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ABSTRACT

A method is developed for relating transient tolerances in inlet throat Mach number
and shock position to the frequency of unstarts of a supersonic inlet due to atmospheric
disturbances. Data on high-altitude atmospheric turbulence is collected and evaluated.
A general linear analytical model is developed to compute changes in inlet throat Mach
number and shock position. The relation of inlet transient tolerances to propulsion sys-
tem performance is presented. A stepwise procedure for relating frequency of inlet un-
starts to transient tolerances is presented and applied to a representative example.
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DEVELOPMENT OF ATMOSPHERIC GUST CRITERIA
FOR SUPERSONIC INLET DESIGN

by Frank W, Barry
Hamilton Standard

SUMMARY

A theoretical method is presented for relating the frequency of unstarts of a
supersonic inlet, due to atmospheric gusts, to transient tolerances in inlet throat
Mach number and normal shock position. The purpose of this study was to develop
a method for relating frequency of inlet unstarts to propulsion-system performance
losses for aircraft flying at high Mach numbers where inlets with internal contraction
are used. Published test data on atmospheric turbulence at altitudes over 30 000 ft
are collected and evaluated, general linearized analytical models for changes in throat
Mach number and shock position are developed, a new method for relating propulsion
system performance to inlet tolerances is presented, and a stepwise procedure for
relating frequency of inlet unstarts to transient performance penalties is presented
and applied to a representative example. The most significant conclusions are that
flight data are not adequate yet to provide a reliable statistical model of turbulence
at altitudes above about 60 000 ft, that ambient temperature changes which occur
over short distances are as significant in causing an inlet unstart as atmospheric
- turbulence, and that significant performance penalties may be required to keep the
frequency of inlet unstarts to an acceptable level.




INTRODUCTION

The role of atmospheric gust criteria in the design of aircraft structures has been
recognized for many years. Procedures have been established in design specifications
which use experience and measurements to specify maximum single atmospheric gust
and cyclic (fatigue) gust environments. Recently (e.g., see ref. 1) similar procedures
were applied to supersonic inlets. It was shown that atmospheric gusts could cause un-
desirable unstarts of internal-contraction inlets operating at supersonic speeds. The
frequency of unstarts was related to the propulsion system performance.

Hamilton Standard contracted with the Ames Research Center of the National Aero-
nautics and Space Administration to develop atmospheric gust criteria for supersonic
inlet design, that is, to develop a method for relating frequency of inlet unstarts due to
atmospheric turbulence to transient tolerances in inlet throat Mach number and shock
position. With this method the designer can select the transient inlet control tolerances
required for a preselected interval between inlet unstarts. Reference 2 is the final
report on the classified task of the contract. Theoretical predictions of the analytical
inlet models developed in this report are compared in ref. 2 to experimental data
supplied by NASA, The experimental data include steady-state and transient changes
in shock position due to exit airflow disturbances and to upstream disturbances induced
by an airfoil ahead of the inlet.

This report is the final report on the unclassified tasks of the contract. The pri-
mary objective of the study was to develop a procedure for relating the frequency of
inlet unstarts, due to atmospheric turbulence (gusts), to transient tolerances in inlet
throat Mach number and normal shock position. The procedure for estimating frequency
of unstarts is summarized in ten steps. Secondary tasks necessary to complete develop-
ment of the procedure included compilation and discussion of data on high-altitude atmo-
spheric turbulence; development of several general models for changes in inlet throat
Mach number and shock position due to changes in flight and ambient atmospheric con-
ditions, inlet geometry, and exit corrected airflow; development of relations between
changes in propulsion system performance and changes in inlet and engine operating
conditions; writing of several digital computer programs; and demonstration of the
developed procedure by applying it to a representative inlet.

Readers who are interested only in predicting the frequency of inlet unstarts may
turn directly to the section STEPWISE PROCEDURE FOR CALCULATING FREQUENCY
OF INLET UNSTARTS.
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SYMBOLS

duct cross-sectional area, ft2

ratio of rms amplitude of output disturbance to rms amplitude of
free-stream disturbance (see equation (54))

speed of sound, ft/sec
rms amplitude of turbulence

rms amplitude of primary, secondary, and tertiary turbulence
(see Table III and figs. 12 and 13)

constant in case 6 spectra (see Table II)
constant

mean wing chord in equation (1), ft

drag coefficient

duct pressure loss coefficients (see equations (44) and (45))
functions of M1 in TableIV, i=1to 7, j=4to6
drag, Ib

2.718 .., base of natural logarithms

thrust, 1b

engine net thrust, 1b

frequency, Hertz, w/2m

function of Mth (see fig. 20)

number of times disturbance crosses 0 while increasing per unit
distance

standard acceleration of gravity, ft/sec?

transfer function, frequency-response function



KA7» KMmj» KMl,
KMz’ KWci

K, K, K
wovow

K, to K

L I

g

Ns’ Nth’ N0

ST

coefficients defined by equations (A6), (B20), (A5), (A3), and
(A4) respectively

coefficients in equation (13)(see fig. 19)

coefficients defined by equations (D16) to (D26), also K1 and K2
are coefficients in fig 39.

duct length (see fig. 23), ft

scale of turbulence, ft

length of Helmholtz volume (see fig. 23), ft
Mach number

mass stored in volume (see fig. 23), 1b

number of times disturbance amplitude X is exceeded per unit
time

number of times disturbance crosses 0 while increasing per unit
time, GV

parameter in Taylor-Bullen spectra (see Table II)
absolute pressure, psf
probability of atmospheric turbulence (see Table I and fig. 1)

probability of primary, secondary, and tertiary turbulence
(see Table III and figs. 10 and 11)

total pressure recovery factor
probability density of o

gas constant, ft-1b/Ib-"R
Laplace variable, /sec

specific entropy, ft-1b/lb-°"R



TSFC

Us

u, Vv, W

absolute temperature, R

thrust specific fuel consumption, w¢/F, /hr

time, sec

longitudinal velocity, positive downstream, fps

derived equivalent vertical gust velocity in equation (1), fps
shock velocity, positive downstream, fps

longitudinal, lateral, and vertical components of free-stream
gust, true airspeed, fps

flight velocity, fps

volume of duct downstream of shock (see fig. 23), £t3
relative airflow, ratio of airflow rate to airflow rate through
reference area, e.g. A 'R at flight velocity and free-stream
density, w/A[V PO

airflow rate, lb/sec

corrected airflow rate, lb/sec

engine fuel flow rate, Ib/hr

amplitude of disturbance

distance along duct, positive downstream, ft

distance from beginning of gust in equation (1), ft

normal shock station, positive downstream, ft

angle of attack, deg

parameter in equations (5) to (9)

angle of sideslip, deg

change in quantity



TAy, TM1, Ts,
T

Ve Tway
Td

TPt

TTy

T1toTyg

(o

Subscripts
BL

BY

angle between lower surface of wing and free stream in fig. 19, deg
ramp or cone half angle, deg

parameter defined by equation (7)

lip angle, rad

shock-wave angle, rad

wavelength, ft.

density, 1b/ ft3

complete rms amplitude

truncated rms amplitude

time constants defined by equations (B16), (B15), (Al), (B19),
and (B14), sec

duct dead time, sec

time constant defined by equation (B13) or (D32), sec
time constant defined by equation (C13) or (D33), sec
coefficients defined in Appendices B, C and D

power spectral density

spatial frequency, rad/ft

cutoff spatial frequency, rad/ft

frequency, rad/sec, 27f

cutoff frequency, rad/sec

bleed spillage

bypass spillage
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u, v, W

1to 11

27

derived from acceleration measurements, also drag in Cp
derived from acceleration measurements, equivalent airspeed
duct volume (see fig. 23), also see Cq and Cq' on page 3
external spillage

engine face

Helmholtz volume (see fig. 23)

installed

diffuser exit (see fig. 23)

local conditions ahead of inlet

inlet lip

shock

total or stagnation

throat

uninstalled

longitudinal, lateral and vertical components

downstream end of Helmholtz volume (see fig. 23)
atmospheric ambient, flight

fixed station just upstream of normal shock (see fig. 23)
fixed station just downstream of normal shock (see fig. 23)

subscripts denoting different members of a group, otherwise no
specific significance

static pressure at exit (see fig. 24)



ATMOSPHERIC TURBULENCE DATA

The objectives of this section are to summarize and evaluate available data on high-
altitude atmospheric turbulence. Over 280 references were located with the help of
Scientific and Technical Aerospace Reports, International Aerospace Abstracts, Techni-
cal Abstract Bulletin Indexes, U.S. Government Research and Development Reports
Indexes and refs. 3, 4, 5, and 6, These references exclude those concerned primarily
with meteorological aspects of turbulence. For the purposes of this study, only atmos-
pheric turbulence data for altitudes above 30 000 ft (9. 14 km) will be reported. The
NASA VGH program, initiated in the early 1930's to collect operational experiences of
commercial transport aircraft, has accumulated data from nearly 150 million flight miles,
of which only 2.5 million were recorded on turbojet transports mostly at the higher alti-
tudes. In more recent years the USAF has conducted a similar program. These data
have served as a basis for determining aircraft gust and maneuver loading requirements.

References 7 to 11 are proceedings of five recent conferences on atmospheric
turbulence.

Probability Of Atmospheric Turbulence

VGH data records, which are time traces of aircraft velocity, V, vertical accelera-
tion, G, and altitude, H, have been analysed by several organizations to determine the
portion of the flight distance (or time) that the aircraft encounters turbulence. Data from
refs. 12 to 23 are shown in figure 1 and/or Table I. The following factors should be con-
sidered in assessing these data:

1. Size of sample (see Table I). For example, data from ref. 13 should be more
reliable than that from ref. 12 because the sample includes nearly three times
the flight distance.

2. Turbulence avoidance procedures employed. The probability from ref. 15 is
high because the flights were made near thunderstorms. The probabilities from
refs. 14 and 18 are high because the HICAT U-2 aircraft deliberately flew into
areas of expected turbulence. For ferry flights the probability is about 0, 02,
Generally, standard commercial procedures of turbulence avoidance provide
the rnore realistic probabilities.

3. Aircraft speed and size. VGH data from a large high-speed aircraft, such as
the B-70 (ref. 17), in long wavelength turbulence would be classified as turbu-
lence whereas that from a small slow aircraft, such as the U~2, could be
classified as pilot maneuver. Moreover, Steiner in ref. 11 suggests that some
of the B-70 data classified as due to turbulence may be due to other sources,



such as the inlets. These conditions will result in the B~70 data showing a
higher probability of turbulence than the U-2 data.

4. Acceleration threshold (minimum acceleration level at which turbulence is
recorded). The Russian balloon radiosonde data (ref. 22 in figure 1) shows a
high probability because of the relatively low threshold used compared to air-
plane data from other references. Reference 20 shows a low probability be-
cause of the relatively large (0.2g) threshold used.

5. Terrain, Probabilities obtained over rough terrain, e.g. Japan (see refs, 12
and 13) and the western United States (ref. 17), are expected to be high com-
pared to probabilities over plains or oceans. Since the probabilities listed in
Table I are for flights over various types of terrain, they would generally be
higher than would be experienced for flights over oceans only. Variation of pro-
bability with location and season over the United States is shown in ref. 21.

Based on the data presented in figure 1 and Table I, the probability of atmospheric
turbulence varies from roughly 0.01 to 0.15 above 30 000 ft. That the range is quite
large at any altitude suggests the difficulty of obtaining meaningful statistical data.
However, even the lowest (0. 01) probability of encountering turbulence is significant
and warrants development of an atmospheric gust criteria for supersonic inlet design.

Discrete Gust Model

The amplitude of the turbulence is as important as the probability of turbulence for
selecting the design operating condition of the inlet. An increased amplitude requires
that the inlet performance be reduced by increasing the design transient tolerance in
order to prevent an unstart. Relations between gust probability and amplitude have been
derived from measured VGH data. The gust amplitude is derived from acceleration
measurements by assuming that each acceleration peak is produced by a discrete gust of
known shape.

The magnitudes of the discrete acceleration peaks from the VGH records may be
counted. The results are plotted typically as the logarithm of the cumulative frequency
per flight mile against incremental vertical acceleration (e.g., s€€ ref. 19). These
acceleration peaks are related linearly to a derived equivalent gust velocity Upk by an
equation which includes as parameters the slope of the lift curve, aircraft equivalent
airspeed, wing loading and a gust factor which depends on the airplane mass ratio. The
equation was derived in ref. 24 by assuming that the acceleration peak is produced by
a single vertical discrete gust defined by the equation

UDE 21X \
w T c—— - [ —— (1)
DE ) <1 %% 7350 )




where X is the distance from the beginning of the gust (0 = X <25 C)and Cis the

mean aircraft wing chord. This gust shape is shown in the top of figure 2. The number
of times per flight mile that a given value of vertical acceleration is exceeded is read
from VGH records. The value of Upf corresponding to this acceleration is computed
and the frequency (times per mile) is plotted against Upg. Some high-altitude data
from ref. 13 are shown in figure 3. In this figure the derived equivalent gust velocity
UpEg normally used as the abscissa has been converted to a derived true gust velocity
and then to a derived gust Mach number by dividing by the standard altitude speed of
gound. This data, like most published data, is concave to the right. Because of the
assumptions inherent in the use of a single discrete gust of arbitrary shape, values of
derived gust velocity have little relation to the maximum true velocity producing the
acceleration peak. For example, the maximum derived gust velocity recorded during
the National Severe Storms Project in 1960 was 50 fps but the maximum true vertical
gust was 208 fps. The reason for the discrepancy is that the wavelength of the actual
gust was larger than 25 chords and therefore it produced a relatively small acceleration.
The amplitude of the true gust will differ from that of a derived gust because the wave-
length and aircraft response used for the derived gust calculation are not correct.

In spite of the shortcomings of the concept of derived gust velocity, it is still being
used for structural design purposes. Specifications for the military (ref. 25), the
American SST (ref. 26) and the Anglo-French SST (ref.27) at cruise speed were con-
verted into terms of derived gust Mach number and are plotted in figure 4. In America,
for subsonic aircraft the specification derived equivalent gust velocity at a speed for
maximum gust loads is 66 fps up to an altitude of 20 000 ft and decreases linearly with
altitude above 20 000 ft to 38 fps at 50 000 ft altitude. For supersonic cruise speeds
(ref. 26), the specification derived true gust velocity is 82,2 fps above 20 000 ft, Inlet
upstarts can occur only at high Mach numbers which are achieved at altitudes above
about 50 000 ft. NASA has obtained nearly 10 million miles of VGH data from turbojet-
and turboprop-powered commercial aircraft. From this large sample they estimate
that a UDE of 66 fps would be exceeded once in 2.78 million nautical miles if normal
storm avoidance procedures are employed. This distance reduces to only 1820 miles
if all the flying is in thunderstorms.

Power Spectral Density

The derived gust velocity data obtained with the discrete gust model discussed
above has several disadvantages. First, atmospheric turbulence does not consist of
discrete gusts but of a continuous variation as shown in the center of figure 2. Second,
gusts do not have a single wavelength dependent on the aircraft size but actually are a
continuous velocity variation which may be represented as the sum of many components
" each with a different wavelength, as suggested at the bottom of figure 2. Third, the
derived gust velocity bears little relation to the true gust velocity, as mentioned above.
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Fourth, only vertical and lateral gusts are considered and longitudinal gusts are not
considered. Fifth, as pointed out in ref. 13, the relatively high speed and large size
of an SST causes it to respond to disturbances with a longer wavelength than those af-
fecting the high-altitude gust data now available. Last, for an analysis of an inlet with
an inlet control, it is necessary to have data relating the gust amplitude to gust wave-
length in order to assess the capability of the inlet control to reduce the probability of
an unstart. For long wavelengths, and therefore low disturbance rates, the inlet con-
trol can reduce the transient disturbances in the inlet significantly, whereas for short
wavelengths a practicable inlet control cannot respond, and therefore cannot reduce the
transient disturbances in the inlet.

Because of these disadvantages of the discrete gust model, it is desirable to have
data which relate true amplitude of the vertical, lateral, and longitudinal gust compon-
ents to wavelength. Such data have been obtained with a few specially-instrumented
aircraft (e.g., see refs. 18 and 28) for wavelengths in the range 0.1 to 40 000 ft. The
short wavelength limit is determined by instrument response limitations and the long
wavelength limit is determined by instrument drift limitations and the size of the patch
of tutbulence. The data are reduced digitally and presented in the form of power spec-
tral density distributions, such as figure 5. The ratio of the square of the gust amplitude
to the spatial frequency bandwidth is plotted against spatial frequency, which is related to
wavelength as shown. For a given flight velocity the spatial frequency is also propor-
tional to the frequency w. The values of 01 indicate the severity of the turbulence. The
slope of the spectra at short wavelengths ranges from -1,2 to -3, (ref. 29). The theo-
retical slope is =5/3. It is believed that inherent inadequacies in the data reduction pro-
cedures used are responsible for the large variations of the slope obtained.

Several assumptions are usually made in deriving analytical equations for power spec-
tra. One is the assumption of homogeneity, that is, that the statistical properties of the
turbulence do not change with translation of the coordinate axes on which measurement is
based. This assumption is limited to small translations since a typical patch of turbulent
air is a few thousand feet thick and about 10 miles across. The assumption of isotropy
requires that the statistical properties be invariant with rotation of the axes. This assum-
ption is good at short wavelengths but may not be good at long wavelengths such as occur
in mountain waves, for example. Equations for five families of power spectra which
satisfy these two assumptions are presented in Table II. The variables are the com-
plete rms amplitude oy or Ow, the scale of turbulence L, and the spatial frequency Q.
Useful relationships between the various parameters are indicated in the notes under
Table II. The Von Karman and Dryden spectra represent special cases of the Taylor-
Bullen spectra. The Von Karman spectra have the advantage of having the theoretical
slope at large frequency and the Dryden spectra have the advantage of a simpler mathe-
matical form. Both spectra are commonly used. The case 6 spectra represent a modi-
fication of the Dryden spectra which have a finite value of G, (see page 12).
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The case 2 spectra have a less sharp knee than the others. The latter two spectra have
not been used except in reference 30. Normalized spectra for the last four families are
plotted in figures 6 and 7. The normalized spectra have a corner at a referred frequen-
cy of 0.5 for the longitudinal component and of 1. 0 for the vertical and lateral components.
Other equations for vertical spectra which are contained in the literature do not satisfy
the assumptions of homogeneity and isotropy.

Two integrals of the spectra are of interest (e.g., see ref. 31). The complete
rms amplitude is defined by the integral

o0

o = [[o@de = [[fp()de (@)

indicates the contribution to ¢ up to a finite cutoff spatial frequency Q¢. The quantity
1- (©1/¢ ) is plotted in figures 8 and 9 by lines sloping down to the right. As the plots
indicate, the truncated rms amplitude o7 will equal 99% of the complete rms amplitude
o for all referred frequencies of 100 radians or more,

The number of times that the increasing gust velocity crosses zero per unit flight

distance is
f 92®(Q)d9
0= e
: Q
m 0 0 (Q)

As with o, truncated values of G may be obtained by integrating from 0 to Q¢ rather

than from 0 to « in equation (3). Values of the truncated Gy are plotted in figures 8

and 9 by lines sloping up to the right. Examination of equation (3) shows that G, approaches
infinity asQ¢ increases unless the slope of O is greater than -2 as Q becomes large. Of

the spectral families shown in Table II, only the Taylor-Bullen family withn > 1/2 or

the case 6 family have the large slope and, therefore, a finite value of Gy. For the
longitudinal case 6 spectra,

NoL < (1+c2)\/2c -1

2
v 27 C

GoL =
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and for the vertical and lateral spectra,

NoL _ (e 2yJ/ac-2

\Y

GoL =
2m C2

With C = 50, as suggested in ref. 30, these maximum values of GoL are 1.584 and 2. 240,
respectively. Usually the problem of an infinite value of G with the other spectra is
resolved by reducing the upper limit of the integrals in equation (3). Certainly the inte~
gration should not be carried to wavelengths less than some significant dimension such
as the wing chord or the inlet diameter. For aircraft structural calculations the upper
frequency limit used is about 10 Hz (cps). Dr. Houbolt has suggested that the upper
frequency limit be that for which the truncated 0 is 95% of o .

Several reports use the concept of power spectral density to relate aircraft vertical
acceleration to a vertical gust environment. These reports present exceedance models
of the atmospheric turbulence environment which fit the observed aircraft loads experi-
ence. That is, the models predict the frequency at which an aircraft load, or any simi-
lar parameter, is exceeded. The model is expressed in terms of 1, 2 or 3 probabilities
of encountering turbulence P and the corresponding rms amplitudes b. Thus, statistic-
ally, aircraft loads experience is considered to be the sum of up to four patches. The
first patch has insignificant turbulence. In the second patch, representing Py of the
flight distance, the aircraft encounters turbulence with an rms amplitude of bj. In the
third patch, representing a smaller portion Po of the flight distance, the aircraft en-
counters more severe turbulence with an rms amplitude of bp. For this model the num-
ber of times a disturbance amplitude X is exceeded per unit time is given by the equa-
tion

X X X

b.A b_A T b.A
+P3e 3

1 2

N:N()(Ple + P_e 4)

where N and A are computed by integrating the power spectral density of the output
disturbance (see page 42). The values of the P's and b's are determined by curve
fitting plots of cumulative frequency of gust velocity (e.g., see ref. 24). In the earlier
literature, e.g. ref. 32, the terms "clear-air' and "storm' are used to designate the
patches associated with P; and Pa. In order to avoid any implication of the absence or
presence of clouds, the terms "primary'', '"secondary', and ''tertiary' are employed
here to designate the three terms used to fit loads experience data. Values for the P's
and b's from 13 references are collected in Table III and figures 10 to 13. In figures
12 and 13 the b's are expressed in units of Mach number obtained by dividing the b's in
Table III by the standard atmosphere speed of sound ag shown at the bottom of Table III.
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Examination of Table III shows that most of the references were written in a 2 1/2-
year period. Since little new high-altitude loads data became available during this
period, differences between the models are due mainly to the individual author's inter-
pretation of the available data and approach to {fitting the data. For example, Firebaugh
(ref. 43) keeps by constant and uses a large variation in the scale of turbulence L to fit
the data. Dr. Houbolt (ref. 42) uses a single probability which is greater for day than
night, lets the rms amplitude b depend on L, and uses different exceedance models than
the other authors (see page 15). Austin in ref. 41 repeats the values from ref. 35
except at low altitudes. Each model is associated with a specific power spectral density
family. Based largely on a discussion with Dr. Houbolt the following comments are
made:

1. Values of P in the models of atmospheric turbulence are quite accurate. Dr.
Houbolt, in ref. 42, shows that errors in P have little effect on the frequency
of load exceedance. Therefore, by analogy, the small errors in P have a small
effect on the computed frequency of inlet unstarts.

2. Values of b in the models of atmospheric turbulence are inaccurate. Dr.
Houbolt, in ref. 42, shows that errors in b have a large effect on the frequency
of load exceedance. Therefore, the errors in b have a large effect on the com-
puted frequency of inlet unstarts.

3. The Von Karman family (see Table II) is the best spectral family to use., At
long wavelengths, in what is called the inertial subrange, the slope of the Von
Karman spectra is the theoretical slope of ~5/3. This range of wavelengths
is of most interest in a study of the frequency of inlet unstarts. At very short
wavelengths, less than about 1 cm, ¢ should vary as Q =7 because of viscous
effects. However these extreme wavelengths are too small to be of interest.
At the other extreme of very large wavelengths, in the buoyant subrange, the
Von Karman spectra are nearly constant whereas theoretical slopes of -11/5
and -3 have been proposed. However, extremely long wavelengths are not of
concern because of the finite size of turbulence patches and because distur-
bances with a long wavelength present no real problem to an inlet control.

4. The value of b should vary as the cube root of L.

5. The numerical filtering procedure used to compute the power spectral density,
and the length of the turbulence patch, affect the computed value of the scale
of turbulence L. Dr. Houbolt recommends L = 1000 to 2000 ft,

6. Considering ref. 42, for high altitudes Dr. Houbolt prefers case "j'" with o =8

to 9. A second choice is case "'m'" with @ =0.002 to 0,005 and a third choice
is case k" with «a=0,0005.
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For his case "j",

-JL+ €X/bA

N = PNOe X< abA/‘/]. +€ (5)
o
o
or N = PNy < b A ) X 2 ¥bA//1 +€ (6)
ey1+ €X
a+ 2 -
where €= 55 © (7)
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Jits.25uX
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The four exceedance models are shown in figure 14, Curvature in the straight
line for case "a'" can be introduced by including secondary and tertiary turbu-

lence in equation (4).

