovery calculation assumes that the inlet loss coefficientATPTp.

is valid. Thus when design Mach number changes, q0 changes. The -i

equation is

i[\YTw old Md

For the Mach 2.5 to Mach 2.6 design

11 * 0.397 (vs, 0.916)

For the Mach 2.5 to Mach 3.0 design

1 - 0 0863 (Ye. 0.885)
0 10
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For the Mach 2.6 to Mach 3.0 design

-T - 0,888 (V. 0.8)

These predictions of recovery would, in fact, order the inlets in the
same manner as previously ranked. The result of these comparisons is
that the bleed and recovery analyses show the correct trends. It also

illustrates the effect and importance of the selection of the baseline
inlet map file. Further demonstration of the methods requires evaluation

among a family of inlets with similar designs and applications.

The second group of inlets consists of four mixed compression, axisym-

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(B) 3.5
Recovery .93 .927 .907 .837

Bleed Rate .0553 .062 .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

Reference 13 11 11, 27 12

The two bleed rate prediction methods used previously are

useo aqaln.

For the Mach 2.35 to the Mach 2.65(A) design

A

Method I !M = 0.0643 (-2.8%)
At now

Method 2 - m 0.0635 (-4.1%)
At n1w
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For the Mach 2.35 to the Mach 2.r,5(B) design

Method I A aLMW w 0.0732 (4+4.6%)

Method 2 w 0.0715 (+2.1%)

For the Mach 2.35 to the Mach 3.5 design

Method 1 ! a 0.153 (+ 14.0%)AG now
A0

Method 2 - !f-• - 0.141 ($5.4%)niew

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

Method 1 0.157 (÷ 17.4%)

Method 2 0 * 0.147 (+9,8%)

For the Mach 2.65(8B) to the Mach 3.5 design
Ao

Method 1 0 a 0.146 (.9.05%)

AO
Method 2 - - 0.138 (+ 2.95%)

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 is used in the derivative procedure for mixed compression in-

lets. These results are 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.Tt,._ Is .1 ( .•

For the Mach 2.35 to Mach 2.65(8) design

'T * 0.911 (+ 0,44%)

For the Mach 2.35 to Mach 3.5 design

PT * 0-845 (+ 0.92%)

For the Mach 2.65(A) to Mach 3.5 design

P2-T - 0.873 (+ 4.26%)
-- TC -now

For the Mach 2.65(8) to Mach 3.5 design

.T 0.838 (+. 0.09%)
P-

0 noew

These results show excellent agreement, certainly better than first order

accurate.
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