7. The best model of high-altitude atmospheric turbulence probably is provided by
refs. 35 and 41, although it is believed to be conservative by AFFDL personnel.

Atmospheric Temperature Gradients

Changes in ambient temperature as well as gusts present a disturbance to a super-
sonic aircraft, as shown by equation (12) developed on page 20. Although an examination
of temperature transients is not included in the work statement of the contract under
which this report was prepared, some data has been collected and is presented here,

Equation (12) shows that the change in flight Mach number is proportional to the pro-
duct of flight Mach number and ambient temperature change. Therefore, ambient tem-
perature changes produce a larger effect on a high-speed aircraft, such as an SST, than
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on subsonic aircraft. Analysis of data from thirteen cases from references 18 and 44
showed that the Mach number change resulted from the addition of temperature and longi-
tudinal gust effects in nine cases and the difference in four cases. The case sample size
is too small to predict the percentage of time the temperature change would produce a
significant change in flight Mach number. It is interesting to note that for a flight Mach
number of 2.7 the effect of temperature change on flight Mach number exceeded that of
the longitudinal gust in several cases.

The severity of the flight Mach number change due to an ambient temperature change
depends on both the magnitude of the temperature change and the distance along the flight
path in which the temperature change occurs. A large temperature change over a short
distance will increase the requirements of the inlet control. Some available data on
the relationship between horizontal distance and ambient temperature change are shown
in figure 15. The circles show data obtained over storms at 45 000 ft altitude by the
National Severe Storms Laboratory. The squares show data presented by the Canadian
National Aeronautical Establishment for a flight at 39 000 ft altitude in a mountain wave
over the Sierras. Data from several flights of the HICAT aircraft showing large temper-
ature changes are shown by triangles. The two diamonds represent data from a British
research aircraft in standing-wave conditions over the Sierra Nevadas. The quarter-
circle symbols come from B-70 data and the half-circle symbols from U-2 data, both at
60 000 ft. The line comes from the airworthiness standards for the Concorde and repre-
sents the best advice available at the time it was prepared. To illustrate the importance
of the temperature changes shown, a change in ambient temperature of 12° F will change
the Mach number of a Mach 2.7 aircraft by 0.075 units. The same Mach number change
requires a gust of 73 fps true air speed. This is a severe gust which is encountered very
infrequently.

HICAT Program

Table I shows that all the atmospheric turbulence data for altitudes over 45 000 ft
were obtained by U-2 and B-70 aircraft. By far the largest sample was obtained by
NASA U-2 aircraft with a VGH recorder or by a WU-2 aircraft for the HICAT program
supported by the AFFDL., The latter aircraft was extensively instrumented to measure
total temperature, airspeed, true gust velocities and altitude (see refs. 14, 18 and 28).
The HICAT flight program terminated in Feb. 1968 and a final report is scheduled to be
published.

The objective of the HICAT program "is to determine the statistical characteristics
of high altitude CAT so as to improve structural design criteria.' Because of the pur-
pose and because of instrumentation limitations, the reported HICAT data has several
shortcomings when application to predicting inlet unstarts is considered.
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Two Lockheed vane sensors with a high natural frequency were used to sense ver-
tical and lateral components of gusts relative to the aircraft. The longitudinal compon-
ent was sensed by a dynamic pressure transducer connected to the nose pitot-static boom.
Absolute gust velocities were determined by adding the absolute aircraft velocities pro-
vided by an inertial platform to the relative velocities. The maximum wavelength at
which power spectra can be presented is limited to roughly 40 000 ft by drift of the plat-
form with time and by the size of the turbulence patches, The minimum wavelength of
roughly 200 ft is limited by the response of the instrumentation and by a cutoff frequency
of 1 to 5 hertz used to process the raw data. An examination of the published instrumen-
tation characteristics showed that the response of the total temperature sensor may be
unsatisfactory. According to ref. 18, the total temperature probe "has a frequency res-
ponse which is flat within 1 percent to about 5.7 Hz'". But in ref., 49, the authors state
that "it does not adequately follow changes of temperature whose frequencies are greater
than one cycle/sec." Reference 51 presents data on time constants for the sensor. The
longer time constant, associated with the support structure, is about 2.5 sec and the
shorter time constant, associated with the sensing element, is about 0.03 sec. There-
fore, significant errors occur at frequencies over 0.06 Hz. Mr. Boone, of AFFDL, was
contacted regarding this discrepancy but he was unable to resolve the problem at the time
this report was written. However, it is believed that the response of the total tempera-~
ture sensor may be inadequate to permit the cross-correlation function between ambient
static temperature and longitudinal gust velocity being calculated with meaningful preci-
sion. Also, the accuracy of some of the temperature gradient data presented in figure
15 is suspect over short distances.

Because the atmospheric turbulence data required to predict loads or inlet unstart
experience is statistical rather than deterministic, many flight hours are required to
obtain significant results. The HICAT program did not reach a significant level of flight
hours and is especially deficient in presenting the effects of terrain on turbulence.
Effects of terrain on P and b can be found in ref. 49.

Summary

The available data on the random vertical turbulence environment at high altitudes is
very limited. Because it uses the Von Karman power spectrum and because it is the re-
sult of the most comprehensive analysis of the data, the definition of this environment in
ref. 35 is believed to be the best available. The assumption of isotropy is required to
obtain comparable definitions for longitudinal and lateral turbulence. Longitudinal tem-
perature gradients have been measured and can contribute significantly to changes in
flight Mach number.
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Several references present specifications for disturbances applicable to a super-
sonic aircraft. From four of these references the rate of change of flight Mach number
and the amplitude of the Mach number change were computed and are plotted in figure 16.
The relation between these two parameters for longitudinal gusts with a Von Karman
spectrum, L = 2500 ft, a band width of 1 Hz, and o, = 48 fps, is shown by the dashed
curve. The larger rates of change shown are generally associated with smaller changes
in flight Mach number. Therefore the envelope of the disturbances shown represents
roughly a constant transient error. Vertical gusts are considered in figure 17 for changes
in angle of attack. The word "draught" is used in ref. 49 to refer to a quasi-steady ver-
tical wind shear with a true velocity of up to +200 fps and a width of 1000 to 20 000 ft.
The disturbances in the Boeing AIC specification (ref. 53) appear to be conservative with
the exception of an ambient temperature change shown in figure 16.

ANALYTICAL INLET MODEL

An analytical inlet model is required to relate changes in the inlet performance to
the imposed upstream atmospheric disturbances. This model must give the time-depen-
dent change in throat Mach number and in shock pos ition due to changes in free-stream
conditions (flight velocity, angles of attack and sideslip, ambient pressure and tempera-
ture), inlet geometry (spike position, throat area), and diffuser exit flow (bypass and
engine corrected airflows). Existing inlet models (e.g., ref. 54) are not complete
enough to be used here. Among the omissions are no model of change in flow conditions
ahead of inlet due to changes in free-stream conditions, no linear model of change in
inlet throat flow conditions due to changes in flow conditions ahead of inlet and in inlet
geometry, and model not linearized. Therefore, the necessary analytical inlet models
are developed in this section. An overall schematic of the inlet model is presented in
figure 18. The blocks shown for the throat Mach number and shock position controls
include the signal gain and pneumatic transmission line dynamics as well as the control
gains and dynamics.

For convenience, the model is divided into three groups:

1. A model which relates changes in local flow conditions ahead of the inlet to
changes in free-stream conditions (three components of a gust, ambient
temperature and pressure).

2. A modcl which relates changes in inlet throat flow conditions to changes in
local flow conditions and inlet geometry.

3. Four models, of varying complexity, which relate transient and steady-state
changes in normal shock position to transient and steady-state changes in
throat flow, throat area and exit corrected airflow.
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These three groups are represented by the three large blocks in figure 18 and are dis-
cussed in the following three subsections. The third subsection includes a comparison
of four models of normal shock position with each other and with digital method-of-
characteristics calculations for a representative inlet configuration. A fourth subsection
presents a discussion of the affects of changes in throat Mach number and shock position
on the installed performance of a propulsion system.

The following assumptions are made:
1. Air is a perfect gas with a ratio of specific heats equal to 1.4.

2. Small disturbances from an average steady-state condition occur. Therefore,
the flow equations may be linearized.

3. The effects of viscosity are not included explicitly. Therefore, the normal
shock inside the diffuser has zero thickness and there is no steady-state loss
in total pressure downstream of the normal shock.

4. The flow at each station inside the inlet is uniform across the inlet flow area
and is a function of time only.

5. Internal bleed flows near the normal shock are not included explicitly in the
models for the normal shock position, although only a simple modification
would be required to include the effects of bleed.

Analytical Model of Local Conditions Ahead of Inlet

The purpose of this section is to derive and present equations for changes in the
local flow upstream of the inlet due to changes in ambient atmospheric conditions. The
changes in local flow conditions (APy1,, ATy, AMy, and flow angle) are used as dis-
turbances for the analytical model of the flow at the inlet throat, page 21. The changes
in ambient conditions are temperature AT, pressure APg, and the three gust compon-
ents u, v, and w.

Changes in the local flow total pressure and temperature are given by the following

two equations: AP
APtL ) APO . RL . 1.4 MO A 0
P P P 2 0
0
tL RL 1 +0.2M0
ATtL AT, 0.4 MO A )
= + (
0
TtL T0 1 +0.2M0
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The APR1,/PRL term allows for any change in total pressure recovery between the
free stream and the local flow ahead of the inlet due to shock waves from the fuselage,
for example. The assumption is made that the aircraft absolute flight velocity is con-
stant for the short time intervals of interest. Therefore, the aircraft relative Mach
number changes are due to changes in ambient speed of sound (temperature) and in
relative velocity due to a longitudinal gust (u). Thus,

M AT
u 0 0
AM = — - (12)
0
ao 2 T0

where a positive longitudinal gust is rearwards.

An analytical model for the change in local Mach number is dependent on the air-
craft configuration. The input disturbances are A Mg from equation (12), the vertical
gust component w and the lateral gust component v. The following equation defines the
three coefficients K;, Ky and Ky:

+ K —~ +K —& (13)
v a w a

AM. = K AM
u
0 0

L 0

A vertical gust velocvivty w changes M7, by the same amount as an increase in aircraft
angle of attack of §ra - Likewise, a lateral gust produces an angle of sideslip of

A . Therefore, the three coefficients Ky, Ky and Ky may be calculated by determin-
l&@—%he effects on Mj, of changes in flight Mach number, angle of sideslip and angle of
attack, respectively. The values of these coefficients are dependent on the aircraft
configuration. If the inlet is underneath an unswept wing whose lower surface is flat,
the equations for oblique shock waves in ref. 55 may be used to calculate K, and Ky. A
graphical approach to determine the change in Mach number behind an oblique shock
wave due to a change in upstream Mach number and in shock deflection angle may be
used to calculate K, and Ky, respectively. Alternatively, the theory and equations in
ref. 56 may be adapted. The latter approach was used to calculate the values of K and
K plotted in figure 19. The value of 6 is the angle between the lower surface of the
wing and the free stream. For other aircraft geometries, with the inlet not in the shadow
of an unswept wing, the values of Ky and Ky, will vary from those shown in figure 19.
However, it is expected that Ky will remain near unity. Ingeneral, it is expected that Ky
is small.

As discussed on page 11, atmospheric turbulence is generally considered to be iso-
tropic. That is, the rms amplitudes of the three components (0y, Oy and oy;) are equal
Also, all directions for the gust have equal probability, For this case, considering only
gusts and not temperature changes, the rms amplitude of the change in local Mach num-
ber is



AM, = (14)

where b is the rms amplitude of the gusts. The above equation (14) applies to a time
average whereas equations (10) to (13) apply at any instant of time. The rms vertical
gust components b reported in the literature (see Table III) equal bo/ \/3—

No attempt is made to derive a general model for the change in local flow angle be-
cause any model is very dependent on the aircraft geometry.

Analytical Model of Flow at Inlet Throat

The purpose of this section is to derive equations for changes in the flow conditions
at the inlet throat due to changes in local flow upstream of the inlet. The changes in
inlet throat flow (APtth, ATtth’ and AMgp ) of interest are the upstream disturbances
for the analytical models of normal shock position presented on page 24. The input
disturbances of AP;1,, AT¢,, AM[ and local flow angle ahead of the inlet are presented
in the preceding section.

The fact that the flow from upstream of the inlet to the throat is supersonic justi-
fies exclusion of any internal dynamic effects in the analysis. Any dead time would be
very small and would only be considered if the inlet control senses local flow conditions.
The assumption that dynamic effects may be neglected permits using the steady-state
flow equation. Therefore,

Pt1 = Pyp = Pry Pt = PRy, PRL Pro (15)

TtL (16)

1t
I

and Tt1 Ttih

where the factor PRryy accounts for losses in total pressure from ahead of the inlet to
the throat. Locations of Py and Tyq are presented in figure 23.

The steady-state continuity equation between the local and throat flows is

M P M Pt
Wg AL L - th _ A th th
‘ (1+0.2 Mp?) /TtL (1+0.2 My2)3 /Tp,
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The following equation for the change in throat Mach number is obtained by differentiating
equation (17) and substituting equations (15) and (16):

2

~ - +

WR 0A PRaO A A 2y

R 9Ath Rip© Ath th M (1+0.2M, )

o PR
OWR _ _ th AMy, | (18)
WpRr 8 My, PRp @ ML
Mth (1 + 0.2 Mthz)

where i = 19)

1 - Mg,2

The AAf,/Af, term allows for a change in the geometric inlet lip area; for most inlets
this term is zero. The next term allows for changes in relative airflow due to changes
in external geometry associated with a change in throat area, such as for a translating-
spike inlet. The two terms with partial derivatives of PRy, are generally small com-
pared to the other terms in the brackets. The factor fip is plotted in figure 20. It
becomes large and varies rapidly as Mgy approaches unity. An equation for the average
value of fij between Mth = M and Mty = Mih is obtained by integrating equation (19):

Mth - M
fin = th (20)

1+0.2 M2)3
In Mth ( )
M (1 +0.2 Mp2)°

Average values of fth for M = 1.0 and 1.3 are shown by dashed lines in figure 20. Use
of an average fth usually will provide acceptable accuracy.

The 8WR/WR 8Mj, term allows for the change in supercritical relative airflow
with local Mach number for a fixed inlet geometry. For a two-dimensional wedge inlet
an exact analytical solution may be obtained. Consideration of the inlet geometry leads
to the following equation for relative airflow

WR Al cot Gl -cot)

R = Al - cot O -coté (21)

where the terms are defined in the following sketch.
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Upon differentiation, with constant é and Gl

9 WR
W_R89w cot 6, -cot (6 -6) (22)

An equation for aow/a My, was obtained from ref. 56 and, therefore,

oWR B 4 tané (cotfy + tand)

. 2 .
WR sMy, ML, sin 26, (ML (cos 20 +tand sin 20 )+ csczew ) (’camf)W - tané)

(23)

This equation has been evaluated numerically for several wedge angles and the results
are shown in the lower part of figure 21. One should note that the lip angle 6/ is not
involved. For an axially-symmetric conical inlet an analytical solution is not available.
Hartsell presents the following equation in ref. 57 which he states is valid

20p - 2
W = cot4 U f - cot“s (24)
COtzOW - cot2s

for 6>10° and My, >1.5. Upon differentiation, one obtains

dWR B - 2 cos fy 90 (25)
WRr oML sin36w (cot25 - cot? 6.,) oM,

Several approximate equations for 6y were found in the literature. However, the best
results are obtained by using tabulated values of 6y and 96y/8My, in refs. 58 and 59.
These values were used to compute the results plotted in the upper part of figure 21.
Also, the relative airflow was plotted against M1, from computations described in ref.
60 and the slope determined. Somewhat different values of 9WR/WR 8 My, were ob-
tained which, unlike those shown in figure 21, depend on the lip angle 6/ . However the
curves in figure 21 should be adequate. More precise values of SWR/WR &My, may be
obtained for a given geometry by plotting theoretical values of WR from refs. 60 and 61.
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The effect of local or free-stream flow direction on the throat Mach number is not
as amenable to a theoretical analysis because internal flow distortion is so significant
a factor. Therefore experimental data on axially-symmetric inlets with internal com-
pression are used from refs. 62 to 68. In these references, the inlet unstart spike
position is plotted against Mach number at zero angle of attack and against angle of
attack at several local Mach numbers. Data at ML = 2. 0, 2.5 and 3.0 were selected
for use in this report.

From these data the inlet unstart events are plotted as functions of local Mach
number and angle of attack in figure 22 for different spike positions. Symbols corre-
sponding to different spike positions for one My, and one reference are joined. For
each spike position, either increasing the inlet angle of attack to the abscissa value
or reducing the local Mach number to the ordinate value will cause an unstart. Thus,
these two changes, one in local flow direction and one in local Mach number, produce
the same decrease in throat Mach number. This decrease in throat Mach number
is related to the decrease in local Mach number by equation (18). With the aid of
figure 22, therefore, it is possible to relate the decrease in throat Mach number due
to local flow angle. For example, at My, = 3.0, let AMth = 1.8 AMT, according to
equation (18). From figure 22, with M1, = 3.0, the average slope of the lines is roughly
-0.08 AMT1,/ deg. Therefore, AMth = 1.8 (-0.08) Aa = -0.14 A aor, in words, a one-
degree increase in local flow angle reduces the minimum throat Mach by 0.14 units.
Inspection of figure 22 shows that the slope of the lines increases with local Mach num-
bers. Therefore, the change of throat Mach number with flow angle increases with
local Mach number. V

The change in Mach number ahead of the shock AM] required in the next section
may be obtained from equation (18) by simply replacing the subscript ''th" by "1'".
Thus, in equation (19) My is used in place of M.

Analytical Models of Normal Shock Position

The third group of models is one which predicts the change in normal shock posi-
tion due to various upstream disturbances at the inlet throat or downstream disturbances
at the exit. The upstream disturbances considered are changes in total pressure, total
temperature, duct area (due to action of an inlet control), and Mach number. The down-
stream disturbances are changes in either exit Mach number or corrected airflow,
Corrected airflow is a function of Mach number for a given area. If this functional
relation

We 85.384 AM

(1+0.2M2)3



is differentiated, the following relation between these two downstream disturbances is
obtained:
Mj (1+0.2M;%) AW
AN = (26)

1- 1\11 \Vci

The substitution implied by this equation may be made into the equations (32), (33),
(34), (35) and (D14) for the four models of normal shock position.

The first task is to derive equations for the change in selected flow parameters at
a fixed station downstream of the shock (subscript "'2") caused by changes in flow para-
meters at a fixed station upstream of the shock (subscript '"1'"), a displacement of the
shock, or change in shock velocity, For convenience, the two fixed stations are consid-
ered to be separated by an insignificant distance. The two stations are fixed relative to
the inlet, not the normal shock. If the shock is displaced downstream of station '"2" the
actual flow there changes from subsonic to supersonic, The properties of a fictitious
subsonic flow at station "2'" are obtained by using the theoretical stream-tube-area
relations in ref, 55 and the flow properties at any station behind the shock, This ficti-
tious subsonic flow at station ""2'" is consistent with that existing downstream of the
shock if the shock were not present between the two stations.

Equations for the change in downstream flow parameters due to a change in up-
stream Mach number M; are obtained by differentiating the relations for a normal
shock with respect to Mj. Thus, for M2, Ma2 = (M12 + 5)/(7TM12 - 1) and

M 36
aMg = M2 ANy -l M1 AM1

oM Mi2+5 (TM32-1)15

The other flow parameters are treated similarly. The coefficients, which are func-
tions of Mj, are shown in column (j = 4) of Table IV. The coefficients for the other
three upstream parameters (Pt1, Tt1 and Aj) are shown in columns j =1, 2 and 3.

Equations for the change in downstream flow parameters due to a change in shock
position are derived in the following manner. Differentiating the stream-tube-area
relations in ref. 55 produces the following equation relating Mach number gradient to
duct area gradient:

dM M @1+0.2M2) dA

ar _ (27)
ax 1 - 2 AdX

]
(9]



This equation, with M = Mj, is used to determine the change in the Mach number
upstream of the shock due to the shock displacement AXg. The changes in downstream
flow parameters behind the shock because of the change in upstream Mach number are
computed by the procedure described in the preceding paragraph. The change in static
pressure Py and Mach number Mg at the fixed station are computed by theoretical extra-
polation forward using M = M2 in equation (27). The resulting terms are shown in one
column (j = 5) of Table IV.

Equations for the change in downstream flow parameters due to shock velocity are
derived in ref. 69 by differentiating the normal shock relations in terms of an upstream
relative Mach number. This Mach number is the difference between the absolute up-
stream Mach number M1 and a dimensionless shock velocity Ug/a]. By an appropriate
change of coordinates between a system moving with the shock and a fixed system (e.g.,
see refs. 54 and 69) the terms in column (j = 6) of Table IV are obtained.

A matrix of equations for the changes in seven downstream flow parameters is pre-
sented in Table IV. The downstream flow parameters are listed in the first column and
the terms associated with the six quantities which mayv change are listed in the next six
columns. As an example, consider changes in downstream corrected airflow. This
is the fifth downstream flow parameter and the equation is on the line labeled i=5. It
may be written as

AWe  AAj 30 (M12 - 1) JRYI (M12 - 1) dA Ak s
— = - AdX TS
Ve AL 6y g2 - 1) (M2 + 5) TM12 - 1
(M12 - 1) (TM12 + 5) Us

(28)

M; (TM12 - 1) V1 +0.2M2 Pt

Downstream corrected airflow is independent of upstream Py] and Tt} (as shown by the
coefficient "0.0" in Table IV) and increases with increasing duct area A1, decreasing
upstream Mach number M;, downstream shock displacement AXg (if dA/AdX>0) and
downstream shock velocity Ug. For convenience, the Mach number functions in Table
IV are denoted by Cij’ where i and j represent the line and column in Table IV. Thus,
equation (28) may be written as

AWcy  AAg da

Weo - A1 - C54 AM1 + Cs5 AdX

U
AXg + Csg ’a}i (29)

With the exception of C14 for M1 < 1.484, all Cjj are positive functions of Mj.
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A useful result which can be obtained easily from the equations in Table IV is a set
of equations for the steady-state displacement of the normal shock due to several dis-
turbances. As an example, consider that the upstream Mach number Mj and duct area
Aj are constant, i.e., AMj = AA; = 0. For steady-state disturbances Ug = 0. There-
fore, by rearranging equation (28), the following equation for the steady-state shock
displacement due to a change in downstream corrected airflow is obtained:

™12 -1 AdX AWes

AXS - dA Wcz

7 (M12 - 1)

One may note that Awcj/Wei = Awgo/Weo. This equation and five others are collected

in Table V. The first three equations apply to changes in three downstream flow para-
meters with constant upstream conditions, and the last three equations apply to changes
in upstream conditions with constant downstream corrected airflow. For coordinated
changes in duct area and upstream Mach number at constant airflow which would be pro=
duced by a throat Mach number control, the bottom equation shows that the normal
shock remains at a constant duct area.

The second task is to derive four equations, representing four models, for the
transient displacement of the normal shock due to transient changes in diffuser exit
corrected airflow or Mach number, upstream total pressure or temperature, upstream
Mach number and duct area near the shock. The nomenclature used for these four ana-
lytical models of normal shock position is illustrated in figure 23. Many of the quanti-
ties shown are not required for the simpler models. The discussion of the models is
arranged in order to the complexity of the model, starting with the simplest. Detailed
derivations of these four models are contained in Appendices A through D. Equations
for the time-dependent change in shock position are expressed in Laplace notation.
Readers who are not familiar with the Laplace operator S may think of it as the operator
for the time derivative. Thus, the shock velocity Ug may be written as SAXg. The
steady-state shock displacement is obtained by setting S = 0.

First analytical model of shock position. - It is shown in ref. 70 that a first-order
lag relation for shock position results from the assumption that the disturbance is a
linear function of shock position and of shock velocity. This assumption is made in the
analysis leading to the equations shown in Tables IV and V. Therefore, these equations
are used to derive a first-order lag relation for shock position in Appendix A.

If a step change in a downstream flow parameter is imposed, a step change in shock
velocity must occur to balance the disturbance. This shock velocity can be predicted
by using the coefficient shown in the right-hand column (j = 6) of Table IV on the appro-
priate line, depending on the flow parameter disturbed. At a much later time, the
shock reaches an equilibrium stationary position, and the steady-state displacement
can be predicted by using the preceding coefficient (j = 5) on the same line of Table IV
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or by using the appropriate equation in Table V. For any time, the shock displacement
can be represented by a first-order lag relationship involving a gain (steady-state dis-
placement) and a shock time constant. This time constant is the ratio of the last two
coefficients in the equation shown in Table IV. For example, for a disturbance in
either downstream corrected airflow (i = 5) or Mach number (i = 6) the time constant is

or Tg = — (31)

The steady-state displacements are given by the equations in Table V. The following
equation for the shock displacement is derived in Appendix A:

Awe:
- 18 “Vei AAq

As = 1+ 758 63

where Tg is given by equation (31), Tq is a dead time introduced to account for the time
required for a sound wave to move upstream against the flow from the exit to the shock
wave, and the gains K are defined in Appendix A in terms of the Mach number My and
the duct area gradient at the shock dA/AdX. Equation (32) represents the first analyti-
cal model for shock position.

Second analytical model of shock position. - The first analytical model, expressed
by equation (32), is especially applicable to short inlets. For inlets with a long diffuser,
however, allowance should be made for the effect of changes in the mass of air stored
in the volume between the normal shock and the diffuser exit on the shock dynamics.

The change of this mass stored in the volume is proportional to the diffuser volume and
to changes in the stagnation density and average Mach number My in the volume (see
figure 23). The details of the analysis, which is based on that in ref. 69, are presented
in Appendix B. The following equation represents the second analytical model of shock
position:

- TdS Awgi
Kwe; (1 + TWciS)e wC-CI Kmp (1+ 7Mls)AM1 +
i
q AAy o APty ATH >
K 1+ 7 + -
Al ( Al ) Al Pt Ptl Ttl
AXg = 1 + TS + T,S2

(33)
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It differs from equation (32) of the first model by having a quadratic lag, by having

lead time constants in the Awg;, AM] and AA] terms, and by including a term propor-
tional to the rate of change of upstream total pressure and temperature. These changes
result from including a volume behind the shock. Equations for the coefficients are con-
tained in Appendix B.

Third analytical model of shock position. - Several analyses of supersonic inlets have
included the pressure differential required to accelerate the mass in the Helmholtz
volume (see fig. 23) behind the shock. Appendix C presents an analysis which intro-
duces the Helmholtz mass into the second model. The following equation for the
resulting third analytical model of shock position is derived:

chi(1 +TWciS)e o + KM1 1+7yS+ :2S )AM1 + KAl ( Al ) i
1
APyq AT
t1
tTp, S T S+ TgS)
t Py Tt1
AX = ' - (34)

2 3
+T S+T T
1 4S 5S + 6S
It differs from equation (33) of the second model by having a first-order plus a quadra-
tic lag, a quadratic lead in the AM; term and a lead in the AT¢; term. These changes

result from including the inertia of the air in a Helmholtz volume behind the shock.
Equations for the coefficients are contained in Appendix C.

Fourth analytical model of shock position.—A nonlinear representation of a supersonic
inlet is presented by North American Aviation in ref, 54. Both storage volume and
Helmholtz mass effects are included. An analytical model is derived in Appendix D by
linearizing the equations in ref. 54 for started inlet operation. This fourth analytical
model of shock position is expressed by the equation

- TS AWei 2

chi (1 +TVS)e d c(;l + KMl (1 +-rls +TZS ) ANII
a2 AAq APy
1 +TaS + T4S + T T "

+ KA 3 45%) Ay p, (1+75)S 5,

AT
T T t1
+ Tt 1+ 5S)S_T;1_

AX (35)
S

2 3.7 4
1+TGS+T7S *TSS + 9S
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It differs from equation (34) of the third model by having two quadratic lags, a quadratic
lead in the AA; term and a lead in the APy term, Equations for the coefficients are
contained in Appendix D. If one desires to evaluate changes in other aerodynamic
parameters, such as a pressure in the diffuser, equation (35) must be replaced by a

set of equations such as (D3), (D13), (D14) and (D15) in Appendix D.

Comparison of analytical models of shock position., - This subsection has three objec-
tives:

1. to illustrate the response of the shock wave to various sinusoidal disturbances.

2. to compare the predictions of the four analytical models of shock position with
each other.

3. to compare these predictions with calculations made by a method-of-character-
istics procedure.

The area distribution of the inlet configuration selected for the purpose of achieving
these objectives is presented in figure 24. The following values for the required para-
meters are used (in this section the dimensions of some parameters are not consistent
with those shown in the section SYMBOLS because distance along the duct is measured
in inches rather than feet):

X = 1,5 in.
Ms’l = 1,32
aq " 14 200 in./sec
dA .
X 0,008/in.
{ = 4in. 0
A = 0.634 1t
M = 0. 644
vZ = 36ft -in.
L = 35in.
Md = 0,334
M. = 0,25
and 7}d = 0,004 sec

For the first analytical model of shock position, equation (32) becomes

-0.0048 AW AAL
269. 3e —=CL 1 60.19 AM_ - 269.3 ——
Wei 1 Ay
AXs B 1+ 0.014118 (36)
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The product 269.3 Aw, /w ; may be replaced by 997.1 AM; as per equation (26) in
this and the following three equatmns The shock time constant is 0.01411 sec.

For the second analytical model, which includes the volume effect, equation (33) becomes

Aw
-0. 0048 __V;ﬂ + 60.19 (1-0. 00599S) AMl

269.3(1-0.000469S)e
ci

AAy (Aptl ATy
~269. 3(1+0. 0004695) +2.0098 -
1 P Ti1 )
AXS = 2 (6]
1+ 0.01393S + 0. 00003198

For the third analytical model, which includes the Helmholtz mass effect, equation (34)

becomes
Aw |

269.3(1-0.000469S)e’0' 0048 ——;‘1— + 60.19 (1-0. 005188 + 0.000006182)AM1
ci

Ady AP ATy

- 269.3(1 + 0. 000469S) A + 2,0098 - 2,053 S (1+0. 000159S) -

AXs _ 12 t1 t1

1+ 0.014758 + 0.0000490S8" + 0.0000000828 (38)

For the fourth analytical model, which is a linearized version of the North American
analysis, equation (35) becomes

Aw
-0, i 2
0.0048 — € +60.19(1+0. 001945-0. 00004128 ) AM,

269.3(1+0.007465)e
ci

269.3(1 0. 83 S . 998 T 2. . I

1 +0.001855) itk
(1 ¥0.001858) 37—

(39)

AX =
S 1 +0.026408 +0, 000212682 + 0. 000000415S3+0. 000000000238

Gains and phase lags were computed from the preceding four equations for sinu-

soidal disturbances in
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Diffuser-exit Mach number, AMi

Upstream Mach number, AMl

Upstream duct area, AA 1

Upstream total pressure, APtl

Upstream total temperature, AT

3] H~ o Do et
s . ° . o

t1

Bode plots showing the computed results are shown in figures 25 through 29 for freq-
uencies between 1 and 1000 rad/sec. The results for the four analytical models are
shown by the four sets of lines. In addition, calculations of shock position for four
frequencies from 5 to 30 Hz were made using a digital program (number H200) devel-
oped by Hamilton Standard. This program uses a method-of-characteristics method

at the nine stations downstream of the shock shown by circles in figure 24. The results
from this program are shown by the circles in figures 25 through 30 and are believed
to be the most accurate theoretical results available. Therefore, results from the
four models will be compared to the method-of-characteristics results,

For disturbances in diffuser exit Mach number (or corrected airflow) shown in
figure 25 the gain is nearly constant below 10 Hz. At higher frequencies the four models
give similar decreasing gains but the fourth (""linearized NAA'") model agrees best with
the circles. The two lines of phase angle for the "linearized NAA'" model indicate that a
dead time should be included, contrary to the recommendation of ref. 54. The results
for disturbances in upstream Mach number shown in figure 26 are similar. The fourth
model, shown by the solid lines, shows best agreement with the circles. Results for a
disturbance in area at the shock (or throat) are presented in figure 27. Again the gain
decreases with increasing frequency but the phase lag at low frequencies is 180° rather
than 0. No method-of-characteristics calculations for this disturbance are available
for comparison because the digital program used did not allow for changes in duct areas
with time. The gain for a disturbance in upstream total pressure shown in figure 28
reaches a maximum at about 20 Hz, At low frequencies the phase lag is larger than
at high frequencies, that is, about 270°, or about 90° lead. An upstream disturbance
in entropy was used for the method-of-characteristics solutions and was converted to
an equivalent total pressure or total temperature disturbance using the relation

Asi_—, ) APtl o ATtl
R Pt1 Ttl

Again, agreement with the fourth model (solid lines) is best. Results for an upstream
disturbance in total temperature are shown in figure 29. The largest gains are obtained
from the method-of-characteristics solution and the smallest gain is obtained from the
fourth model. At low frequencies the phase shift is 90°, Best agreement with phase
shift is provided by the fourth model. It should be noted that the first model does not
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include disturbances in either upstream total pressure or temperature and, therefore,
results are not shown in figures 28 and 29. Inspection of figures 25 to 29 leads to the

following conclusions:

1. All four models predict nearly the same gains and phase shifts at low freq-
uencies but the scatter of the predictions increases with frequency.

2. With one exception, best agreement with a method-of-characteristics solution
is provided by the fourth model (solid line).

3. An increase in the gain for an upstream total temperature change would
improve agreement for the fourth model,

4. A dead time should be included for an airflow disturbance at the diffuser exit.

5. The first model does not allow for upstream total pressure and temperature
disturbances.

The change in diffuser exit static pressure also was computed using the four models
and the method-of-characteristics program for a disturbance in diffuser exit Mach num-
ber. The change in this static pressure is

APoq AP 4 8 (Pyn/Pid)
P - P T P P oM AM, (40)
27 td 27/ %ta M !

For the first two models APtq/Ptd = APta/Pt2 and, using the equation in Table IV for
APt2/Pt2 (i = 2),

AP

—-——2-?— =~ 0.003813 AX - 0.000024S AX - 0.345 AM, (41)
P27 s s i

For the third model APtq/Ptd is computed from equation (C9) and, therefore,

A
P27

P27

=-0. 003813AX'S - 0. 000027SAXS - 0. OOOOOOOO‘ISZAXs

-0. 345AM1 (42)
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For the fourth model, equation (40) is used and equation (39) is replaced by the following
equivalent four equations (see (D3), (D13), (D14) and (D15)):

Aw 9
+0.00000402SAX_ =0 (432)
w s
2
A4
(1+0.007468) —=—— - 0.00001758AXg = 0 (43b)
td
sz
$(0. 0000211 + 0. 0000000225)AX_ + (1 + 0.000937S) —=— + (0.5 + 0. 007938)
2
AT AP
= td__ (1+0.007465) Ptd = 3.704AM, (43c)
td td
) AT AP,
(245 940 + 14008 + S )AX_ - 16 493 000 +66 236 000 =0  (43d)
s td Pia

The results are presented in figure 30. As inthe previous four figures, the best agree-
ment with the method-of-characteristics program is provided by the fourth model.

It was anticipated that the third and fourth models of shock position would give the
best results because they both include volume and Helmholtz mass effects. This ex-
pectation is confirmed by the results. However, the fourth model is generally better
than the third model. Therefore, the fourth analytical model of shock position is recom-
mended.

The predictions of the four analytical models of shock position are compared in ref.
2 to test data. In order to allow for the effects of internal bleed near the throat, the
area-gradient factor dA/AdX in the analytical models is adjusted to match steady-state
data for the variation of shock position with diffuser-exit static and total pressures.
For a sinusoidal variation in diffuser-exit Mach number, close agreement between the
four models and test data is demonstrated. For a variation in upstream flow conditions,
agreement is poor because the actual test conditions are poorly defined.
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Analytical Model of Propulsion System Performance

The performance characteristics of a mixed-compression supersonic inlet are
generally expressed in terms of four parameters: engine-face pressure recovery, rela-
tive airflow, spillage drag coefficient, and engine-face flow distortion. A typical rela-
tionship between the first three of these parameters for an inlet with bleed near the
throat is shown in figure 31. The maximum pressure recovery usually is obtained with
the minimum throat area which permits supersonic flow past the throat and with the min-
imum bypass area which permits the normal shock to be just downstream of the throat.
A slight reduction in throat area or bypass area will cause an inlet unstart with a sudden
large decrease in pressure recovery and thrust, and possibly unstable airflow which
causes vibrational problems throughout the propulsion system. In practice, both the
throat area and bypass area are increased from the minimum values by steady-state
and transient tolerances to establish the mean operating areas. The steady-state toler-
ances allow for inlet control tolerances, scheduling compromises and inlet fabrication
tolerances. The transient tolerances depend on the inlet and control dynamics and the
disturbance rates.

A line of constant engine corrected airflow is shown in the upper part of figure 31.
If, with a closed bypass, the throat area is increased from the minimum area to the
operating area, the inlet operating condition changes from that indicated by the circle
to that indicated by the triangle. The engine-face pressure recovery drops and the in-
let drag increases. Both these changes reduce the propulsion system performance.
In addition, because the shock moves forward in the throat, the shock-position tolerance
is reduced. An acceptable shock-position tolerance is obtained by opening the bypass
so that the inlet operates at the condition indicated by the diamond. The pressure re-
covery and bleed drag decrease but the bypass drag increases. The net change in drag
is shown as a decrease. Depending on the relative magnitudes of the changes in pres-
sure recovery and net drag, the thrust specific fuel consumption decreases or increases.

The turbojet manufacturer specifies the uninstalled engine per formance for a stan-
dard inlet pressure recovery, PRypn, With no inlet drag. A deviation from this standard
inlet pressure recovery to a value of PR, produces a change in the uninstalled thrust and
engine fuel flow wg. Duct loss coefficients Cy and Cd’ are presented in engine specifica-
tions to permit calculation of these changes from the following two equations:

p - P
fon Fn P Re = "Ryn
F d PRr
n UN

(44)
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and —_ =(1+C

(45)

Values of Cq are usually between 0.2 and 1.0 and values of C4 are usually zero, so that
the change in uninstalled thrust specific fuel consumption is:

ATSFCyy . PR, - PRyy o
TSFC d TP (
UN

If the inlet pressure recovery is greater than the standard value, the specific fuel
consumption is reduced and the thrust is increased, the effect on the thrust being several
times greater than that on the specific fuel consumption. The thrust is increased both
by increased airflow and by increased efficiency. The installed thrust is computed by
subtracting the external spillage drag, the throat bleed drag, and the bypass bleed drag
from the uninstalled thrust corrected for pressure recovery by equation (44).

Fin~ Fun ~ Pext " PBL " PaY (47)

The installed thrust specific fuel consumption is computed from

w
fun

IN FIN

TSFC (48)

where WfUN is evaluated from equation (45).

Several reports (e.g., refs, 1, 71 and 72) which present studies of the effects of
inlet operating conditions on propulsion system performance have been published. For
the purposes of this report, the inlet and engine sizes are constant and only inlet geo-
metry (e.g. A¢p), bypass area and engine throttle position are variable, The results of
a representative study of the effects of control tolerances on performance with fixed
power lever position are presented in ref. 1. For some applications it is desirable to
keep a fixed flight altitude. Consequently, the installed thrust must not be altered by
changes in inlet geometry, Changes in the three drag terms in equation (47) must be
offset by a corresponding change in the uninstalled thrust caused by a change in throttle
position, Figure 32 presents uninstalled performance data for a typical turbojet at fixed
altitude, flight Mach number, and pressure recovery, A change in the engine net thrust
is accompanied by a change in engine fuel flow and, at low thrusts, by a change in engine
corrected airflow. Assume that the performance has been corrected for installation
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effects at a particular operating condition. Then, for constant installed thrust, the
change in engine fuel flow is:

dw AP AP

£ R b <}
Aw, = - (AD_ o+ ADy +ADL ~(1 + C)F o )+ we (14C, ) —P—R— (49)

and the change is thrust specific fuel consumption is:

arsrc A%

TSFC W

(50)

In these two equations the changes are from the initial corrected performance and are
due to changes in inlet geometry and bypass area, for example.

An example will illustrate the concepts discussed above. The inlet performance
characteristics are shown in figure 31, The following assumptions are made:

Fn = 2370 1b
W, = 3560 lb/hr
Cd =0.3
' —
Cd =0.0
we = constant

dwg/dF, =2.3 Ib/hr/lb

D = 2410 CD 1b

dCpgy /dWRpy 10

Cppxp = 0-0055

Then, using equations (44), (45), (47) and (48), the installed thrust specific fuel con-
sumption was calculated for several points on the minimum A¢p inlet characteristic
with Dgy = zero. The point for minimum TSFCIN is taken as the reference condition
from which the transient tolerances apply. Five cases are discussed.

For the first case the throat area is increased so that the inlet pressure recovery
curve is displaced downward, in a similar manner to that shown in figure 31. Because
the bypass is assumed to remain closed, the inlet relative airflow decreases and the
terminal normal shock moves upstream. Thus, for example, the operating point changes
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from the circle to the triangle in figure 31. The decreases in installed thrust Fyy and
in pressure recovery PR and the increase in TSFCy are shown as a function of the
throat Mach number tolerance by solid lines in figure 33. Thus, increasing the throat
Mach number by 0.103 to 1.303 reduces PR by 0.27%, reduces Fyy by 0.75% and in-
creases TSFCyy by 0. 48%.

Unfortunately, for case 1 the shock position tolerance decreases as the throat Mach
number tolerance increases. For case 2, the bypass opens as the throat Mach number
increases in order to maintain a fixed inlet relative airflow. Thereby the shock position
tolerance remains nearly constant. Opening the bypass moves the operating point from
the triangle to near the diamond in figure 31. The changes in performance are shown
by short-dashed lines in figure 33. The performance losses for case 2 are significantly
larger than those for case 1.

Case 3 demonstrates the results of increasing the engine thrust by advancing the
engine power lever in order to maintain the reference installed thrust. For this case
there is no loss in Fyy and the pressure recovery loss is the same as that for case 2.
However, because of the increased fuel flow required, the increase in TSFCyy is much
greater than that for case 2, as shown by the long-dashed line in figure 33.

Case 4 in fig. 34 shows the effects of increasing the bypass area in order to increase
the shock-position tolerance, i. e., to move the shock back from the throat, In figure 31,
for example, the operating condition is changed from the circle to the square. The
decreases in pressure recovery and in installed thrust and the increase in TSFCyy
are shewn by the solid lines in figure 34 as a function of shaock position tolerance, which
is expressed as a percent of corrected airflow.

The fifth case, like case 3, assumes that the engine power lever is advanced to
maintain a constant installed thrust. The loss in pressure is the same as for case 4
but the increase in TSFCyy is nearly double, as shown by the dashed line in figure 34.

The following table lists a representative set of parameters computed for each of

the five cases discussed above. For each case, several such sets were computed in
order to produce the curves in figures 33 and 34.
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Case Reference 1 2 3 4 5
Mth 1.200 1.303 1,300 1.300 1.200 1.200
PRre 0.8765 0.8741 0.8646 0.8646 0.8600 0.8600
WRj 0.9200 0.9175 0.9200 0.9200 0.9210 0.9210
DgxTs b 13.2 13.2 13.2 13.2 13.2 13.2
Dpi, Ib 3.8 13.5 3.8 3.8 0.0 0.0
Dgy, 1b 0.0 0.0 30.0 30.0 44,2 44,2
Fin, 1b 2449.0 2430.17 2376.1 2449.0 2348.9 2449.0
WfIN,lb/hr 3671.0 3661.0 3621.3 3789.0 3601,9 3832.1
TSFCyN, 1b/hr/Ib 1,499 1.506 1. 524 1, 547 1.533 1.565
Weis % 100. 00 100.00 101, 37 101, 37 102,03 102.03

The values of the performance losses computed from equations (44) to (50) depend
on the throat Mach number and shock position tolerances used. In addition, the losses
depend on the inlet and engine performance characteristics used. For this reason, the
losses shown in figure 4 of ref. 1 differ from the losses shown in figures 33 and 34 of
this report. However, given the inlet and engine performance characteristics, such as
shown in figures 31 and 32, the performance losses can be calculated from the equations
in this section. The performance losses depend on the ground rules assumed, for ex-

ample on whether the inlet size or the power lever position may be varied or are fixed.
. These ground rules are likely to change as the aircraft design progresses from the pre-
* liminary design phase to the flight operational phase.

FREQUENCY OF INLET UNSTARTS

Previous sections present data on the atmospheric turbulence environment and on a

. linearized model of a supersonic inlet. This section develops a procedure for estimat-

ing the frequency of inlet unstarts. This is done by deriving an equation for the fre-
quency of a given change in throat Mach number or shock position. These given changes,
the transient control tolerances, are assumed to be just enough to cause an inlet un-
start due to choking the throat or the shock moving upstream of the throat, respectively.
Transient disturbances in the other direction are presumed to cause no harm, Plots of
flight miles between unstarts against the transient control tolerances, which are related
to performance penalties, are the final result. Similar plots are shown in ref. 1.
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Power Spectrum of Output Disturbances

The inlet model shown in figure 18 is simplified to produce the schematic in figure
35. Only longitudinal gusts are considered at this point. Here the C's are constants
and the H's are functions of frequency w which, with the exception of Hj, are unity at
zero frequency. Values for the six constants and equations for the seven frequency-
response functions H are determined by the inlet model, such as that developed in a
preceding section, and the characteristics of the throat Mach control and shock position
control. The equations in figure 35 relating the changes in throat Mach number and
shock position to the change in flight Mach number are functions of frequency because
of the "H'' terms. Both AMj} and AXg are linear functions of the upstream disturbances.

The power spectrum ¢ of AM is selected. The Von Karman spectrum (see Table

1) is recommended. It can be shown (e.g., see refs. 31 and 42) that the power spectra
of AM¢p, and AXg are given by the equation

@ (w) =

Ho(@)] % g (@) 1)

where the appropriate subscript "th" or ''s" is appended to ¢ (w) on the left and H (w)
is the appropriate linear frequency-response function. For example, H (w) is a coef-
ficient of AMg on the right of one of the equations in figure 35. Usually, the frequency-
response functions are available as functions of the Laplace variable S rather than fre-
quency w . Therefore, it is necessary to convert an equation for H(S) to an equation
for ‘H(w)lz. This may be done by using the following equation.

IH(cu)I 2 - Hiw) H-iw) = HE)HES) (52)

That is, H(S) is multiplied by H(-S) and then S is replaced by iw to obtain the desired
equation, which must have only real terms. For example, if H(S) =1 + T8,
2

|H(w)‘2 —(@1+ TS - TS) =1-7°82

2
=1—72(iw)2=1+7 W

While the algebraic processes performed above are straightforward, the actual execu-
tion for more complicated functions H(S) can be very difficult because several hundred
terms may occur. Consequently, a digital program was written to read an equation for
the frequency-response function H(S) and to derive and print the equation for the ampli-
tude of the square of the frequency-response function IH(w)l . This program is de-
scribed in Appendix E. The complete frequency-response function may be considered
to be the product of a number of functions in the numerator and in the denominator,
each of which may be considered separately and the final equations combined.
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Thus from figure 35,

Cy1 Hp
AMth

AM

and from equation (51) with H(w) replace by the factor of AM above:

C12 |H2<w)| 2

Opyp (@) = [T G2+ B, (@) 2 Py (@) (53)

That is, the terms C1, Hg, and -fy;, Co + Hg are converted separately to equations for
the square of the frequency response and then combined in equation (53). Several simple
functions of S appear frequently in H(S). Some of these are shown in Table VI alongside
the corresponding equation for |H(w) 2, Table VI and the program described in
Appendix E may be used to develop an equation for the square of the frequency-response
function in equation (51).

Several representative examples for the square of the frequency-response function
have been worked out, The results are shown in figures 36, 37 and 38, Figure 36 is
drawn for a simple throat Mach control consisting of an ideal integrator. Curves are
drawn for loop velocity constants (-fty, C2) of 0 (no control), 5, 10, 20, and 40/sec, At
low frequencies w, the throat Mach number power spectral density is significantly re-
duced by the control. In practice, Hg should be a more complicated function of S in
order to account for the dynamics of pneumatic transmission lines, a sensor, and a
servo valve, Figure 37 is drawn for a representative function Hy (S). Compared to
figure 36, a resonance peak is introduced near 25 rad/sec. Three curves are drawn for
a loop velocity constant of 20/sec. The dashed curve, when compared to the solid curve,
shows the result of changed dynamic characteristics caused by lowering the pressure
level (increasing altitude). The resonant peak is accentuated and moves to a lower fre-
quency. The dash-dot curve shows that adding a lead term reduces the resonant peak
and moves it to a higher frequency. Figure 38 is drawn for the power spectrum of the
shock position. The ratio is nearly constant at about 300 if neither the throat Mach
number nor the shock position controls operate. If just the throat Mach control oper-
ates, 9 is increased by about a factor of 3 at low frequencies and dips sharply near 45
rad/sec. With the shock-position control also operating, ¢¢ is reduced at low frequen-
cies and peaks about 15 rad/sec. The parameters in the block diagram in figure 35 are:

Ci1 =1.85 Hy =0.34S
ftn, =-2.23 Co = 8.9686
Cg = -40. 842 Cyq =19.3062
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Hy, = (L+0.0158 +0,00015%) (L +0.0028) (1 +0.018)S
Hy = 1+0.0009367S

Hy = 1-0.00450758 +0,00001328182

Hs = 1+0.01899S +0,00010552 +0.0000002783

The dash and dash-dot lines show the effects of adding one and two lead terms, respec-
tively, to the shock-position control simulation in order to minimize the resonant peak.

Two parameters A and N are used in the following subsection to compute exceedance
statistics. They may be computed by integrating the power spectrum of the change in
throat Mach number or shock position. The first parameter is the ratio of the rms
amplitude of the output disturbance to the rms amplitude of the free-stream disturbance:

® ¢ “pd
L Hooe Lo o, o

f :(Do dw % %

where the appropriate subscript, "th" or 's", should be appended to A and to ¢ and ©

in the numerator. The digital program described in Appendix F was written to compute
@ as a function of frequency and to perform the integration in equation (54). Actually,
the upper limit of the integration in this program is a variable rather than infinity. How-
ever, as discussed in connection with equation (2), the contribution to the integral above
some cutoff frequency w, is small and may be neglected.

The second parameter is the number of times the disturbance crosses zero with
positive slope per unit time. This parameter, called Nip, for throat Mach number, is
computed from the equation

\/[ooo wz(bthdw

Nth = = VG (55)

27T\/fo ooq)th dw

42



Likewise, Ng for the shock position is:

o 0]
2
\[6 WO dw
N = 0 s =
S
m
2 !;0 (])de

This parameter is also computed by the program described in Appendix F as a function
of the upper limit of the integration. For most spectra this parameter becomes infinite
if the upper limit is infinite. This effect is discussed in connection with equation (3). A
solution to this problem which results in a finite value is described there and is recom-
mended. As noted in refs. 42 and 73, the validity of equations (55) and (56) depends on
the assumption that the probability distribution of o is locally Gaussian. That is, that

VGqg (56)

2/, 2
ooy = 2 Lo o/ 57)
T b

where .

/o p(o)do =1

Available data (e.g., see ref. 73) indicate that this assumption is not satisfied. However,
since no better assumption is known, since the resulting error in equations (55) and (56)
is not known but should be small, and since these equations are universally used in loads
calculations, equations (55) and (56) will be considered valid.

Values for Ay, Ag, Ny, and Ng depend only on the shape of the power spectra Din
and @5 and on the cutoff frequency we, To illustrate representative results, the pro-
gram described in Appendix F was used for the inlet models of figures 37 and 38. A Von
Karman longitudinal spectra with L = 2500 ft and V = 2613. 82 fps was used for ¢ML'

The results are presented in the following two tabulations for a cutoff frequency of 102, 4
rad/sec.
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Case, figure 37 -fth Co Ath Nip, /hr Gth, /mile
0 1. 85000 6 982 4.508
10 0. 85277 16 444 10.618
20 0. 82379 19 153 12,368
low pressure 20 1.12642 14 185 9.160
with lead 20 0.69159 22 681 14. 645
30 0.91657 20 446 13.202

Case, figure 38 Cg Ag, ft Ng, /hr Gg, /mile
5 17.18305 8 135 5.253
10 15.54177 9 954 6.427
one lead 10 13.66904 10 664 6. 886
two leads 10 11.23797 12 004 7.751
15 16.14338 11 130 7.187

It is apparent that changes in the shape of the power spectral density curve change the
values of A, N and G. Generally an increase in A is associated with a decrease in N

and G. As will be shown in the following subsection, low values for both A and G are

desirable.

Exceedance Statistics

In this section there is derived an equation for the frequency of inlet unstarts. In
order to simplify the discussion, only unstarts due to a decrease in throat Mach number
will be considered. However, the discussion is also valid for an unstart due to an up-
stream shock displacement. The problem, then, is to determine the frequency (per
flight mile or hour) that a level of AMyp, is exceeded. This level is the throat Mach
number transient tolerance; that is, the amount that the throat Mach number is in-
creased above the minimum value for started operation in order to reduce the fre-
quency of inlet unstarts due to transient disturbances such as atmospheric gusts, The
procedure used is the same as that for calculating aircraft load exceedance curves
e.g., see refs, 31, 32, 35 and 42), Several assumptions are made:
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5.

The transfer function between a free-steam disturbance and AMty, is linear.

The shape of the power spectrum @ ¢}, is fixed, although the level depends on
0 th'

values of Aty and Ngp are computed by equations (54) and (55).

A statistical description of atmospheric turbulence is available in terms of P
and b.

The probability density distribution of the rms amplitude of the atmospheric
turbulence in the many patches encountered is p (0¢).

The frequency of crossings of a level AMtp with positive slope is (e.g., se€ refs.
31, 42, and 73):

Ay,

oD
2Ath o0
N = PNipy / p(oge th9o dog (58)
0

Usually, p(og) is assumed to be Gaussian with a variance of b2, so that

5 - ¢72/2b2

1
PO =\~ T ° (59)

For this probability density distribution, the integration in equation (58) can be perform-
ed analytically with the simple result

- AMyy, /AP
N = PNth e (60)

This equation, case "a' of ref. 42, results in a straight line on a semilog plot like
figure 14. Experience, however, shows that the line should be curved. Usually this
curvature is introduced by summing two or three terms to produce the following equa-

tion

AM _amy, Ay,
" Agnby Athbs Atnbs
N = Nip (Ple + P2e + P3e ) (61)
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Values of Pj, Py and P3 may be found in Table Il and figures 10 and 11.

Values of by, bg and bg may be found in Table III and figures 12 and 13,

Generally, P;> Py> Pg and by <bg <bg. Equations (60) and (61) determine the fre-
quency (e.g., times per hour) that the throat Mach number decreases (or increases) by
at least AMy units or, in other words, the frequency that a tolerance AMyj, is exceeded.
In equation (60) the frequency is proportional to PNy, and, for a given frequency, AMip
is proportional to Aiyb. Therefore, it is desirable that Ny and Ay, be small. Dr.
Houbolt (see ref. 42) investigated several probability density functions in place of that
in equation (59), and obtained equations (5) to (9) in place of equation (60). The curva-
ture of the exceedance curve provided by these equations depends on one parameter, «.
The curvature required to fit some particular data is provided either by using two or
three terms in equation (61); or by using equations (5-7), (8), or (9) with an appropriate
value of @. At high exceedance probabilities (large N, low AMyy), all exceedance
curves from these equations can coincide. Only at small exceedance probabilities
(large AMy) do they differ, as shown in figure 14. However, it is in this area that the
available data on which the exceedance curves are bhased are most limited. Thus, to
estimate the inlet transient tolerance which is exceeded once in 10 million miles is
risky, because, as earlier discussion and Table I show, available experience barely
extends to 1 million miles. An extrapolation to large distances between unstarts is

" very questionable,

STEPWISE PROCEDURE FOR CALCULATING FREQUENCY OF INLET UNSTARTS

The procedure for computing an exceedance curve of N, frequency of crossings,
versus AMih may be outlined in the following steps:

1. Select an analytical model of the inlet which expresses changes in AMiy, as
a linear function of the upstream disturbances u, v and w. These functions
may be in terms of the Laplace variable S which must be converted into
functions of w. Suggested models are described in the section ANALYTICAL
INLET MODEL. ~

2. Compute the PSD ratios ¢ 1/, @4,/ @y and ¢tn/¢byw as functions of fre-
quency w from the functions in step 1. Preferably, these three ratios are
analytical functions obtained by using Table VI and the digital program de-
scribed in Appendix E.
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10,

Select an atmospheric turbulence model and corresponding power spectral
density family from Table III. A model associated with the Von Karman
family is preferable. Select the appropriate scale length L from Table III.
The atmospheric turbulence model from refs., 35 and 41 is recommended.

Determine coefficients in equations for ¢, (w)/o'u2 and ¢w (w )/O'Wz
(see Table II) which depend on L and flight velocity V.

Compute d’th/ auz, Athy, and Gthy with the digital program described in
Appendix F. The function PSD required by the digital program uses the
equations for @i/ ¢y from step 2 and for @y(w)/ o2 from step 4. Athy
is the bottom number in the ninth column (headed '"'SIGMA UNITS") of the
program output. The value of the Gthu is read from column 10 on the line in
which the number in the ninth column is 95 percent of Athu- Interpolation
between lines may be employed,

Compute @i/ 0 Vz, Athy, and Gth, as in step 5 using ®th/ @, and
O wl(w)/ o P

Compute @i/ 0 w2 » Athy» and Gthy, as in step 5 using ¢/ @ w and
By ()02

Compute A¢p from the equation

2 2 2
Ath = \/ Athy + Athy, + Ath, (62)

For G;p, an average seems reasonable

Gth =  Gthy * Gthy * Gen,) /3 (63)

For the atmospheric turbulence model selected in step 3, determine the
parameters P and b for the given altitude from Table III or figures 10 to 13,

Compute the exceedance curve for AM;p, by using the digital program de-
scribed in Appendix G. Use exceedance model based on equation (4). If the
atmospheric turbulence model is from ref, 42 use the exceedance model
based on equations (5), (6) and (7) with @ =8 to 9, Input parameters include
Ath and Gy from step 8 and P3, P2, by and by from step 9. The amplitude

X = AMgp may be plotted against either the number of nautical miles between
exceedances (unstarts) or the number of hours between unstarts.
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In addition, the performance penalties resulting from the transient tolerances
in throat Mach number (AM;p) may be obtained by using the procedure already
described in the Analytical Model of Propulsion System Performance section.

A similar analysis to that outlined above may be performed for the change in shock
position AXg. The results of the two analyses are expressed in two curves of miles (or
hours) between unstarts against performance penalties, such as range. The two results,
one for unstarts due to choking the throat and one for unstarts due to the shock moving
upstream past the throat, may be combined if the throat Mach number and shock position
transient tolerances are selected to give equal frequency of unstarts due to the two causes.
For a given number of miles between inlet unstarts, the performance penalty associated
with throat Mach number and the performance penalty associated with shock position are
read from the two curves. The sum of these two penalties, or the total performance
penalty, may be plotted against the given number of miles between inlet unstarts. This
plot shows the relation between frequency of inlet unstarts at a given flight speed and
altitude to the performance penalty required. With this relation available, it will be
possible to select the required transient control tolerances based upon a particular mis-
sion profile and a preselected interval between inlet unstarts. The interval may be se-
lected based upon a qualitative and quantitative assessment of the consequences of an
inlet unstart to aircraft safety and passenger comfort.

The procedure presented above calculates the frequency of inlet unstarts for a se-
lected altitude and flight speed. Actually, each flight will include a range of altitudes
and flight speeds at which inlet unstarts are undesirable. Therefore, calculations should
be performed for several sets of altitudes and flight speeds and the results combined by
using weighting factors proportional to the flight time at each set of conditions. The
result could be a plot of the number of trips between unstarts against some performance
penalty, such as dollars per trip. It must be emphasized that this plot, like figures 42
to 46 of this report, is based on statistical theory. Thus, although the theory might pre-
dict one unstart in 1000 flights, several unstarts could occur in one flight through a
large patch of severe turbulence.

If the performance penalties are too severe, several possible solutions may be in-
vestigated:

1. Change geometry of airplane and inlet to reduce sensitivity of throat Mach
number and shock position to atmospheric turbulence.

2. Change inlet geometry to reduce performance penalties resulting from inlet
transient tolerances.

3. Increase speed of response of inlet controls.
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4, Use two levels of transient tolerances: one for normal operation, and a
larger level when turbulence is expected. At present, a practical means for
detecting turbulence far enough ahead of the aircraft to avoid it or to reset
the transient tolerances is not available (see ref, 10).

APPLICATION OF PROCEDURE TO REPRESENTATIVE INLET

The procedure for relating the interval between unstarts to performance penalties
will be illustrated by applying it to a representative inlet. The characteristics of this
inlet were supplied by the Boeing Company and are shown in figure 39. The inlet repre-
sentation is the result of independent studies by Boeing and does not reflect the model
developed in this report. This block diagram contains some significant differences from
that in figure 35 which complicate the analysis. First, on the left, terms involving the
absolute value of a disturbance (|Ac|and {Af]) rather than the signed value of the distur-
bance are used. Second, in a block associated with shock position, K; = 45 and Ko = 0
so that the gain depends on the sign of AX . Because of the limited time available for
this part of the contract the following approach was used to resolve these two problems.
The inlet and control shown schematically in figure 39, with K; = 45 and Ko = 0, was
simulated by a MIMIC digital program. Sinusoidal changes in My were input at frequen-
cies of 1, 10, and 100 rad/sec. In addition, the frequency response was calculated by
a frequency-response program with several values of Kj = Ky. The amplitude of AMyy,
which is independent of Ky and Ky, agreed exactly with the amplitude computed by the
frequency-response program. Satisfactory agreement for the amplitude of AXg was
obtained with K; = K, = 22,5, Therefore, the gain calculations for AXg with K = Ky =
22.5 are used. A sinusoidal change in @ was input to the MIMIC program at a frequency
of 10 rad/sec. Reasonable agreement for the gains of AMp, and AXg computed by the MIMIC
program was obtained from the frequency-response program with the lAal input term
omitted. Therefore, only the Acand not the | Aa|input is used for the frequency-response
function. A sinusoidal change in 8 was input to the MIMIC program at a frequency of
10 rad/sec. Reasonable agreement for the gains of AMyy, and AXg was obtained from the
frequency-response program for half the input amplitude and twice the frequency. There-
fore, the frequency-response functions for AB were obtained by halving the gain evaluated
at twice the frequency.

The normalized longitudinal Von Karman spectrum with L = 2500 ft is shown in figure

40, The normalized spectrum of the throat Mach number change due to longitudinal gusts
also is plotted in figure 40, Because the throat Mach number control cannot reduce throat
Mach number disturbances at frequencies over roughly 20 rad/sec, the two spectra are
parallel at high frequencies and have a ratio of 4.99 72, Figure 41 shows the correspond-
ing spectrum for shock position. The shock-position spectrum has maxima at 4 and 90
rad/sec and a minimum near 38 rad/sec. It is apparent by comparing this spectrum

with that of free-stream longitudinal turbulence in figure 40 that the shock-position trans-
fer function has maxima near 10 and over 100 rad/sec and a minimum near 38 rad/sec.
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The exceedance curves for an unstart due to choking the throat because of a longi-
tudinal gust are shown in figure 42. This figure is for the representative inlet at a flight
Mach number of 2.7 and an altitude of 60 000 ft. The parameters used to compute these
curves are presented in the following tabulation:

We, Gth,
Ref. |Ay, | rad/sec| /n.mi. P P, b, b, o
33 2.87 | 62. 7.1 0.019 0.000075 0.00276 | 0.0134
34 2.87 | 62. 7.1 0.0021 0.000135 0.0037 0. 00595
35&4112.36 | 82. 9.352 0. 0012 0. 000062 0.00382 | 0.00594
36 2.14 | 62. 6.7 0. 008 0.000027 0.00243 | 0.00806
37 2.36 | 82. 9.352 0.008 0.0031 6.74
39 2.87 | 62, 7.1 0.008 0. 000027 0.00243 | 0.00806
42,a 12.36 | 82. 9,352 | 0,002946 0.00561
42,k 12.36 | 82. 9.352 0.002945 | 0.0000015 | 0.00560 | 0.01400| 0.0005
42,3 |2.36 | 82. 9.352 | 0.002946 0. 00561 8.0
42, m {2.36 | 82. 9.352 | 0.002946 0. 00561 0.003

The value of Gy, was evaluated at a frequency W, at which the truncated value of O thy

was 95 percent of the largest 0t computed (atw, = 655 rad/sec). The value of Ay,
corresponds tow, = 655 rad/sec. The exceedance curve for ref. 33 shows that a large
tolerance is required because a relatively large value for by is involved. The remain-

ing exceedance curves fall in a group with considerable scatter, Figure 43 presents
curves for an unstart due to displacement of the shock upstream. The curves shown repre-
sent approximately the same extent of scatter illustrated in figure 42,

Figures 42 and 43 are for longitudinal gust disturbances only. Two exceedance
models, those in ref. 35 and 42 (case "j", & = 8) were selected for an analysis which
includes all three components of a gust; namely: longitudinal, vertical (resulting in a
change in angle of attack), and lateral (resulting in a change in angle of sideslip). The
Von Karman family with L=2500 ft is used for the free-stream turbulence spectra. Cal-
culations of the output power spectral densities ¢y}, and¢g are based on the assumptions
described previously and the stepwise procedure presented in the preceding section.
Some intermediate numerical results are presented in the following table:

Disturbance Ath Gth AS Gs

Longitudinal 2.36 9.35 3.31 3.18
Vertical 1,44 11.0 1.97 3.20
Lateral 0.71 6.5 0.75 1.50
Combined 2.854 8.95 3.924 2.63
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The combined values for A and G are computed from equations (62) and (63) respectively.
The exceedance curves for combined gusts are presented in figures 44 and 45. Because
vertical and lateral gusts are included, the curves in figures 44 and 45 lie to the right

of the corresponding curves in figures 42 and 43, respectively. In other words, inclu-
sion of three gust components rather than just the longitudinal gust component increases
the transient tolerance required for a given number of nautical miles between unstarts.

Linear relations between range penalty and transient tolerances in throat Mach num-
ber and in shock position, provided by the Boeing Company, were used to plot the hori-
zontal scales of range penalty at the bottom of figures 42 through 45. It should be
pointed out that these relations need not be linear. The range penalties are used to
combine the throat Mach number and shock position tolerances. The final combined re-
sult is presented in figure 46. A comparison of figures 44 and 45 shows that the range
penalty due to the shock position tolerance is roughly one-quarter of that due to the
throat Mach number tolerance. Boundary layer bleed near the inlet throat can enhance
the stability of the normal shock and thereby reduce its displacement due to atmospheric
turbulence, However, little can be done to diminish the change in throat Mach number.
Therefore, the throat Mach number transient tolerances required to reduce the frequency
of inlet unstarts are the major contributors to the overall range penalty shown in figure
46.

Reference 53 specifies certain discrete gusts as disturbances. Two disturbances
are defined by the equations:

AMO = -0.04275 (1l-cos 16.45¢t)

Ada = 0.908 (1-cos 16. 45t)
By analogy, the following equation for a disturbance in angle of sideslip is used:
AB = 0.908 (1-cos 16.45t)

These three disturbances were used separately as input$ to the MIMIC simulation
described previously and the maximum decrease in Mt and upstream displacement of
the shock were determined. These amplitudes are shown by the vertical lines in figures
44 and 45. The combined range penalty is shown in figure 46. The angle of sideslip
disturbance is the least severe and the flight Mach number disturbance is the most
severe. The flight Mach number disturbance requires a range penalty about equal to
that for 100 million miles between unstarts according to the model of ref. 42, but ex-
ceeds that according to the model of refs. 35 and 41.

The analysis of the representative inlet presented above uses assumed values for the
cutoff frequency w, and the scale of turbulence. The effects of these assumptions are
discussed briefly in the rest of this section. The discussion is limited to the effects of
longitudinal gusts on throat Mach number, First, the effect of varying cutoff frequency
W, is discussed. A Von Karman spectrum with L = 2500 ft is used. The results are

expressed in the following tabulation:
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wc rad/sec A G AM

th th th
10.24 1.371 2.327 0.0613
40.96 2,097 6.367 0.1051
86. 00 2.240 9.600 0.1173
163.84 2.292 13. 842 0. 1248
655.36 2.358 32.770 0.1398

As would be expected, both A h and G . increase with increasingw . However, A, is
approaching a finite limit whiie G,, is'increasing without a limit. “r'he right-hand column
lists the throat Mach number tolerance for 10 million miles between inlet unstarts,

based on the atmospheric turbulence model in ref. 35. The exceedance curves presented
in figures 42 to 46 are calculated from the largest value of A (2.358 in tabulation above)
and from a value of G corresponding to an A equal to 95 percent of the maximum A(G =

9. 6 in tabulation above). For this set of At and Gt , AM_ is 0,1235. It is apparent
that G, and perhaps A, must be based on a {lruncateg integration to a frequency w .
Selection of G based on a 95 percent factor for A is recommended, but A may be either
the full or truncated (95 percent) value.

Secondly, the effect of varying the scale of turbulence, L, is considered. Both Ay,
and Gt are based on a truncated W, The results are presented in the following tabu-
lation:

L, ft W, rad/sec Ath Gth AMth
1000 240 3.06 17.9 0.262
2000 95 2.40 10.2 0.191
2500 86 2.24 9.6 0.177
3500 83 2.01 9.4 0.158
5000 92 1.79 9.8 0.142

The right-hand column is the throat Mach number tolerance for 10 million miles be-
tween inlet unstarts, based on the case 'j" exceedance model in ref. 42 with b = 0.005597.
Increasing the scale of turbulence, for a fixed value of b, decreases the transient toler-
ance. However, Dr. Houbolt (ref. 42) recommends that b vary as the cube root of L.

The results in the following tabulation are obtained with this variation of b.

L, ft b AM,
1000 0. 004124 0. 193
2000 0.005196 0.178
2500 0. 005597 0.177
3500 0. 006262 0.178
5000 0. 007052 0.179

52



Use of a value of b which depends on L reduces the variation of AMth considerably.

Thirdly, the effect of changing from the Von Karman spectrum to the Dryden spec-
trum is shown in the following tabulation:

L, ft W, rad/sec Ath Gth b AMth
1000 52 2.72 6.6 0.004124]0.151
2000 42 2.03 5.7 0.005196) 0. 140

Compared to the quantities listed in the two preceding tabulations, wc, A, Gth’ and

AM,, are all reduced significantly by using the Dryden spectrum. A conctRJsion from
these studies is that the proper power spectral density family and scale of turbulence,

.as shown in Table III, must be used in connection with the atmospheric turbulence model
selected. The proper family and scale are those used to derive the model from measured

loads data.

CONCLUDING REMARKS

A method is developed for relating transient tolerances in inlet throat Mach number
and shock position to the frequency of unstarts of a supersonic inlet due to atmospheric
turbulence. This method is an adaptation of standard statistical methods used to predict
aircraft structural fatigue loads with a power spectral density analysis. The investiga-
tion included the collection and evaluation of data on high-altitude atmospheric turbulence;
development of a general linearized analytical inlet model for changes in throat Mach '
number and shock position due to changes in flight conditions, inlet geometry, and exit
corrected airflow; development of a method for relating propulsion system performance
to inlet transient tolerances; and writing of three digital computer programs to facilitate
required algebraic and numerical procedures. One large computer program reads an
equation for a frequency-response function in terms of the Laplace variable and derives
and prints the corresponding equation for the amplitude of the square of the frequency-
response function in terms of the frequency (rad/sec). A stepwise procedure for rela-
ting frequency of inlet unstarts to transient tolerances is described and applied to an
inlet configuration representative of that on an SST.

The investigation has led to the following conclusions:

1. The aircraft loads experience data collected at high altitudes (about 60 000 ft)
is not adequate yet to provide a reliable statistical model of turbulence at
these altitudes. At present, there is no firm program to collect more flight
data.
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9.

Atmospheric turbulence models based on continuous turbulence provide a
better description of atmospheric turbulence for studies of the frequency of
inlet unstarts than models based on discrete gusts.

Each atmospheric turbulence model is derived from loads data by assuming
a specific power spectral density family and scale of turbulence. Therefore,
the family and scale used to develop the model selected should be used to
compute frequency of inlet unstarts.

The atmospheric turbulence model in refs. 35 and 41 is the most suitable for
computing frequency of inlet unstarts.

Changes in atmospheric temperature which occur over short distances are as
significant in causing an inlet unstart as atmospheric turbulence,

The four linear analytical models of shock position developed agree with each
other at low disturbance frequencies, but differ at high frequencies, The pre-
dicted amplitude and phase shift based on these models, especially the model
based on ref. 54,show good agreement with method-of-characteristics solutions
and with test data.

Performance penalties depend on the assumptions made. The predicted penalty
in thrust specific fuel consumption due to inlet transient tolerances increases
if it is assumed that the installed thrust is maintained constant by moving the
engine throttle.

Combining longitudinal, vertical, and lateral components of atmospheric tur-
bulence appreciably increases the predicted frequency of inlet unstarts com-
pared to a prediction based on only the longitudinal component.

For the representative inlet studied, significant penalties in range are required
to keep the frequency of inlet unstarts to small values.

The work described in this report leads to the recommendation that further investi-
gations be undertaken in the following areas:

1-

Study effects of atmospheric turbulence combined with rapid ambient temper-
ature changes on supersonic inlets. The problem is largely that of establish-
ing a statistical model of ambient temperature changes and of combining this
model with one for longitudinal turbulence. A comprehensive analysis of flight
data, such as that obtained during the HICAT program, is required to estab-
lish correlations between ambient temperature changes and gusts.



Investigate methods and effects of introducing inlet and control nonlinearities
into the linear frequency-response function required by a power spectral den-
sity analysis.

Compare the theoretical predictions of the generalized inlet model developed

in this report with experimental data obtained recently at the Ames and Lewis
Research Centers. In addition, the analytical inlet model recently developed
at the Lewis Research Center should be evaluated,

It has been assumed that the diffuser-exit Mach number, or corrected airflow,
is constant for the calculations with the four upstream disturbances presented
in figures 26 to 29. This assumption is valid for tests with a choked throttle
downstream of the inlet, However, the corrected airflow of a turbojet engine
will vary due to rapid changes in engine-face total temperature. These tem-
perature changes will occur due to changes in upstream total temperature,
shock motion, and compression of the air in the diffuser volume and are pre-
dicted by the shock-position models, Therefore, the change in engine cor-
rected airflow due to these temperature changes should be evaluated and the
effects of this change introduced into the calculations leading to figures 26 to
29,
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APPENDIX A

FIRST ANALYTICAL MODEL OF SHOCK POSITION

The first analytical model of shock position uses the concept of a first-order lag
relation suggested in ref. 70, As discussed on page 28 of this report, for a disturbance
in downstream corrected airflow or Mach number the first-order lag relation involves
a gain and shock time constant computed from

2
TM; +5 AdX 1
= (A1)

;=
7™M, V1+ 0.2M,; dA a;

s
1

The parameter M, is the Mach number at a fixed station immediately upstream of the
shock (see figure 23). It is noted in ref. 70 that this time constant is larger than the
time constant for a downstream static pressure disturbance which can be derived from

the first equation of Table IV (i=1)as:

[ 2
12Mq\ /1 + 0.2 M, AdX 1
T = : (A2)

5 2
1+7.4M1 dA at

The steady-state gains are given by the equations in Table V. Thus, for a distur-
bance in Mach number downstream of the shock:

2 1.5
(7™M -1) AdX
KM = f 5 (A3)
2 8.4M;V5+M; dA
for a disturbance in corrected airflow downstream of the shock:
2
™; -1 AdX
= —_ (A4)
ci 2
7 (M;” -1) dA
for a disturbance in Mach number upstream of the shock:
AdX
Ky = 30 - (A5)
2
T™71 (M1“ + 5) dA
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and, for a disturbance in duct area at the shock:

2
oTMpT -1 AdX
7 (M -1 dA

For a disturbance originating at the diffuser exit, a dead time T4 is introduced to
account for the time required for a sound wave to move upstream against the flow from
the exit to the shock wave.

The first-order lag relationship for normal shock position is given by the following
equation, in Laplace notation:

Aw . A
- TS ci A1
Ky . e d —war— *+tEKmy AMp+ KA, —&—
1 1
AXS: Cl Cl 1 (A7)
T

1+ 148

Aw

s
The first term, chie d —“7;——— , may be replaced by KMzAM2 for a disturbance
i

in Mach number just downstream of the shock. For given time-dependent disturbances
chi , AM; and AAl, singly or combined, equation (A7) gives the time -dependent shock

displacement AXg. The shock time constant 74 is computed from equation (Al).
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APPENDIX B

SECOND ANALYTICAL MODEL OF SHOCK POSITION

For inlets with a long diffuser, allowance should be made for changes in the mass
of air stored in the volume between the normal shock and the diffuser exit. The deri-
vation herein of an analytical model which allows for this volume follows the analysis in
ref. 69 except that the derivatives are replaced by functions of Mach number and the
duct area gradient at the shock. A linearized, lumped-constant analysis is used.

The flow conditions in the fixed volume between a fixed station downstream of the
shock (subscript 2", see figure 23) and the diffuser exit are represented by the flow
conditions at an intermediate station (subscript ""d"). Note that for this model the
Helmholtz volume shown in figure 23 is not included and therefore £ =0. Although the
selection of the intermediate station is arbitrary, the following equation for the area is
used:

Aq=V/L (B1)

The difference between the mass flow rate entering the volume and leaving the
volume is proportional to the rate of change of mass stored in the volume, The mass
stored is proportional to the air density at the intermediate station. Therefore, in
Laplace notation,

Awy - Aw; = VS ARy (B2)

The change in the flow rate entering the volume is given by the fourth equation in
Table IV (i=4), which may be written in the form

Aw AP 1 AT,, AA o
2 0 t1
= —- c -1 ¢, am, — 25 sax (B3)
44 1 [

Wz Ptl 2 Ttl A]. at

The change in the flow rate leaving the volume at the exit is given by the equation

Aw, Awg; AP 1 AT
i _ 1 ti ti
= + - - (B4)




or, alternatively, by

2

Aw, 1-M, AP, . AT, ,
i i ti 1 ti
w = 5. Mt - % T
i Mi (1+0. 2Mi ) ti ti
The change in the average density in the volume is
Ap A AT
d Md Ptd td
5 - T 3 Myt TT
d 1+0.2M d td ' td

The change in the Mach number My is assumed to the determined by

1
= - +
chd 2 (AWCZ chi)
A
1 chaMd chz Wci
or AM, = —- +
d 2 ow w W,
cd c2 ci
Furthermore,
oM M. (1+0.2M 2
weg OMg Mg 702Ny )
8ch 1-M 2
d
APﬁ:i _ APf:d _ APtl C AM C dA AX C26 SAX
Pti Ptd Ptl 24 1 25 AdX s at s
ATti ATtd AT1:1 C36
T = T = T T a SAXs
ti td t1 t
Aw AA C
c2 1 dA 56
= - + —— + —————
w A CS4AM1 C55 AdX AXs a SAXS
c2 1 t
p
aMa®Pa
W, =W =w, = —mm
2 i

"
/ 2
+
1 0.2Md

(B9)

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)
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An equation for the second analytical model of shock position is obtained by com-
bining equations (B1) through (B11), and is

T3S Awgg
K de 2W¢i
Wci(1+‘r S) e

. + K 1+7
Wei » M, * TMy8) aM
AA1 APt1 ATt
+K 1+ S + T pS -
G =
1+ T1S+ Tgs2
where Kyei, KM1, and Kp, are given by equations (A4) to (A6).
AdX  TM12-1
Tp = Ty (B13)
t dA 7T (M12-1)
2
Md
TWCi =~ T V ———————————2 (314)
2 - 2 Mg
Md? 7 2
™M1= Ty 5 - M1" - 1) (B15)
2 - 2 Mq 6
TAy = “Twes (B16)
2
- AdX 1 M1 + 6 v Ty 2 - Md (B17)
dA at 7 Mj /140.2M12 2 - 2Mg2
Ty  AdX 1 37-7M12 | Mg>
Ty = ( + (TM12+5)) (B18)
at dA 14 M; V1 +0.2 M2 3 1-Mg2
J 2
oV _ LvV1i+0.2Md (B19)
AqUd at Mg

This is a quadratic relation in which the term T2 may be thought of as the reciprocal
of the square of a natural frequency and the term 71 as twice the ratio of the damping
constant to the natural frequency. The steady-state shock displacement is obtained
by setting the Laplace operator S = 0 in equation (B12).



Equation (B12) for the shock displacement represents the second analytical model.
The Awei, AM; and AA1 terms each contain lead time constants. The shock displace-
ment is proportional to the rate of change of upstream total pressure and temperature.
The effects of bleed near the shock may be introduced, if desired, by including a nega-
tive term -Cq5 AXg on the right of equation (B3), where C45 depends on the bleed
geometry. This change would alter the time constants 73, T2 and Tpyand the gains
Kw ci» KM, and KA . However, nearly the same effect can be obtained by adjusting
the area gradient dA/AdX.

The product Kyej & wei/Wei in equation (B12) may be replaced by either Kyej
Awgo/We2 or K AM;j, where

1 - M;2
(B20)

KM1= KWCl >
M; (1 +0.2 M;9)

as desired,
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APPENDIX C

THIRD ANALYTICAL MODEL OF SHOCK POSITION

Several analyses of supersonic inlets have considered the pressure differential re-
quired to change the average velocity of the mass of air behind the shock. This inertia
effect is introduced into the model developed in Appendix B to obtain the third analytical
model. The mass contained in a Helmholtz volume of length f (see figure 23) is con-
sidered to be the mass whose inertia is included. Equations (B1) to (B7) and (B9) to
(B11) are used for this model.

From Newton's law,

m PzAll

- AP A = em—— I cereeremm——

(AP2 Z) 1 - SAU2 5 SAU2 (C1)

The pressure change providing the accelerative force is

1
AP - AP = (AP, - AP, ) (C2)
2 z (1+0.2M22)3'5 t2 tz
Also,
AP, = AP, = AP, (C3)
P
p2 - t2
2.2.5 (C4)
RT, (1 +0.2M,")
a M AT AM
t
AU2 - / 2 (22 th + - 2> (C3)
1+0.2M t2 1+0.2M
2 2
AP AP, - c -
t2 t1 » dA 26
—= = -C, AM_, -C__ —— AX - —2_8AX (C6)
Pt2 Ptl 24 1 25 AdX s at S
dA CG6
AM_ = - + — —
9 C64AM1 C65 AdX AXS + at SAXS C7N
9 M 2+5
M, = _._1__2_ (C8)
7M1 -1
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Equations (C1) to (C5) may be combined to produce the equation

) APtd _ APtz 1.4/ <\/, 1.8 M1vVM12 +5 GATt2
Ptqd Pto at ™;2 - 1 Tto
™12 - 1
SAMo)  (C9)
7.2 M2

Equations (C6), (C7) and (C9) replace equation (B8) of the second model. The second
term on the right of equation (C9), which is proportional to the length l, accounts for
the Helmholtz mass.

»
By combining the three equations above and the ten equations from Appendix B,
following equation for the third analytical model of shock position is obtained:

-T .S AW i
Kwei(1+ TweiSe 4 ZZC yxyg @+ 718+ 1982 AM; +

Wei
AAq APt1 - ATt1
Ko L+ T,.8) + Tp S——=—+ T, S+ 73S) ——
1 A P, T 3
AXg = 17 Al t = Ptl1 t Tt1 (C10)

1+ T4S + 1'582 + ‘T6S3

where Kweg s KMl’ KA, TMl’ TAq» Tweis TPt and Ty are expressed by equations
(A4), (A5), (A6), (Bl5), (B16), (B14), (B13), and (B19), respectively, and

-
= 2
Ty= TMl + (C11)

v 1.68/ M1 VM12 +5 .
JT.2a M12- 1) (€12)

0.6 M1Vl +0.2 M2 AdX

ar (M12 - 1) dA

P¢ - (C13)
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0.6/ 11 V1+0.2M12  AdX
'

T3__ T
ag M1%-1) Ty dA
_Mg2 T
Ty = M1 +6 AdX + TVZMd + 2
7ar MyV1+0.2M2 dA 2-2M g2 Ty
T
T = \' 1 37 - TM12 .
a, 14 MV 1 +0.2 M2 3 1-Mq
AdX
dA
T = 1,27y Mi12+1 AdX
a2 M2 -1 dA

function represented by equation (B12).
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if £ = 0, the transfer function represented by equation (C10) is identical to the



APPENDIX D

FOURTH ANALYTICAL MODEL OF SHOCK POSITION

A propulsion system dynamic simulation, which includes both volume and Helmholtz
mass effects, is developed in ref. 54. The simulation is designed for calculations in

timewise steps on a digital computer and includes five phases of inlet operation.
Equations for the fourth analytical model of shock position are derived herein by linear-
izing the equations in ref. 54 for the started phase. Thus, as in the other three models,
small disturbances about an average condition are assumed. Internal bleeds and total
pressure losses considered in the simulation are neglected. The nomenclature, which
is illustrated in figure 23, closely follows that in ref. 54. In order to aid the reader
who wishes to compare this analysis with that in ref. 54, the initial set of equations used
(D1 to D12) are related to the figures in ref. 54 from which they are derived.

From figure 13 of ref. 54, the conditions behind the normal shock are given by
(see Table IV).

APy APy A Cog
- - Cyy AM; - Cog 48 AX - — 8 aX; (D1) :

Pia Py |
AT, ATy Csg
—_— = - S AX D2

T T, ar s (D2)
Aw9 _ APt1 _ 1 ATy A Aq C4e
wo P 2 Ty Ay AaeMl- TS AXs (D3)

From figure 19, the change in the mass in the duct volume is

Amg 1 [AWy  Aw 1 oax 04
Wy S Wo wi Uy S
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From figure 20, the change in the volume total temperature is:

ATyg ATy ATt2 T, mq
= = + SAX — S +1 (D5)
Tiq Tti Ti2 Tt 3.5U4 w]

From figure 21, the change in the volume total pressure is:

APyg APy A mg ATy M A
= o t d d sAMg z AXg (D6)
Py Pi; my td 1+0.2Mg
2
M, (1+0.2M ) Aw AT AP
where A Mg = d 2d ( 2 4 % Ttd - _‘P;tg“) (D7)
1-M, Y td t2

Also, the change in the static pressure downstream of station "z" is:

2
1+ 0.4M
APgzq B o AP’cd+ 1.4Mz2( AW2 1 ATy AAZ> -

—_ +
p,  1-Mz2 Py 1-M,2 w2 2 Tu A,

In place of the relations shown in figure 23, the following equations for the change
in exit airflow are used:

AwW. AW | AP, AT,

i ci ti 1 ti
= F —_— = ——
W, W P 2 T, ®9)
i ci ti ti
2
1- A A
awy P AM. + Pa 1 Tii 010)
W M, (1+0.2Mi2) ' P 2 Ty

From figure 24, the change in the static pressure upstream of station ''z" is:

2 2
AP 1+0. A 1. s
2H 0.4 M P, 4M AW, L AT, sA
P - 2 P + 2 - - 5 T * A @1l
z 1-M t2 1-M Wo t2 z
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Finally, from figure 25, the Helmholtz volume acceleration is:

gA p AP AP
S2 AX = z"2 zH zd D12)

® MmO\ Py P,

The preceding twelve equations may be combined algebraically to produce the follow-
ing four equations which must be used if changes in flow conditions within the diffuser
are desired.

s R U Wi S N c, aM - 48 gy (D3)
w, P 2 T, A 44 M1 at s
AT AT
(L+78) d o, K, SaX_ = —E,—tl— (D13)
td t1
sz ATtd AP
(K2+K3$)SAXS + (1+K4S) + (0.5+K58) - (1+TV 5 =
Wo td td
AP Aw,
K,S —p — + K SAM, + —== (D14)
t1 Wei
AT AP AT AP
2 td td t1 t1
(K, +K S+87) AX +K +K =Ky 7w *K; i Tpo
7 8 s 79 T 10 P 9 Ty, 0 P,

K11AMy (D15)

where Cij are positive functions of M; shown in Table IV, Ty is given by equation (B19),
and

2

M. “-1 1

Ky © i( : / 5 2) D16)
at \3M.. /1+0.2M 3.5M _, 1+0.2M
1 1 Z 4
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Ky = —K10024 (D26)

The four equations (D3) and (D13) to (D15) may be combined into the following single
equation:

- T.8 Awcj 2
KWci 1+ TVS) e d T +KM1 1+ T¢S5+ T9S% AMq + KAI 1+ TSS +

A
TSZ)A—A—1+ T b‘(1+"rS)APtl + 7,81+ 1.9 Ttl
4 T 5 T
Al Pt v Ptl t t1

2 3 4
1+ 78+ TS T + T8
ST TS T TS T

where Ky,;, KMl, Ka; and Ty are given by equations (A4) to (A6) and (B19), the K's are
given by equations (D16) - (D25), and

2 2
™ -1 S 7 S

nos T L 5 t1+ ———-———12 (Md2—2)] (D28)
6(1-M,") (7M1 -1)

29)
2 v 2 2 ©
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APPENDIX E
DIGITAL PROGRAM TO DERIVE EQUATION FOR SQUARE OF

FREQUENCY - RESPONSE FUNCTION

This appendix describes a digital algebraic program which derives the equation for
the amplitude of the square of a frequency-response function, expressed in terms of the
frequency w , from an equation for the frequency response function H(S). The program
was written by the United Aircraft Corporation Research Laboratories in the AED-0
(see ref. 74) language for the UAC UNIVAC 1108 computer. The derived equation re-
lates the power spectral density of an output parameter, such as throat Mach number,
to the power spectral density of an input parameter, such as a disturbance in flight
Mach number. The derived equation may be used in the subroutine required by the pro-
gram described in Appendix F,

Description of the Program
The program does the following:

1) It accepts a symbolic expression called H(S), where S is a Laplace operator,
and prints it. H(S) is a frequency-response function.
2) It forms the expression H(iw) - H(-iw), expands it algebraically, and prints it.

Here i = ﬂ, and w is in frequency of rad/sec. Note that the printer writes
"w'as "W'", This is the expression for the amplitude of the square of the fre-
quency-response function.

3) It substitutes arbitrary numerical values for any of the variables (except w) in
H(iw) - H(-iw) and prints the result as a function of the remaining variables and
w. By convention H(iw) - H(-iw) will be referred to as H(w) + H(w).

The permissible expressions for H(S) are given by the following rules:

1) The following symbols are permissible: S; T1, T2,....T10; Cl, C2,....C10;
W1, W2,....W10; Z1W, Z2W,....Z9W, and any real constant k where

10738 < k] < 1038,
2) H(S) is formed by combining the sumbols in 1) by the "+" and "' operators.
3) The exponential term e~ @S s permissible, where Q is a dead-time constant.

However, in any one H(S), only one Q may be used. Q may be any of the sym-
bols in 1).
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Some examples of H(S) are:
1) Tls+1
2) S

3) ((((T1-8+ ((C1))MM)

4) (T1:S+1) . (T2:S+3.5) . ((S) + C1

5) Tl:S+1+cCle 128

6) Se(l+ S+(C1l+ S+(C2 + (4. 0))))

7) (T1:S+(-1) +Cl) + co e 108

Although subtraction is not a permissible operation, 6) and 7) show how it can be
achieved, albeit awkwardly. The maximum size of H(S) is limited only by core storage
in the UNIVAC 1108, and the amount of computer time the user wishes to expend.

The program is written in the AED-0 (Algol Extended for Design, or Automated En-
gineering Design) language. Because it permits easy manipulation of pointers and,
consequently, internal tree structures, AED-0 is especially convenient for this prob-
lem. The program is divided into ten decks, namely MAIN, RDCARD, PARSE, ALGEB,
COLECT, GPOL, PRNT, SUBST, DOUBMIL, and STAKS. Each of these will now be
discussed in detail,

MAIN - This deck controls the calling of the other subroutines. It also computes the
time in seconds taken by each of the subroutines, plus the total time for the problem,

RDCARD - In order to read input from cards, the card must be read one column at a
time. Since AED-0 has no FORTRAN-type implied do-loop for input statements, it is
necessary to write a lengthy input statement. RDCARD was written to avoid writing
the input statement out several times. What is more important, it also saves several
hundred locations of core storage. When RDCARD reads a card with a "$'" punch in
col. 1, it terminates the run. RDCARD also looks for comment cards ("'C" in column
1), and prints them.

PARSE - This routine takes the input expression H(S), checks it for obvious errors, and
then constructs the internal binary tree structure which represents H(S).

The meaning of the last third of the above sentence can be best explained by an
example. Let H(S) be the expression (T1°S+1) - (T2°S+C1) * (T3°S*S+S+1) + C2,
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Then the binary tree structure which represents H(S) is:

For a detailed discussion of how PARSE builds the tree structure from the card
input, the AED-0 source language listing of PARSE should be consulted, but the follow-
ing is a generalized description.

All items in H(S) are classified and put into a list type structure which contains a
pointer to the item, rather than the item itself. The list structure here is similar to a
FORTRAN array, the main difference being that each item in the list has associated
with it a pointer to the next item in the list. List structures are especially convenient
when deletions or insertions are made. The classification assigns a "1'" to operators
(-, +, and exponentiation), a '"2'" to symbols belonging to Q and pointers and a "3 to
left and right parentheses. The termination symbol "$" is arbitrarily assigned a "1".

The list is scanned from left to right for occurrences of '("" and the pointers to this
symbol are placed on a push-down stack as they are encountered. The "(" symbol is
then removed from the list. Now the push-down stack is popped so the first pointer
from the stack gives the beginning of the innermost parenthesized expression. This
expression is scanned until the first '")'"" symbol for occurrences of pl op p2 where pl
and p2 are pointers and op is one of the operators (-, +, and exp). Occurrences of pl
op p2 are replaced by a pointer to a structure which represents pl op p2. The expres-
sion is scanned twice - first for op = '".", then for op = "+, These are both binary
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operators: since "exp'is a unary operator, it is handled in a special way. The ")"is
then removed from the list.

This whole process is repeated for all pointers on the push-down stack. When the
stack is empty, we will have a pointer to the top of the internal binary tree structure
which represents H(S).

ALGEB - This routine first takes the internal tree structure for H(S) and constructs
another tree representing H(-S), by replacing each occurrence of "S" by "-8", It then
joins these two trees with a '-'" operator, giving the tree for H(S) - H(-S). Next,
occurrences of e?°S are replaced by cos(Q - w) +1i sin(Q- w). The substitution of i-w for
occurrences of S outside the "exp'' operator is postponed until the COLECT routine
where it is more conveniently handled.

ALGEB then takes the tree and expands it algebraically. An algebraic expansion may
be thought of as a process which transforms products of sums into sums of products.
For example, the algebraic expansion of (a +b) + (¢ +d)isa- c+ta- d+b. c+b- d.
ALGEB does this by repeated applications of the distributive law of multiplication and
addition. The law is applied by having the program look for the following pattern and

transforming it as indicated.
+
/ \ —
S/ \ /N /N

A B A C
B Cc

The transformation is applied repeatedly until the expression represented by the tree is
completely expanded.

COLECT - When the binary tree has been expanded into sums of products, this routine
will go through the tree and collect like terms. Each symbol used in H(S) is assigned a
unique prime integer (see Operating Instructions, card input (3)). COLECT then scans
the expanded binary tree. When it encounters a term (defined here as a symbol, or a
set of symbols connected by + operators;e.g., S+ T1 .S -T2 and S are each terms,
while T1 + 1 is not a term), COLECT does three things. First, each occurrence of "s"
is replaced by "i - w'. Second, if the term contains i to an odd power, COLECT
rejects the term and continues on because the answer must be real. Third, a Goedel
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number is computed for the term. The Goedel number is computed by multiplying to-
gether the primes associated with each of the symbols in the term. A numerical coef-
ficient is also computed by multiplying together all real numerics in the term. For
example, let the set of symbols in H(S) be S, T1, and T2, The primes assigned to these
symbols would be 2, 7, and 11. Suppose the term being considered is S+ 3+ T1-S+2 « T2+
T1. The Goedel number for this termis2 + 7 » 2 « 11 « 7= 2156, while the numerical
coefficient is 3+ 2 = 6. By the unique factorization theorem, any other term which has

a Goedel number of 2156 is identical to the given term even though the order of the fac-
tors is different. Conversely, any term with a Goedel number different from 2156 is
different from the given term.,

It now becomes a simple matter to collect like terms. For each term a Goedel
number and numerical coefficient is computed. A table of previously encountered Goedel
numbers and coefficients is searched, If a match is found between Goedel numbers, the
two numerical coefficients are added. If no match is found, the Goedel number is
appended to the table, Since sin and cos always refer to the same angle, they are
treated as symbols, and always assigned the primes 3 and 5. The detection of the fol-
lowing situation then is quite easy:

f. sin20 +f . 0052 (4]

If the quotients left by dividing each of the Goedel numbers first by 9 and 25, then by 25
and 9 are identical, the expression is reduced to "f'.

The only difficulty with this method of collecting terms occurs when a Goedel number
exceeds 239 -1, When this happens, two or more storage locations must be used to
hold the Goedel number. To compare Goedel numbers which occupy more than one lo-
cation, we call subroutine GPOL,

GPOL - This subroutine writes the Goedel number as the coefficients of a polynomial in
powers of 235. Since the polynomial is unique, we can then compare all pairs of Goedel
numbers, no matter how large,

PRNT - After all like terms have been collected, this routine decomposes each Goedel
number in the table, in turn, and prints the string of symbols associated with the Goedel
number, preceded by the numerical coefficient. This is the final answer, H(w) * H(w).

SUBST - This routine reads one or more sets of cards, each set consisting of a list of
numerical values of any or all of the variables in H(S). The substitution of the numeri-
cal value for the variable in H(w) * H(w) is done in the following way.

The prime associated with the variable is trial-divided into each of the Goedel num-

bers in the table computed by COLECT. If the division leaves a remainder, no change is
made, If the division leaves no remainder, the Goedel number is replaced by the quo-
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tient, and the numerical coefficient of the Goedel number is multiplied by the indicated
numerical value of the variable. When all substitutions have been made, an attempt is
made to collect like terms on the new Goedel number table, and then PRNT is called.

STAKS - This is a routine which permits the use of push~-down stacks in the PARSE,
ALGEB, and COLECT subroutines.

DOUBML - This routine is written in UNIVAC 1108 machine language. It is called from
GPOL and is used to perform a double-precision (70 bit) integer multiplication.

Figure 47 is a listing of the source program for a UNIVAC 1108.

Operating Instructions
The card input to the program consists of the following:

(1) Comment Cards

Use as many comment cards as desired (including none). Each must have a "C"
punch in column 1. All information punched in columns 2-72 will print out before
any other information from the problem.

(2) The Expression H(S)

With one minor exception, this is punched in standard FORTRAN format. As
with all card input to the program, columns 1-72 are used, with columns 73-80
reserved for user identificati?n information. As in FORTRAN, blanks are ig-
nored. The exponential, e_T 'S, should be punched as E(-T1*S). Up to four
cards can be used for H(S), which must be terminated by a "$" punch. If H(S)
uses more than one card, do not use the FORTRAN continuation card punch in
column 6; just continue to the next card as shown in figure48. Use decimal
points where needed; they are optional for integers. However, the appearance
of the answer will probably be enhanced if decimal points are omitted from inte-
gers. An integer (0 to 9) must precede any decimal point. Redundant parenthe-
ses cause no problem;e.g., (((T1) + ((1)))) is as good as T1+ 1. "S" must
appear at least once in H(S). A minus sign must be preceded by a left parenthe-
ses and followed by a number, not by a variable or parenthesis.

(3) A List of the Variables Used in H(S)

These are strung out on the card with any number of blanks separating each
variable. The list should be in the order of frequency of appearance in H(S)
with the most frequently used symbol occurring first, so that "S'" will probably
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be the first variable on the card. This is not an essential requirement, but the
program may operate more efficiently if the requirement is met. Up to four
cards may be used to list the variables. A "$'" punch terminates the list. The
list is limited to 35 variables.

(4) The Number of Independent Sets of Numerical Substitutions

This will be an integer punched in columns 1-3 of the card, right-justified. If
there are no numerical substitutions, punch a '"0" in column 3 (or use a blank
card). Then skip to the next H(S) or to the termination card. The remainder of
the card may be used for comments.

(5) The Number of Variables Which Receive Numerical Values

This card is needed for each independent set of numerical substitutions. It has
the same format as card (4).

(6) The Numerical Values of the Variables

These are punched one to a card in columns 1-72. They are of the form '"T1 =
0.6187", "Z1W = - 1.983", etc. Blanks are ignored, so the substitutions may
appear anywhere on the card between columns 1 and 72. As with card (2), deci-
mal points are used where needed, and must be preceded by an integer (0 to 9).
The absolute numerical value must lie between 10738 and 10* . Do not use
floating point notation. No "$" punch is necessary to end the statement.

(7) Termination Card

This is the last card of the input deck and will terminate the run. It appears
after the last set of input cards. It will have a "$" punch in column 1, plus any
other information desired by the user.

Sample Cases

A listing of the input cards for four sample cases is presented in figure 48. The output
for these sample cases is presented in figure 49. The output from the program is self-
explanatory. The expression H(S) is printed, followed by the formula for H(w)*H(w).

If there are any numerical substitutions to be made, the variables which are to be
assigned numerical values are printed together with their assigned values. The numer-
ical values are printed to five decimal places if their absolute value lies between 10" and
10 "; otherwise they are printed in floating point format to five significant figures. The
expression for H (w)* (w) after the substitution is then printed.
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After H(S) and all numerical substitutions have been processed, the time taken by
each of the subroutines and the total time is printed (maximum error about one second).
The four sample cases serve to illustrate the time required by a UNIVAC 1108, If less
than two sets of substitutions are made, it may require less machine time to run two
cases with the substitutions made in the original equations, as in the last example.
Another version of the first case, with two more variables and without simplification of
the equation, required nearly twice as much machine time.

Diagnostics

The program will print diagnostics if it runs into difficulty during execution. The
diagnostics are as follows:

PARSE routine:

a)

b)

d)

If the left and right parentheses in H(S) do not balance, an error message
to this effect will print.

Certain meaningless adjacent combinations of symbols in H(S) such as
My (", '"+* " ete., will give an error message.

An illegal character in H(S); i.e., one that does not belong to the set of

permissible symbols (see Description of the Program), will give an error
message.

An error in free storage will give an error message. This is a serious

error and is probably caused by machine error, or by an H(S) too big

for machine storage.

COLECT routine:

a)

b)

An illegal character in the list of variables used in H(S) will give an error
message.

If there is a variable in H(S) which is not contained in the list of variables
(see card input (2)), the message "Symbol missing from admissible symbol
set" will print.

Depending on the complexity of H(S), the program will handle an H(w) - H(w)
of about 700 terms, after simplification. If the error message "Goedel
number table overflows'" prints, then H(w) - H(w) has exceeded capacity. A
remedy which may work is to recompile the following decks with the dimen-
sion of GOEDEL (integer array) and REALL (real array) both increased to



a number higher than the present value of 1500, The decks are: PARSE,
ALGEB, COLECT, PRNT, and SUBST.

SUBST routine:

a) If a variable of substitution does not appear in H(S), an error message
will be printed.

b) If the numerical value of a variable of substitution contains an illegal
character; i.e., anything other than the digits 0 to 9, an error message
will be printed.

Machine-Dependent Instructions

The program will run on any UNIVAC 1108, Since AED compilers do exist for the
IBM 7090 and 7094, the IBM 360 (most models) as well as the UNIVAC 1108, it should
be possible to run the program on these computers without too many headaches*. The
program was written to run successfully on the UAC UNIVAC 1108. Therefore, there
are some instructions which depend on the internal representation of alphabetic charac-
ters in the 1108 or on the 1108's 36-bit word length, A list of these instructions and
the subroutines in which they occur follows:

MAIN: DOITF is an instruction peculiar to UNIVAC 1108 AED. Its only function
here is to permit calls to the FORTRAN time routine, so it is not needed
for the success of the program.

PARSE:

(1) Inthe code between the comment "anything else must be S, T1, T2,...."
and the label D10, the symbol is assembled from the individual alpha-
numeric characters in the array IN. The program assembles the symbol
by masking and shifting.

(2) About halfway between labels D6 and D7, the program places OP(Q) in its
position in the word by shifting.

ALGEB: About ten lines after label A1, HOL(P) is compared with the internal UNI-
VAC representation for "S". This is, of course, machine dependent.

*The Computer Aided Design Group at United Aircraft Research Laboratories should
be consulted first.
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COLECT:

D

2)

@)

PRNT:

SUBST:

DOUBML:

In the code between labels C12 and CO0, the program assembles a symbol
by masking and shifting the individual alphanumeric characters in the array
dJ.

Just after label C15, HOL(P) is compared with the internal UNIVAC repre-
sentation for 'S,

Starting at label C8, the 0's in the SYM array are changed to blanks, and
the "S' symbol is changed to "W' in UNIVAC internal representation.

Just after the comment "First replace S in angle by W and replace 0 by
blank in other symbols", the program does just that in UNIVAC internal

representation,

In the code between labels E0 and E1, the program assembles a symbol by
masking and shifting the individual alphanumeric characters in the array J.

This is an assembly-language program which takes two 35 bit integers and
outputs the 70 bit product.

In addition to the above, the program assumes that the computer has a word length

of 36 bits.
will almost

Since the IBM 360 series has a word length of 32 bits, packed components
certainly have to be redefined. There will also be some changes to the

free storage cells, if the number of words used in a bead must be changed.
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APPENDIX F

DIGITAL PROGRAM TO EVALUATE POWER SPECTRAL DENSITY PARAMETERS

A digital program which evaluates several power spectral density parameters was
written in FORTRAN IV language and is described in this appendix. In order to run, it
requires that a function PSD(W,J) which evaluates the power spectral density as a func-
tion of frequency W (rad/sec) be available to the program. The integer J is 1 for the
first case run, 2 for the second case, 3 for the third case, etc.

A listing of the program written for an IBM 1130 computer is presented in figure
50. It should be noted that the values of the integer constants IR and IP can be changed
to fit the installation,

Program Input

The first card read for each case executed may have any legal Hollerith punches in
its 80 columns. If the card is blank the subroutine START completes execution of the
job by returning control to the system monitor. If the card is not blank it is printed with
a 1 eject to the top of the page. The user may need to supply a START subroutine ap-
propriate to his own installation. The second card contains the following input data in a
(4F10.5, I110) format:

1. VF - the flight velocity in ft/sec. If this is zero it is computed from VK.

2, VK - the flight velocity in knots. This is computed from VF unless VF is
zero, Thus, either VF or VK may be input and if VF is not zero the value of
VK loaded is replaced by one computed from VF,

3. DW - the initial frequency w, rad/sec.

4. WM - the program will proceed, doubling the frequency w at each step, until
w 2 WM,

5. I - An integer which is the number of cards read next. At least one card will
be read. The contents of each card are printed. Normally, the first column
is not printed and should be blank,

Program Output

The initial card is printed at the top of a page by the START subroutine, The next
line contains the flight velocity. The next I lines reproduce the I cards read. These
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cards may contain comments, the equation for the power spectral density, or any other
material the user desires to print. Column headings are printed next. The contents of
each column of numbers printed next are, starting at the left:

Column No.

1. Wavelength A in feet

2. Wavelength A in meters

3.,  Spatial frequency € in rad/ft
4, Power spectral density, ¢ (Q)
5. Frequency f in Hz

6. Frequency w in rad/sec

7. Power spectral density, ¢ (w), evaluated by PSD(W, dJ)
8. /wa iw) .
9. V[ Pdo

10. Number of zero crossings in positive direction per nautical mile G evaluated
by integrating ¢ from 0 to frequency w.

11. Number of zero crossings in positive direction per hour N evaluated by
integrating ¢ from 0 to frequency w.

A five-point Gauss integration procedure is used to compute the last three columns.

The integration used to obtain the truncated rms amplitude in column 9 may be
extended from the last frequency @¢ printed to infinity analytically if ¢ (w ) varies as
" w—N at high frequencies. Typically n=5/3 or 2. Let ¢ () = Co-n
where C may be evaluated from the last printed line using columns 6 and 7. Then,

\6/ (n-1) wcn‘l C = \/wc @ ( @ ¢)/(n-1) should be added to the last value in column 9.

However, if the value of WM selected is large enough this correction is small and may
be neglected.

Column 9 provides a value of "A'" and column 10 of "G" for use in the program
" described in Appendix G.
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Sample Cases

A listing of the function PSD, the input cards, and the output of two sample cases
run on an IBM 1130 are presented in figures 51 and 52.
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APPENDIX G

DIGITAL PROGRAM TO EVALUATE EXCEEDANCE PARAMETERS

A digital program which evaluates exceedance parameters was written in FORTRAN
IV language and is described in this appendix. A listing of the program written for an
IBM 1130 computer is presented in figure 53. It should be noted that the values of the
integer constants IR and IP can be changed to fit the installation.

Program Input

Three cards are read for each case executed, The first card may have any legal
Hollerith punches in its 80 columns. If the card is blank the subroutine START completes
execution of the job by returning control to the system monitor. If the card is not blank
it is printed with a 1 eject to the top of a page. The user may need to supply a START
subroutine appropriate to his own installation. The second card contains the following
input data in a (110, 7F10.5) format:

1. L - an integer which controls equation used for calculating exceedances,
if L = 0 equation (4) is used, if L. < 0 equation (8) is used and if L. >0 equa-

tions (5, 6 & T) are used. These equations appear in the body of this report.

2. QG - number of zero crossings of output in positive direction per nautical

mile, Gth or Gso

3. A - rms amplitude of output/rms amplitude of input.

4, VF - the flight velocity in ft/sec. If this is zero it is computed from VK.

5. VK - the flight velocity in knots, This is computed from VF unless VF is
zero. Thus, either VF or VK may be input and if VF is not zero the value of
VK loaded is replaced by one computed from VF,

6. DI - maximum initial output disturbance.

7. DX - interval in output disturbance amplitude.

8. DM - program continues, increasing output disturbance by DX each cycle,
until output disturbance exceeds DM.
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The third card contains the following input data in a (8F10.5) format:
9. QNI - maximum initial nautical miles/exceedance,

10. QNM - program continues until computed miles/exceedance is greater than
QNM,

11. P1 - fraction of flight distance in primary turbulence, see figure 10,

12, P2 - fraction of flight distance in secondary turbulence, see figure 11, Not
required if L#0,
13. P g~ fraction of flight distance in tertiary turbulence, see figure 11. Not

required if L#0.

14. B 1 rms amplitude of input primary turbulence, see figure 12,

15. B2 - rms amplitude of input secondary turbulence, see figure 13, if L=0,

Parameter o if 1. # 0.

16. B3 - rms amplitude of input tertiary turbulence, see figure 13, if L=0.

Not required if L#£0.
Program Output
For each case the initial card is printed at the top of a page by the START subroutine.
The next three or four lines print the equation for G used and pertinent input data, If
L=0 up to three case "a'" of ref. 42 are summed, using equation (4). By appropriate
choice of input parameters case "k'" (equation (9)) may be solved. If L.>0 case '"j'" of ref.
42 is solved, using equations (5), (6) and (7). If 1.<0 case "m" of ref. 42 is solved,
using equation (8). Column headings are printed next. The columns contain, in groups

of three, numerical values of:

1. Amplitude X of output disturbance, may be AMth or AXS.

2, Number of flight nautical miles between exceedances of X, 1/G,

3. Flight hours between exceedances of X.
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Sample Cases

Listings of the input cards and the output of four sample cases run on an IBM 1130
are presented in figures 54 and 55 respectively, The sample cases represent, in order,
cases "a'"', "k", "j" and "m'" of ref. 42. In the second sample case a value of VK is
loaded which does not match the value of VF loaded (see figure 54) but the program re-
places the wrong value with one matching VF(see figure 55).
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TABLE V

EQUATIONS FOR STEADY-STATE NORMAL SHOCK DISPLACEMENT

Consiant Steady-State Shock
Parameters Displacement, AXg, =
2
6 (TM; -1) AdX AP,
My, Pu T T v7.4M;2)  dA TP,
2 1.5
7M1~ -1
Ml , Al _(_____1_2_)_ = I?jdAX AMZ
8.4 M;° VM“+5
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M. A ™ -1 AdX AW
-1 7(M? -1) dA We2
30 AdX
A, w AM
1> Te2 ™™, (M,Z + 5) dA 1
M w M2 -1 Adx  AAg
1° "e2 7(M12 -1) dA Al
AdX  AAg
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TABLE VI - EQUATIONS FOR SQUARE OF TRANSFER FUNCTION

Transter Function, 11 (8)

square of Transfer Fanction, 1Ga) -y |Il(u.1|“z
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See figure 49.

See figure 49,
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PROBABILITY OF ATMOSPHERIC TURBULENCE, P
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Figure 1. Probability of Atmospheric Turbulence
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PORTION OF FLIGHT DISTANCE IN PRIMARY TURBULENCE, P,
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Figure 10, Probability of Primary Turbulence, Pq




PORTION OF FLIGHT DISTANCE IN SECONDARY TURBULENCE, P»
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Figure 11, Probability of Secondary Turbulence, P2

109



110

RMS AMPLITUDE OF PRIMARY TURBULENCE,

b1, MACH NUMBER UNITS
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Figure 12, Amplitude of Primary Turbulence, b;
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P AED MAIN
BEGIN
COMMENT
THIS PROGRAM WAS WRITTEN BY UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD. UNDER CONTRACT NAS2-4515 TASK 4. IN THE AED-~0O
PROGRAMMING LANGUAGE

s'
COMMENT
THE MAIN PROGRAM CALLS THE VARIOUS SUBROUTINESs AND ESTIMATES THE FREE
STORAGE USED BY THE FINAL ANSWERs [T ALSO PRINTS THE TIME TAKEN BY
THE PROBLEMe
S
SYNONYMS INTEGER = POINTER 3.
POINTER PZ $,
INTEGER M %,
REAL X1 eX2eX34X3eX5e¢X6s XT S
PROCEDURE ExIT, DOITF, PARSE, ALGEB+ PRNT COLECTe SUBST $,
REAL PROCEDURE TMINS $.
M = M $,
FNEWBD (27777C+50000Cs M2) S
PRINT F10 %+
M1$ PRINT F11 %,
DOITF (TMINS X1) S
PARSE (P2Z) S
DOITF(TMINS+X2) %o
ALGEB(PZ) S
DOITF(TMINS«X3) &,
COLECT(PZ) %
DOITF(TMINS+X4) %,
PRNT () S,
DOITF(TMINS+X5) %,
SUBST () %,
DOITF(TMINS+X6) S,
PRINT F2 %,
PRINT F9 %,
XT = (X2-X1) * 600 %,
. PRINT F3e¢ XT %o

XT = (X3=X2) * 600 %o
PRINT F44 XT %o
XT = (X4=X3) * 600 $o

PRINT FS5e XT S

XT = (XS5=X&4) * 600 %o

PRINT F6+¢ XT %o

XT = (X6-X5) * 600 $

PRINT F7¢ XT %o

XT = (X6-—X1) % 6060 $o

PRINT F8s XT %

PRINT F2 %,

GOTO M1 S,
M2% PRINT Fl12 %,

EXIT () %o
F2% FORMAT (////777) S
F3% FORMAT ('0 PARSE! ! F6&el,t SECONDSY) B
Fas FORMAT ('O ALGEB! v F6elyt SECONDS) %,
F5% FORMAT ('O COLECT! ¢ F6el,? SECONDSt) $,
F6% FORMAT ('0 PRNT® ¢ F6Gel,t SECONDS') S,
F7% FORMAT ('O suBsT! ' FHele?t SECONDSt)Y 3,
FR% FORMAT (//'0 TOTAL? ! FGele' SECONDSY) $,
Fos FORMAT ('O THE TIMES TAKEN By ThE VARIOUS SUBROUTINES ARE1//) $.

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (1 of 26)
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F10% FORMAT (1H1//////77/7/71H0OtTHIS PROGRAM WwAS WRITTEN BY UNITED AIRCRAFT RESEAR

CH LABORATORIES FOR HAMILTON STANDARD, UNDER CONTRACT NAS2-4515 TO PERFORM 1t/
14036% *CERTAIN ALGEBRAIC MANIPULATIONS OF TRANSFER FUNCTIONS! ) &,

F11% FORMAT (1H1) %,

F12% FORMAT ('OTROUBLE IN FREE STORAGE. CALLED FROM FNEWBDs ') $,

END FINI
e AED RDCARD
QEGIN
COMMENT .

THIS PROGRAM wAS wWRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMIL.TON STANDARD, UNDER CONTRACT NAg2-43515 TASK 4, IN THE AED-0
PRTGRAMMING LANGUAGE .

$o
COMMENT
THIS ROUTINE READS 72 HOLLERITH CHARACTERSSe 1T wAS MADE A PROCEDURE .
SOLELY TO SAVE STORAGE SPACE. AND TO AVOID HAVING TO wRITE IT OuT
SEVERAL TIMESe THE ROUTINE ALSO SENSES COMMENT CARDS (*Ce+ IN COLUMN 1)
AND PRINTS THEM OUTe.
S
DEF INE PROCEDURE RDCARD TOBE
BEGIN
INTEGER ARRAY J(72) %
CCMMON U S
INTEGER I .
BOOLEAN K $,
PROCEDURE EXIT +SETASM, CARET, ASMBCD s,
K = FALSE %,
R0O% READ F1l, J(1)s J(2)s J(3)4 J(4)y J(B)y J(6E), J(7)s J(B)s J(9)
JC10)s JU11)e J(12)s J(13)s J(l4)y J(15)s J(16) J1T7)s J(18)
JE19)s J(20)s J(21)e J(22)s J(23)s J(24)s J(25)s J(26) J(27 e
J(28)s J(29)e J(30)s JE31)4 J(32)s J(33)s J(34)s J(35), J(36)
J(37)e J(3B)s J(39)s J(40)s J(41)s J(42)s J(43) J(aar, J(aS)y.
J(46)s J(4T)y J(B8)s J(49)s J(50)s J(S1)e J(52) J(53)e J(B54),
J(55) e J(56)s J(57)s J(58)s J(59)s J(60)s J(61), JI62)e J(63)
J(6a)s J(ES)y J(66)s JIOET)s J(6B) J(6D)Ys J(TO) e J(T1)e J(T72) %,
IF J(1) EQL BCDe /%, THEN EXIT() %,
IF J(1) EQL «BCDe ,C,/ THEN
BEGIN IF NOT K THEN BEGIN PRINT F2 $.
SETASM (341104=09y=0¢=04+=0) %,
K = TRUE $.
END %,
FOR 1=2 STEP 1 UNTIL 72 DO ASMBCD (l+J(I)) S,
CARET () %o
GOTO RO %
END $e
GOTO RETURN $.
F1$ FORMAT (72A1) %
TZ% FCRMAT (1H1) %,

END $o
END FINI
o AED PARSE
BEGIN
COMMENT .

THIS PROGRAM WAS WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD, UNDER CONTRACT NAS2-4515 TASK 4. IN THE AED-0
PROGRAMM ING LANGUAGE «

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (2 of 26)
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E XY
COMMENT
THE PARSING ROUTINE TAKES THE EXPRESSION FOR H(S) AND SETS uP THE
INTERNAL BINARY TREE STRUCTURE. [T BEXAMINES H(S) FOR 0BVIOUS ERRORS
sUCH ASs PARENTHESES IMBALANCE 4ANU PRINTS ERROR MESSAGES.
$'
DEF INE PROCEDURE PARSE(PTOP) wHERE POINTER PTOP TOBE
BEGIN
SYNONYMS INTEGER = PCINTER $.
POINTER PUSH %,
POINTER COMPONENT RV..LV - 3
INTEGER COMPONENT OP, HOL $
POINTER PeTOP s QeZ4224Z44P1P24Q1 ANGLE %
BOOLEAN COMPONENT ATOMNUMBSIGN %,
BOOLEAN OF LAG 4ERROR, MINFLAG %,
REAL COMPONENT CONg %,
REAL NUMBER o DCT %,
INTEGER Kel g ISTIM¢MSK L 4PARCT s SYMST %4
POINTER COMPONENT RVARWLVAR $.
INTEGER COMPONENT TYPEALPHA %,
BOOLEAN COMPONENT AFLAGWNB S
REAL COMPONENT DEC %.
PROCEDURE ExIT MSEA , ROCARD + STKSX $o
PROCEDURE SETASMNEWPOSsy ASMeCey ASMBCZD, CARET %,
INTEGER PROCEDURE SETFR1.+.FREE1.FRET %,
POINTER PROCEDURE STINIT. UNSTAK $,
INTEGER PROCECURE FRILL $,
PACK 777777C0O«Ce SPECIAL COMPONENTS Ry %,
PACK 777777C18418s SPECTAL COMPONENTS LV %
PACK 77C24 .24 SPECIAL COMPONENTS OP %,
PACK 1C0+Cs SPECIAL COMPONENTS ATOM %,
PACK 77C3C+30s SPECIAL COMPONENTS BSIGN $.
PACK 777777C12,12.SPECIAL COMPONENTS HOL %.
PACK 1C1414+SPECIAL COMPONENTS NUM $,
PACK 1C0+0+SPECIAL COMPONENTS ATOM 3%,
RVAR $=% 0%

LVAR $=% 1 $.
TYPE $=% 2 $.,
ALPHA $=% 0 %,
AFLAG $=% | $,

DEC =% 2 $.

OP $=% ATOM 3%=% BSIGN $=3% 0 S,

LY $=2% RY $=% ] S

HOL $=% NUM %=% ATOM 3$=3% BSIGN $=% 0 %,

CONS $=% 1 %,

REAL ARRAY REALL (15S00)s NM(10) B

INTEGER ARRAY J(72), DIG(10)s IN(200)s GOEDLEL(1500) B

INTEGER ARRAY SYM(3S). PRIME(35) $.

COMMON JZRROR ANGLE, GCEDEL 4+ REALL,s Z+ SYM, PRIME, SYMST. DIG.

NM &,

MSEA() $.

DIG(O)Y = «BCDe 0/ %
OIG(1) = +BCDe /1/ S
DIG(2) = +ECDe 2/ S
DIG(3) = «BCDe 3/ S
OIG(4) = «BCDe r4/ S
DIG(S) = +8BCDes /5S/ 3o
DIG(6) = «BCDe /6/ B
SIG(7) = «BCDe /7/ %o

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (3 of 26)
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D1G(8) = «BCDe /8/ %,

DIG(9) = «BCDs /9/ %,
NM(O) = 00 %S,
NM(1) = 10 %,
NM(2) = 20 %o
NM({3) = 30 %,
NM(4) = 440 S
NM(S) = Se0Q %
NM(6) = 660 S
NM({7) = 70 %S,
NM(B8) = Be0 %,

NM(9) = 90 S,
ANGLE = O %
ERROR = FALSE $.
PARCT = 0 %
IST = 1 $»
MSK = 770000000000C %,
D1%$ FOR 1=0 STEP 1 UNTIL 4 DO
BEGIN RDCARD () %,
FOR K=1 STEP 1 UNTIL 72 DO
BEGIN IF JU(K) EQL #BCDe /%/ THEN BEGIN IN(O) = «BCDe /(/ $.
INCIST) = «BCDe )/ %,
INCIST=IST+1)Y =
eBCDse /%, S,
GOTO D2 %.

END
ELSE
IF JU(K) NEG «BCDe / / THEN
BEGIN IF (INCIST) = JU(K)) EQL «BCDe (/7 THEN

PARCT = PARCT+1 ELSE IF IN(IST) EGL
eBCDe )/ THEN PARCT = PARCT~-1 S

IST = IST+1 $.
END %,
END S,
END S
COMMENT
H(S) READ IN COMPILLETEDe NOW PRINT IT OUT. p
B
D2% SETASM (S41104-04=0+=04=0) S,
CARET () %o
CARET () %
CARET () S,
CARET () %S
ASMeCe (eCe /H(S) = /) %

NEWPOS(12) %o
FOR I=1 STEP 1 UNTIL IST-2 DO ASMBCD (O.IN(I)) S

CARET () %
CARET () 5
CARET () S
CARET () S
COMMENT
' 1F PARENTHESES DO NOT BALANCE, INDICATE AND SET ERROR FLAG.

£ XY
1F PARCT NEQ 0 THEN BEGIN ERROR = TRUE %$.
PRINT FO %.
END %
IF z NEQ O THEN FKILL(Z ) $.
IF 23 NEQG O THEN FKILL(Z3) $.
IF za NEQ O THEN FKILL(Z4) %,
Z = SETFR1 (S000+¢100404240) $o

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (4 of 26)
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Z3 SETFR] (100¢2540¢3:0) $0

24 SETFR]1 (100+25+¢0¢440) %

P = (TOP = FREE1(Z3)) $.

FOR [=0 STEP 1 UNTIL IST DO

BEGIN IF IN(I) EQL «BCDe /~/ THEN
BEGIN FOR K=0 STEP 1 UNTIL 9 DO IF IN(I+1) EQL DIG(K) AND
IN(I=-1) EQL «BCDe /(/ THEN GOTO D10 $.

ERROR = TRUE $.
PRINT Fa IN(I=1) o IN(IDGINCI+1)eINCI+2) 4 INC(T43)4INC(I+4),
IN(I+5) s,

END S
LVAR(P) = FREE1(Z4) $.
RVAR(P) = FREE1(Z3) %

1IF IN(1) EQL «BCDe /+/ OR IN(1) EQL «BCDe /%/ OR
IN(l) EQL «BCDe /%, OR IN(1) EQL +BCDe ,E/ THEN

BEGIN TYPE(P) = 1 %

ALPHA (LVAR(P)) INCI) %,

AFLAG(LVAR(P)) FALSE $.

NB (LVAR(P)Y) = FALSE %$.

P = RVAR(P) $.

GOTO D10 %

uo

END
ELSE IF IN(1) EQL «BCDe /(s OR INC(Il) EQL +BCDe /)/ THEN
BEGIN TYPE(P) = 3 %
ALPHA(LVAR(P)Y) = IN(C!) S,
AFLLAG(L.VAR(P)) = FALSE $,.
NB (L.VAR(P)) = FALSE %,
P = RVAR(P) %,
GOTO D10 %
END
ELSE
FOR K=0 STEP 1 UNTIL 9 DO
BEGIN IF INCID) EQL DIG(K) THEN
BEGIN NUMBER = 0 $.
DCT = 0.0 S
DFLAG = FALSE $.
MINFLAG = IF IN(1-1) EQL eBCDe /-, THEN
TRUE ELSE FALSE %,
D43 NUMBER = 10¥NUMBER + NM(K) S,
IF DFLAG THEN DOCT = DCT+1+0 %o
IF IN(I+1) EQL «BCDe /o/ THEN
BEGIN DFLAG = TRUE .
I = I+1 %,
END $.
FOR K=0 STEP 1 yNTIL 9 DO
IF IN(1+1) EQL DIG(K) THEN BEGIN I=1+1 $,.
GOTO D4 %
END %,
COMMENT
ADD Oe0 TO NORMALIZE NUMBERSs
kXY
NUMBER = 10¢0%%(~DCT)*NUMBER + (0e¢0 $.
TYPE(P) = 2 $,
AFLAG(LVAR(P)) = TRUE $,
NB (LVAR(P)) = TRUE %,
° DEC(LVAR(P)) = IF MINFLAG THEN —-NUMBER ELSE NUMBER %,
P = RVAR(P) $,
GOTO D10 %,
END
END %o

Figure 47. Listing of Digital Program to Derive Equation for Square of
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CouinmilN

ANYTHING ELSE MUST BE SeT1eT2e00eaCleC20000eWloeW2e0004Z1W,
Z2Weeeey ETC.

IF IN(1) EQL «BCDe /T, OR IN(I) EQL «BCDe /C/ OR IN(I) EQL

eBCDe sWs OR IN(1) EQL «BCDe /Z/ OR IN(I) EQL oBCDe /S/
THEN
BEGIN TYPE(P)Y = 2 5o
AFLAG(LVAR({P)Y) = TRUE $.
NB(LVAR(P)) = FALSE %,

IF IN(1) EGL «BCDe /5,7 THEN ALPHA(LVAR(P))
= IN(I) esAe MSK ELSE
IF IN(I) EQL BCDe /Z/ THEN
BEGIN ALPHA(LVAR(P)) = (IN(Il)eAe MSK)
+ (IN(I+1)eAe MSK) eRSe &
+ (IN(I+2)eAs MSK) eRSse 12 %o
I = 142 $.
END ELSE .
1IF IN(I+1) EQL DIG(1) AND IN(I+2) EQL
DIG(0) THEN BEGIN ALPHA(LVAR(P)) =
(IN(I)eAse MSK) +
(DIG(1) eAe MSK)
«RSe 6 + (DIGLO)
sAe MSK) eRSe 12 S

I = 142 %,
END ELSE
BEGIN- ALPHA(LVAR(P))Y = (IN(1)eAs
MSK)I+ (IN(I+1)eAe MSK) eRSe
6 B
I = 1+1 %,

END %,
P = RVAR(P) %$.
END
ELSE BEGIN PRINT F24 IN(I) S
ERROR = TRUE $.
END $.

D10% END %,

COMMENT
CHARACTERS CLASSIFIEDOPERATORS (EXPONENTIATION, MULTIPLICATION, AND
ADDITION) ARE TYPE 1+ AS IS % (END OF EXPRESSION)s LEFT AND RIGHT
PARENTHESES ARE TYPE 3¢ ATOMIC SYMBOLS AND CONSTANTS ARE TYPE 2e
CHECK FUR OBvIOUs ERRORs BEFORE ATTEMPTING SIMPLIFICATION. THESE
ERRORY ARE, USING EXAMPLES, THE FOLLOwING IMPOSSIBLE ADJACENT
CHARACTERS »

£ XY

DI1s

Fignre

le * + OR + + .

2e S T OR T1 Zlw OR 6 72 .
3e [ OR ) .

G +,) OR * ) OrR E )

P = TOP %,
1IF TYyPE(P)Y EQL 1 AND TYPE(RVAR(P)) EQL 1 AND ALPHA(LVAR(RVAR(P)))
NEQ «BCDe ,E/ OR TYPE (P) EQL 2 AND
TYCE(RVAR(P)Y) EQL 2 OR TYPE(P) EQL 3 AND TYPE(RVAR(P)) EQL 3
AND ALLPHA(LVAR(P)) NEQ ALPHA(LVAR(RVAR(P)Y)) OR TYPE(P) EQL 1 AND
ALPHA(LVAR(RVAR(P))) EQL «BCDe /)/ THEN

BEGIN PRINT Fis ALPHA(LVAR(P))es ALPHA(LVAR(RVAR(P)})) S,

ERROR = TRUE $.

END $.

1IF ALPHA (LVAR(RVAR(P))) NEQ «BCDe /%/ THEN BEGIN P=RVAR(P) $,
GOTO DI1 S

47, Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (G of 26)



END %,
IF ERROR THEN GOTO RETURN $,
PUSH = STINIT () %,
COMMENT
STACK ALL POINTERS wHICH POINT TO ¢(¢ o
D
P = TOP %,
D3% IF ALPHA(LVAR(P)) EQL BCDe /%, THEN GOTO D14 %,
IF ALPHA(LVAR(P)) EQL eBCDe /(,/ THEN
BEGIN STKSX(PUSHP) $.
COMMENT
REMOVE ¢ (* FROM STRING
T,
TYPE(P) = TYPE(RVAR(P)) S,
LVAR(P) = LVAR(RVAR(P)) %,
RVAR(P) = RVAR(RVAR(P)) $.
END
ELSE P = RVAR(P) %,
GOTO D3 %
COMMENT
CHANGE ATOMS TO PACKED FORMAT,.
k3
D14% P = TOP %,
D13% IF TYPE(P) EQL 2 OR ALPHA(LVAQ(P)) EQL «BCDe /%, THEN
BEGIN Q1 = FREE1(2Z) %.
1IF NB(LVAR(P)) THEN CONS5(Q1) = DEC(LVAR(P)) ELSE HOL(Q1)
= ALPHA(LVAR(P)) «RSe 18 s$,

BSIGN(Q1) = TRUE $,
ATOM(Q1) = TRUE $.
NUM(Q1) = NB(LVAR(P)) %,
IF ALPHA(LVAR(P)) EQL «BCDe /%, THEN
BEGIN LVAR(P) = Q1 %,
GOTO D5 %o
END
ELSE
BEGIN LVAR(P) = Q1 $.»
P = RVAR(P) $.
GOTO D13 %o
END %,
END ELSE
BEGIN P = RVAR(P) %,
GOTO D13 %
END %,
COMMENT
STACKING OF 1 (¢t DONEe NOW START SIMPLIFICATIONe DO E %4+ IN ORDERe
kY
D5% P1 = UNSTAK(PUSH.D8) %,
P = Pl %,
FOR K = oeBCDe /E/4 e8CDe /%, 4 oBCDe ,+, DO
D6% BEGIN IF TYyPE( RVAR(P)) EQL 3 THEN BEGIN P2 = P %,
P = P11 $,
GOTO D7 %o
END %

IF TYPE(P) EQL 1 AND TYPE(RVAR(P)) EQL 2 AND
ALPHA(LVAR(P)Y) EQL e8CDe /E,/ THEN
BEGIN Q = FREE1(Z) %
OP(Q) = «BCDe / E/s %
BSIGN(Q) = TRUE $.
ATOM(Q) = FALSE %.
ANGLE = LVAR(RVAR(P)Y) %,

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (7 of 26)
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BSIGN(ANGLE) = FALSE %.

LVAR(P) = Q %«
RVAR(P) = RVAR(RVAR(P)) 3%,
TYPE(P) = 2 %,
END
ELSE
IF TYPE(P) EQL 2 AND TYPE(RVAR(P)) EQL t AND
ALPHA (LVAR (RVAR(P)) ) EQL K THEN
REGIN Q = FREE1(Z) %S
OP(Q) = K «RSe 30 %
LV(Q) = LVAR(P) %,
Rv(Q) = LVAR(RVAR(RVAR(P))) S,
BSIGN(Q) = TRUE $»
ATOM(Q) = FALSE $.
LVAR(P) = Q $.
RVAR(P) = RVAR(RVAR(RVAR(P}))) %,

TYPE(P)Y = 2 %,
END ELSE P = RVAR(P) %
GOTO D6 %
D7s END %,

COMMENT

REMOyE 1)+ FROM END OF SUBEXPRESSION
B

RVAR(P2) = RVAR(RVAR(P2)) %,

GOTO DS %
D8s PTOP = LVAR(TOP) %,
GOro RETURN %,
Fo% FORMAT ('OPARENTHESES IN H(s) DO NOT BALANCEes H(S) wltlL NOT BE PROCESSED i
1JT ERROR SCAN wlLL CONTINUEe«t) %,

F1% FORMAT ('OTHE ADJACENT CHARACTERS * A6+t AND t A6,t ARE ILLEGAL IN THIS
COMNTEXTe H({S) wlLL NOT BE PROCESSED BUT ERROR SCAN wliLiL CONTINUE«') $.
F2% FORMAT ('O THE CHARACTER 1A6. t1S TLLEGALs H(S) wltL NOT BE PROCESSED BuT
ERROR SCAN wWILL CONTINUE <t ) $,
F3% FORMAT (1H1) 3
Fas FORMAT('QOTHE SEQUENCE t 7Al, ' esese IS NOT PERMITTEDe REMEMBER THAT A MINU
< S IGN MUST BE,/,sOPRECEDED By A ¢v (1 AND FOLLOWED By A NUMERICe H(S) wliLL NOT B
F PROCESSED BuT ERROR SCAN wlILL CONTINUE. ¢) S,
END S
END FINI
P AED ALGEB
BEGIN
COMMENT

TH1S PROGRAM wAs WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD. UNDER CONTRACT NAS2-4515 TASKk 4. IN THE AED-0O
FROGRAMMING LANGUAGE

S

COMMENT
THE ALGEBRAIC ROUTINE CONSTRUCTS H({~S) FROM H(S)e IT THEN SETS uP THE
~REF STRUCTURE FOR H(S)*H(~S)e NEXT IT LOOKS FOR EXPRESSIONS OF THE
FOPM ExPi T#S ¢ AND SUBSTITUTES I#w FOR S (1=2SQRT(=1)) GIVING THE
FORM COS( TH*W ) + I*#SIN( T*W )e THE SUBSTITUTION OF 1%*w FOR S IN THE
FEST OF H(S)*¥H(=-S) IS DEFERRED UNTIL THE PRINT ROUTINE WHERE [T IS
MORE EASILY PERFORMEDe NEXT H(S)*H(-S) 15 SIMPLIFIED FROM PRODUCTS OF
SUMS TO SUMS OF PRODUCTS. By REPEATED APPLICATIONS OF THE DISTRIBUTIVE
_Aw OF MULTIPLICATION AND ADDITION, lebe A¥(B+C) = AXB+AXC.

DEFINE PROCEDURE ALGEB(TOP) wHERE POINTER TOP TOBE
BEGIN

Figure 47. Listing of Digital Program to Derive Equation for Square of
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SYNONYMS INTEGER = POINTER $.
POINTER COMPONENT Rvse LVs HOL S,
POINTER P, YeTMP Q1 4,Q02¢Q342Z, Q«PTOP,QTOP+ ANGLE %,
BOOLEAN ERROR %.
INTEGER SYMST o 1 S
INTEGER COMPONENT OFP %,
B8O0OLEAN COMPONENT ATOMNUM,BSIGN $,
BOOLEAN COMPONENT SEALER %,
POINTER TMl, TM2, TM3, TM4, TMS, TM6&, TM7, TM8, TMS, TMI10O %,
REAL COMPONENT CONS $.
POINTER PROCEDURE STINIT. UNSTAK $.
PROCEDURE STKSX S
PROCEDURE EXIT + MSEA $,
INTEGER PROCEDURE SETFR1, FREEl1, CRSTK. POP, STACK, FRET! %,
COMMON J,ERROR ANGLE, GOEDEL+ REALLs Z+ SYM, PRIME, SYMST, DIG,
NM o 1 $,
INTEGER ARRAY GOEDEL (1500)s DIG(10)4J(72)+SYM(35).PRIME(35) $.
REAL ARRAY REALL{(1500)¢ NM(10) S,
CiLF INE BOOLEAN PROCEDURE EQulv(BL1.BL2) WHERE BOOLEAN BL1.BL2
TOBE EQUIV = JF (BL1 AND BL2) OR (NOT BL1 AND NOT BL2)
THEN TRUE ELSE FALSE %,
PACK 777777C0+0¢ SPECIAL COMPONENTS RV $.
PACK 777777C184.18+SPECIAL COMPONENTS LV $.
PACK 77C24.24+ SPECIAL COMPONENTS OP $,
PACK 1C0+0¢ SPECIAL COMPONENTS ATOM $,
PACK 77C30430 SPECIAL. COMPONENTS BSIGN %,
PACK 777777C124+.12¢ SPECIAL COMPONENTS HOL %,
PACK 1C1l41s SPECIAL COMPONENTS NUM %,
PACK 1C0+0s SPECIAL COMPONENTS ATOM %,
PACK 1C242+ SPECIAL COMPONENTS SEALER %
OP =% ATOM $=% BSIGN $=% SEALER $=% 0O %,
LV $=% RV $=% 1 $,
HOL $=% NUM $=% ATOM $=% BSIGN $=% SEALER %$=% 0 %,
CONS $=% 1 S,
POINTER PysH, QUSH %,
IF ERROR THEN GOTO RETURN $,
PTOP = TOP $,
PUSH = STINIT () S,
QuUsH = STINIT () %,
QTOP = FREE1(Z) %,
P = PTOPS,
Q = QTOR $,
A1$ IF ATOM(P) THEN
BEGIN ATOM(Q) = TRUE $.
NUM(G) = NUM(P) $,
IF NUM(P) THEN
BEGIN CONS(Q) = CONSI(P) $.
BSIGN(Q) = BSIGN(P) $.
END
ELSE BEGIN
HOL(Q) = HOL(P) $.
BSIGN(Q) = EQUIV(NOT(HOL(P) EQL
o} 300000C Y, BSIGN(P)) %,
END $.
COMMENT

THE SEALER BOOLEAN COMPONENT
wWHICH HAVE BEEN SIMPLIFIEDS

s USED TO SEAL OFF BRANCHES OF THE TREE
SINCE THE ALGEBRAIC SIMPLIFICATION

ROUTINE ByUILDS A TREE wWHICH SHARES STORAGE.,

THIS PREVENTS REDUNDANT

TRIPS THROUGH THE TREEs
S

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (9 of 26)
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SEALER(P) =z TRUE $.
SEALER(Q) = TRUE %,

P = UNSTAK (PUSH.A2) %
Q = UNSTAK(QUSHA2) %,
GOTO Al %

END
ELSE
BEGIN LV(Q) = FREE1(Z) %
RV(Q) = FREE1(Z) S
ATOM(Q) = FALSE %
OP(Q) = OP(P) %,
BSIGN(Q) = BSIGN(P) S
IF OP(P) NEQ OP(eCe , E /) THEN
BEGIN STKSX(QUSHRV(Q)) %,
STKSX(PUSHWRV(P)) $,
END ELSE
BEGIN OP(Q) = «BCDe / M/ B
P = UNSTAK(PUSH.A2) %,
Q = UNSTAK(QUSHA2) $,
GOTO Al S
END %
SEALER(P) = FALSE $.
SEALER(Q) = FALSE $.
Q = LVQ) %
P = LVI(P) $,
GOTO Al %
END %4
COMMENT
NOW JOIN H(S) AND H(-S) wlTH * OPERATOR
S
A2% TOP = FREE1(Z) %o
LV( TOP) = PTOP S$.
Rv( TOP) = QTOP %$.
OP( TOP) = OP({eCe / * /) 8

ATOM({ TOP) = FALSE %,
BSIGN( TOP) = TRUE $.
SEALER(TOP) = FALSE %,
A6E P = TOP $.
COMMENT
SUBSTITUTE [%w FOR S WHERE I = SQRT(-1) ExP##*lw BECOMES
COS(wWI+I#SIN(W) o LEAVE OTHER TERMS INVOLVING 5 TO OUTPUT ROUT INE o

S
PysH = sSTINIT () %,
B1% IF NOT ATOM(P) AND (OP(P) EQL OP(eCe , E s) OR OP(P) EQL
OP(eCe / M /1)) THEN
3EGIN Ql = FREE1(Z) %S
LVIQ1) = FREEL1(Z) %o
RV(Q1) = FREE1(Z) %S
TMLI = LV(Ql) %
ATOM(TM1) = FALSE %,
OP(TM1) = «BCDe / C/ %o

BSIGN(TM1) = BSIGN(P) S
SEALER(TMI) = TRUE $.
TMS = RV(QL) %,

ATOM(TMS) = FALSE $.

OP(TMS) = «BCDs / */ By

LVIFMS) = FREEL1(Z) %

RV(TMS) = FREE1(Z) %o

BSIGN(TMS) = EQUIVI(EQUIVIBSIGN(P) «BSIGNILV(P))I ),

EQUIVIBSIGN(LVILV(P)I) ) sBSIGN(RVILV(P))))) B,

Figure 47. Listing of Digital Program to Derive Equation for Square of
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SEALER(TMS) = TRUE %«
TME = LV(TMS) %,
ATOM(TM6) = TRUE $.

NUM(TM6 )
HOL (TM6)

BSIGN{TM&) = IF OP(P) EQL OP(e.Ce / E /) THEN
FALSE ELSE TRUE $.

= FALSE %,

= oBCDe / 1/ S

TM7 = RV(TMS) $.
ATOM(TM7) = FALSE %,
BSIGN(TM7) = TRUE $.

OP(TM7)

END ELSE

)
BEGIN

END $.

ABS P = TOP $.

= «BCDe 7/ S/ S

OP(P) = +BCDe / +/ S
LV(P) = LV(Ql) S

RV(P) = RV(Ql) S.
BSIGN(P) = TRUE $.
ATOM(P) = FALSE %
SEALER(P) = FALSE %.
FRET1 (Ql1+Z) %

P = UNSTAK(PUSH.A8) $.
GOTO Bl %

IF ATOM(P) OR OP(P) EQL OP(eCe / C /)
OR OP(P) EQL OP(eCe / S /) THEN P=UNSTAK(PUSH,.,A8
ELSE

STKSX(PUSH+RV(P})) S
P = LV(P) %,

GOTO Bl $o

PUSH = STINIT () $.
A3% IF NOT ATOM(P) AND OP(P) EQL OP(eCe ,/ * /) AND SEALER(LV(P))
AND SEALER (RV(P)) THEN BEGIN SEALER(P) = TRUE %.
GOTO A7 $e

END 3.
IF NOT ATOM(P) AND OP(P) EQL OP(eCe ,/ * 7)Y AND NOT ATOM(RV(P))
AND OP(RV{(P)) EQL OP(eCe ,/ + /) THEN
ASS BEGIN Ql = FREE1(Z) %.

Q2 FREEL1(Z) $.
Q3 = FREE1(Z) $.
TM2 = RV(P)Y %,
LV(Q1)Y = Q2 $.
RV(Q1)Y = Q3 %,

LV(Q2) = LV(P) $,
RV(Q2) = LVITMZ2) $,
OP(Q2) = «BCDe / */ B,

ATOM(Q2) = FALSE %,

BSIGN(Q2) = EQUIV(BSIGN(P), BgIGN(TM2)) %,
SEALER(Q2) = SEALER(LV(P)) AND SEALER(LV(TM2)) $,
LV(Q3) = LV(P) $,

RV(Q3) = RV(TM2) $,

OP(Q3) = «BCDe / */ B

ATOM(Q3) = FALSE %S

BSIGN(Q3) = BSIGN(Q2) S,

SEALER(Q3) = SEALER(LV(P)) AND SEALER(RV(TM2)) $,
BSIGN(P) = TRUE %,

LV(P) = LV(Q1) %,

RV(P) = RV(Q1) $,

OP(P) =BCDe +/ S,
SEALER(P) = FALSE %,
FRET1 (Ql+2) L 3

Figure 47. Listing of Digital Program to Derive Equation for Square of
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P o=

UNSTAK (PUSH.A8) S,

GOTO A3 $.

IND B
1F NOT ATOM(P) AND OP(P) EQL OP(+Ce , *
AND OP(LV(P)) EQL OP(eCe / + /) THEN
BEGIN
TMP = LV(P) ®.
LVIP) = Ry(P) %,
Ry(P) = TMP $,
GOTO AS $.
END %,
IF ATOM(P) OR OP(P) EGQL OP(eCe / S /)
OPt Ce » C /) OR OP(P) EQL OP(eCe , E
ATS BFEGIN P = RVIUNSTAK(PUSHRETURN)) $.
GOTO A3 :
END ELSE
BEGIN STKSX (PUSHWP)Y $
P o= LV(P) S
GOTO A3 $o
END %
END $o
END FINI
L= AED COLECT
BEGIN
COMMENT
THIS FROGRAM wAS wRITTEN By UNITED AIRCRAFT
HAMILTON STANDARD,., UNDER CONTRACT NAS2-4515
PROGRAMMING LANGUAGE .

By

COMMENT
THIS ROUTINE COLLECTS LIKE TERMS IN THE sIMP
EACH SyMBOL USED IN H(s) 1S ASSIGNED A uNlQu
“ERM A GOEDEL NUMBER 1s COMPUTED wHICH
PRIMES CORRESPONDING TO THE sSYMBOLS IN THE T
FACTORIZATION THEOREM,
THE SAME SYMBOLS AND ASSOCIATED EXPONENTS. A
GOEDEL NUMBERS ARE DIFFERENT COLLECTING LIK
MATTER OF SELECTING THE TERMS wlTH LIKE GOED

THEIR NUMERICAL COEFFICIENTSe. SIN AND COSs A
THE PRIMES 3 AND 5, RESPECTIVEL Y. SIMPLIFIC
IDENTITY SIN(AIY#%2 + COs(AI%#%2 = | ARE THEN

THE GOEDEL NUMBER FOR DIvISIBILITY By 9 AND
iF A TERM HAS A GOEDEL NUMBER GREATER THAN (
LOCATIONS ARE USEDe IN THIS CASEs. A NEGATIVE
THAT THE NEXT GOEDEL NUMBER IN THE TABLE 1S
GOEDEL NUMBER HERE wlLL BE TRANSFORMED INTO
+ oo WHEN COLLECTING TERMSe IN ORDER TO KE
ONE L. OQCATION, IT
FREQUENCY OF usE, SINCE THE PRIMES ARE AssIG
AS AN EXAMPLE. CONSIDER THE EXPRESSION?

ST HTIRSHS + 2HT2HSHS + 3eORTIHSKSESHT ]
THE PRIMES ASSIGNED TO THE SYMBOLS ARE S=2,
NUMBERS FCR THE TERMS ARE THEN 2¥7#7x2%2, 11
392, G4 AND 392s THUS THE 1ST AND 3RD TERMS
DIV IRENCE IN THE ORDER OF THE SYMBOLS. AND
THE IR NUMERICAL COEFFICIENTS.

UEF I NE PROCEDURE COLECT

(TOP) WHERE POIN

Ig BEST TO tIsT THE syMBalLs useD

/) AND NOT ATOM(LV(P))
OR OP(P) EGL
/) THEN

RESEARCH LABORATORIES FOR
TASK 4, IN THE AED-0O

LIFI1ED EXPRESSIONe
E PRIME.

FIRST,
THEN FOR EACH

Is THE PRODUCT OF ALL THE

ERMe NOW BY THE UNIQUE

ANY TERMS WITH THE SAME GOEDEL NUMBER CONTAIN

ND TERMS wlTH DIFFERENT
E TERMg THEN IS SIMpPLY A
EL NUMBERS AND ADDING
RE ARBITRARILY ASSIGNED
ATION INVOLVING THE
EAgILY HANDLED By TESTING
25 e
2%%#35)~1, TWO OR MORE
GOEDEL NUMBER INDICATES
THE NEXT FACTORe THE
AQ+A 1 ¥2R %35 + AZ2*2%%7Q
EP THE GOEDEL NUMBER IN
IN ORDER OF THEIR
NED SMALLEST FIRSTe

T1=7. T2=11e THE GOEDEL
*2%2 4 AND 7%#2%2%2%7 OR
ARE THE SAME DESPITE THE
CAN BE COMBINED By ADDING

TER TOP TOBE
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BEGIN

SYNONYMS INTEGER = POINTER $,

POINTER PUSH $.

DEF INE PROCEDURE GMUL (FAC) WHERE INTEGER FAC TOBE
BEGIN IF (GT(KL)*FAC),/FAC NEQ GT(KL ) THEN

BEGIN OGT(KL) = ~-GT(KL)S,
GT(KL=KL+1) = FAC $,
END
ELSE GT(KL) = GT(KL)*FAC %,
END %,
DEF INE PROCEDURE sIG TOBE IF NOT BSIGN(P) THEN RL = —-RL $,
POINTER COMPONENT RV.LV B,
INTEGER COMPONENT 0P, HOL o RHALF s,
BOOLEAN COMPONENT ATOMNUMBSIGN &,
REAL COMPONENT CONS %,
PROCEDURE EXIT,MSEA , PDUMPN %,
PROCEDURE RDCARD,s ASMeCe, ASMDEC. ASMBCD. CARET %4
PROCEDURE  ASMFLO,., SETASM, NEWPOSs STKSX $.
POINTLR PROCEDURE STINIT. UNSTAK $,
INTEGER PROCEDURE GPOL %,
REALL RL %
INTEGER PROCEDURE SETFR1 FREEL] FRET $,
PACK 777777C0sus SPFECIAL COMPONENTS RV $.
PACK 1C0O«0s SPECIAL COMPONENTS ATOM $,
PACK 777777C18,18, P:LCIAL COMPONENTS LV %
PACK 77024.74,5PECLALL COMPONENTS OP %,
PACK 77C30. 30 SPLCTAL COMPONENTS BSIGN $.
PACK 777777C12412.5PtCIAL COMPONENITS HOL %4
PACK 1C1414SPECIAL COMPONENTS NUM %,
PACK 1C0+0+SPECIAL COMPONENTS ATOM %,
TSP $=% ATOM %=% BSIGN $=% 0 S,
-V $7° RV $=% 1 $,
HOL = % NUM $=% ATOM $=% BSIGN $z% O %,
CONS $=% i S,
COMMON U ,LRROR,ANGLE, GOEDElL+ REALL, 24 :" .., PRIME, SYMST, DiGs
NM o 1 %,
INTEGER ARRAY GOLDEL (1500)e PRIME(35)4SYM(35)4J(72:4G7(10) %S
INTEGER ARRAY DIG(10) %
REAL ARRAY REALL(1500)s NM(10) $,
INTEGER ARRAY T1(10), T2(10) %,
BOOLEAN B14B2+.Ys FLIPy SWe SWls ISIG, Eivuiv by
INTEGER 14T KsLsMEXsRySYMST 4 MSK 4 NGSINDEX b,
INTEGER KK KL ITys KNyGD (GDT &+ JJs KM $,
INTEGER U1, J2, J3, J4 %,
POINTER P, ANGLE , LL . Z %,
MSEA() S,
MgK = 770000000000C $,
FLIP = FALSE .
FOR N=0 STEP 1 UNTIL 1499 DO GOEDEL(N) = (REALL(N) = Qe0) S,
PRIME (0) = 2 %
PRIME (1) = 7 %,
PRIME (2) = 11 %,
PRIME (3) = 13 %,
PRIME (4) = 17 %,
PRIME (5) = 19 %,

PRIME (6) = 23 %,
PRIME (7) = 29 %,
PRIME (8) = 31 $,
PRIME (9) = 37 $,
PRIME(10) = 41 %,

Figure 47. Listing of Digital Program to Derive Equation for Square of
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dYeimIF (V1Y = 43 S
PRime (12 47 b
PRIME(13) = 53 %,

PRIME(14) = 59 %,
PRIVEVLIS)Y = 61 S
PRIME(16) = 67 %S
PRIME(17) = 71 %o

PRIME(18) = 73 %
PRIME(19) = 79 $.
PRIME (20) 83 %,
PRIME (21) 89 s,
PRIME (22) = 97 S
PRIME (23) = 101 %

won

PRIME(24) = 103 $.
PRIME(25) = 107 %o
PRIME(26) = 109 %,
PRIME(27) = 113 %o
POIME(28) = 127 S
PRIMF(29) = 131 %
FPRIME (30) = 137 S
PRIME(31) = 139 S,
PRIMF (32) = 149 %.
FRIME(33) = 151 S
PRIME(34) = 157 %o
L = —1 %

Z12% FOR M=0 STEP 1 UNTIL 4 DO
BEGIN RDCARD () $.
FCR K=1 STEP 1 UNTIL 72 DO
IF J(K) EQL «BCDe /%/ THEN GOTO CO
ELSE IF J(K) NEQ «BCDe , , THEN IF JU(K) NEQ BCDe /T/ AND
J(K) NEQ BCDe ,C, AND J(K) NEQ «BCDe rswr/s AND J(K) NEQ
eBCDe ,Z, AND J(K) NEQ ¢BCDes S/ THEN BEGIN
ERROR = TRUE %,
PRINT FC %
. END ELSE
IF J(K) EGQL «BCDe S,/ THEN
BEGIN SYM(L=L+1) = (J(K) eAs MSK) kXY
SINDEX = L %o

END
ELSE IF J(K) EQL «BCDe ,Z/ THEN
BEGIN SYM(L=L+1) = (J(K) eAs MSK)
+(J(K+1) eAe MSK) eRSe 6
+ (J(K+2) sAe MSK) eRSe 12 %,
K = K42 S

END

ELSE IF J(K+1) EQL «BCDe /1,7 AND JU(K+2) EQL «BCDe /0/

THEN BEGIN SYM(L=L+1) = (J(K) esAe MSK)

+( (eBCDe /1/) e¢Ae MSK) sRSe 6
+( (eBCDe /0/) eAe MSK) eRSe 12 X
K = K42 $»
END
ELSE BEGIN SYML=L+1) = (J(K) oA MSK)
4+ (JK+1) eAe MSK) oRSe
6 %o
K = K+l $,
END %
END S,
LO% F = TOP S

15 ERROR THEN GOTO RETURN $,
SYMST = L S

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (14 of 26)
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PUSH = STINIT() %o

I = 0O %,
C3% RL = 1e0 S
ISIG = FALSE $.
GT(KL=0) = 1 $,
C1%s IF ATOM(P) THEN GOTO C2 ELSE
IF OP(P) EQL OP(eCe / + /) OR OP(P) EQL
OP(eCe 7/ * /) THEN
BEGIN STKSX(PUSHP) %,
SIG () %o
P = LV(P) $.
GOTO C1 %o
END
ELSE
COMMENT
CHECK FOR SIN OR COS OPERATOR
B
IF OP(P) EQL OP(eCe / S /) THEN
BEGIN GMUL(3) s,
SIG ()%
GOTO C4 %,
END
ELSE
IF OP(P) EQL OP(eCe ,/ C /) THEN
BEGIN GMULI(5) %.
SIG () s,
GOTO Ca s,
END
ELSE
COMMENT
P Is AN ATOM
B
C2s% IF NUM(P) THEN
BEGIN SIG () %o
RL = RL¥CONS(P) %$.
GOTO C4 %,
END
ELSE
COMMENT
CHECK FOR SQRT(-1)
S
IF HOL(P) EQL HOL(eCe 1 /) THEN
C15% BEGIN SI1G () $,
IF NOT (ISIG=NOT IS1G) THEN RL = -RL %,
GOTO C4 $.
END
ELSE

IF HOL (P) EQL 000000300000C THEN
BEGIN GMUL (PRIME (SINDEX)Y) %,
GOTO C15 S,
END ELSE
FOR K=0 STEP 1 UNTIL SYMST DO
IF HOL(P) EQL (SYM(K) eRSe 18) THEN
BEGIN GMUL(PRIME(K)) $.
SIG () %
GOTO Ca s,
END %o
PRINT F3 $.
ERROR = TRUE $.
GOTO RETURN %+

Figure 47. Listing of Digital Program to Derive Equation for Square

Frequency Response Function (15 of 26)
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Ca4s P = UNSTAK(PUSHC13) $.
COMMENT
IF TERM !5 IMAGINARY DO NOT CONSIDER ITe’
$'
IF OP(P) EQL OP(eCe ,/ + /) THEN
BEGIN IF 1glG THEN BEGIN P = RVI(P) $.
GOTO C3 %,
END ELSE IF I EQL O THEN GOTO C5 ELSE
GOTO IF KL EQL O THEN C6 ELSE C10 %
END
ELSE
BEGIN SIG () $.
P = RV(P) %,
GOTO C1 %,
END S
COMMENT
LAST TERM IN EXPRESSION NEEDS SPECIAL HANDL ING
S
C13% FLIP = TRUE %,
IF 151G THEN GOTO C8%.
IF KL EGL O THEN GOTO C6 ELSE GOTO C10 $.
COMMENT
TRY COLLECTING TERMSe FIRST TEST FOR SIN*%2 + cos*#*2 REDUCTION. THEN
FOR COMBINING OF LIKE TERMSe

B .
C6% GD = GT(O) S
B1 = (GD/9) * 9 EQL GD $.
g2 = (GD,25) % 25 EQL GD s,
FOR K=0 STEP 1 UNTIL I DO
IF (K EQL O AND GOEDEL(0) GRT 0 OR K NEQ O AND GOEDEL
(K=1) GRT 0) AND REALL(K) NEQ O THEN
BEGIN GDT = GOEDEL(K) $.
IF Bt AND (GDT/25)%#25 EQL GDT AND GDT/25 EGQL GD/9
OR B2 AND (GDT/9)%9 EQL GDT AND GDT/9 EQL GD/25
THEN BEGIN REALL(K) = REALL(K)-RL %.
GD = GD/IF GDT/9 EQL GD/25 THEN 2S5
ELSE 9 %
END %,
END %,
GT(0O) = GD %.
COMMENT
NOw TRY TO COLLECT LIKE TERMS
S
C10% GPOL (GTsT140sJ1) S

J2 = 0 %o
C9% GPOL (GOEDEL +T24¢J2¢J3) $»
FOR J4=0 STEP 1 UNTIL 9 DO
BEGIN IF Ti(¢Ja) LEQ O AND T2(J4) LEQ 0 AND T1(J4+1) LES O AND
T2¢(J4+1) LES O THEN GOTO C7 %.
IF T1¢J4) NEQ T2(J4) THEN IfF J3 GEg I-1 THEN GOTO CS5 ELSE
BEGIN J2 = J3+1 $.
GOTO C9 %,
END $.
END $.
COMMENT
TERMS CAN BE COMBINEDe.
£ X
C7% FOR KK=J2 STEP 1 UNTIL J3 DO REALL(KK) = REALL(KK) + RL %,
GOTO Ci4 %,
COMMENT

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (16 of 26)
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CAN+*T COMBINE LIKE TERMSe ADD GOEDEL NUMBER(S) TO LIST.

S
C5% FOR KK=0 STEP 1t UNTIL KL DO
BEGIN GOEDEL (1) = GT(KK) $
REALL(I) = RL %,
1 = I+1 %,
IF I GRT 1500 THEN BEGIN PRINT F1 $.
PDUMPN () $.
ERROR = TRUE %,
GOTO RETURN $e
END $.
END $.
Cl4és IF FLIP THEN GOTO C8 %,
P = RvV(P) $,
GOTO C3 S
COMMENT
REPLACE VO IN symMBOL TABLE By BLANKe CHANGE § SyYMBOL TO we
k2

C8% FOR N=0 STEP 1 UNTIL SYMST DO
IF SYM(N) eAe MSK EQL 370000000000C THEN SYM(N) =
SYM(N) + 000000050505C “
ELSE IF SYM(N) eAe 007777000000C EQL 006160000000C

THEN SYM(N) = SYM(N) + 000000050505C
ELSE SYM(N) = SYM(N) + 000005050505C $.
SYM(SINDEX) = 340505050505C $.

1 = 1-1 $»

GOTO RETURN $,
FO0$ FORMAT ('O ILLEGAL CHARACTER IN ADMISSIBLE gYMBOL SETet ) $,
F1s FORMAT ('0 GOEDEL NUMBER TABLE OVERFLOWSe?') $.
F3% FORMAT ('0 SYMBOL MISSING FROM ADMISSIBLE SyMBOL SETet) 8,

END %,

END FINI
tp AED GPOL

BEGIN
COMMENT

THIS PROGRAM wAS WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD, UNDER CONTRACT NAS2-4515 TASK 4. IN THE AED-0
PROGRAMMING LANGUAGE «

S
COMMENT
THIS ROUTINE TAKES ALL GOEDEL NUMBERS INCLUDING THOSE OCCUPYING MORE THAN ONE
LOCATION AND TRANSFORMS THE GOEDEL NUMBER INTO THE COEFFICIENTS OF A POLY-
NOMIAL IN POWERS OF 2#%35e¢ SINCE THE POLYNOMIAL IS UNIQUE, THIS LETS uUs TEST
ALL GOEDEL NUMERS FOR EQUALITY.
B
DEF INE PROCEDURE GPOL (IN+T+ISTARTIEND) WHERE INTEGER ARRAY
IN{300)s T(10) %4 INTEGER ISTART, IEND TOBE
BEGIN INTEGER ARRAY TLO(10)s TUP(10) $.
BOOLEAN ARRAY OFLO(10) S,
INTEGER Kl K2,K3,K4 $,

FOR Ki1=0 STEP 1 UNTIL 9 DO 1(K1) = TLO(K]1) = TUP(Kl) = =1 $,
IF INC(ISTART) GRT 0 THEN
BEGIN T(0) = IN(ISTART) s,
1IEND = ISTART S

GOTO RETURN %,
END %,
DOUBML (ABS( IN(ISTART))Ye ABS(IN(ISTART+1))s T(1)esTH(O)) S,

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (17 of 26)
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162

17 IN{ISTART+1) GRT O THEN
BEGIN JEND = ISTART+1 %,
GOTO RETURN S
END $.
FOR %232 STEP 1 UNTIL @ DO
BEGIN FOR K3=0 STEP 1 UNTIL K2-1 DO DOUBML (ABS(IN{ISTART+K2)) .
T(K3) ¢ TUP(K3+1)+TLO(K3)) B,

T(K2) = TUP(K2) $.
T(O) = TLO(O) %,
FOR K4=1 STEP 1 UNTIL K2-1 DO
BEGIN T(K4) = TLO(K&4) + TUP(K4) %
OFLO(K&)=TLO(K&) + TUP(K4) LES 0 %o
END %+

FOR Ka=1 STEP 1 UNTIL K2-1 DO IF OFLO(Ka4) THEN
BEGIN T(K&) = T(KS) oAe 377777777777C S
T(K4+1) = T(KA+1) + 1 S
END %
IF IN(ISTART+K2) GRT O THEN BEGIN IEND = ISTART+K2 %,
GOTC RETURN .
END %
END %,
END 2.
END FINI

‘P AED PRNT
BEGIN
COMMENT
THIS PROGRAM wAs WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD, UNDER CONTRACT NAS2-4515 TASK 4, IN THE AED=-0O

PROGRAMMING LANGUAGE o

B

COMMENT
THIS ROUTINE PRINTS THE EXPRESSION H(I%w)*H(—1%y) AFTER ALL LIKE TERMS

HAVE BEEN COLLECTEDe EACH GOEDEL NUMBER IN TURN IS DECOMPOSED INTO
PRIMES, AND THE gyMBOL CORRESPONDING TO EACH PRIME Is PRINTED.
By
DEF INE PROCEDURE PRNT TOBE
BEGIN
SYNONYMS INTEGER = POINTER $.
DEF INE PROCEDURE NUMPRT (Q) wHERE REAL Q TOBE
BEGIN REAL U S
U = Q %,
U = U+0e0 S
IF U EQL (K=U) THEN
BEGIN KSP = IF U LES 10e0 THEN 2 ELSE (2+001+ALOGI0(U)) %,
LOMMINT
1¥ NUMERICAL COEFFICIENT 1S AN INTEGER. USE LOG BASE 10 TO COMPUTE PROPER
SPACINGe NORMALIZE NUMBER FIRST
1Y
ASMDEC (KSPsK) S
ASMeCe (eCe /e0/) %,
END ELSE ASMFLO (124U) %,

END %
POINTER COMPONENT RV.LV kX
INTEGER COMPONENT OP., HOL + RHALF $.

BOOLEAN COMPONENT ATOM,NUMIBSIGN $.

REAL COMPONENT CONS %

PROCEDURE EXIT.MSEA , PDUMPN s« RWTs RTDs wWTD $.
PROCEDURE RDCARD+ ASMeCes ASMDEC, ASMBCD. CARET %,

Figure 47. Listing of Digital Program to Derive Equation for Square of
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PROCEDURE ASMFLOe« SETASM. NEWPOS %,
REAL PROCEDURE ALOGIQ %
REAL RLs V %,
PACK 777777C0+0+ SPECIAL COMPONENTS RV 5.
PACK 1C0+04 SPECIAL COMPONENTS ATOM $.
PACK 777777C18,18+ SPECIAL COMPONENTS Lv %,
PACK 77C244244SPECIAL COMPONENTS OP $,
PACK 77C30+,30, SPECIAL COMPONENTS BSIGN $.
PACK 777777C124+12+SPECTAL COMPONENTS HOL %,
PACK 1C14+1,4SPECIAL COMPONENTS NUM $,
PACK 1C0O+0«SPECIAL COMPONENTS ATOM $.
- PACK 777777C0+0s SPECIAL COMPONENTS RHALF $,
OP $=% ATOM $=% BSIGN $=% 0 %.
LY $=% RV $=% 1 S
HOL $=% NUM $=% ATOM $=% BSIGN $=% 0 %,
CONg $=% 1 %,
RHALF %=% 0O %$.
INTEGER ARRAY GOEDEL (1500) +PRIME(35) 4SYM(35)4J(72)+GT(10) S,
INTEGER ARRAY DIG(10) $,.
INTEGER ARRAY SVeARRAY(6) %,
COMMON J.,ERROR(ANGLE, GOEDEL, REALLs Z+ SYM, PRIME, SYMSTs DIG.
NM . T %,
REAL ARRAY REALL(1500)s NM(10) $.
BOOLEAN B1,B2.Ys FLIP, SWe SWls 151G, ERROR %,
INTEGER 14T eKsLsMiEXsRISYMST o« MSK « NeSINDEX $e
INTEGER KK KL 1T+ KNJGD «GOT & JJe KM 3%,
INTEGER KSP + LKy LJs LI 4+ JZ %,
POINTER Pas ANGLE o+ LLe Z %o
MSEA () %
IF ERROR THEN GOTO RETURN $.
T = «BCDe / / B
PRINT F2 %,
SWl = FALSE $.
SETASM (S+=04=04=0+s=0+~0 ) S

ASMeCoe (eCe /H(W)*H (W) = /) S,
NEWPOS(19) %,
COMMENT
FIRST REPLACE 5 IN ANGLE By w AND REPLACE o By BLANK IN OTHER syMBOLSe
S
IF ANGLE NEQ 0 THEN
FOR LL = LV(ANGLE), RV(ANGLE) DO
IF HOL (LL) EQOL 300000C THEN HOL (LL) = HOL (eCe , w /)
ELSE IF HOL(LL) eAe 77C EQL 0OC THEN HOL (LL) = HOL(LL) + SC %,
COMMENT
SAVE GOEDEL NUMBERS AND COEFFICIENTS ON TAPE
S
JZ = 8 %,
RWT(JZ) %,
FOR N=0 STEP 1 UNTIL I DO wTD(JZ+F3,GOEDEL (N)REALL(N)) 35,
FOR M=0 STEP 1 UNTIL I DO
BEGIN IF REALL (M) EQL 00 THEN GOTO Ctl %,
COMMENT
BEFORE PRINTING CHECK ANGLE FOR SIGNe THEN APPLY SIN(=X) = =35IN(x) AND
COg(—-X) = COS(X)e LOOP TWwICE IN CASE OF SIN¥#2 OR COS%¥2,
k)

IF ANGLE EQL O THEN GOTO CS %.
FOR LI=LV(ANGLE}+ RV(ANGLE)Y DO
BEGIN I[F NOT NUM(LI)Y THEN GOTO C9 %.
FOR LJ=0 STEP 1 UNTIL I DO
BEGIN FOR LK=0 STEP 1 UNTIL 1 DO

Figure 47. Listing of Digital Program to Derive Equation for Sauare of
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BEGIN 1F (GOEDEL(M+LJ)/3)%3 EQL GOEDEL (M+LJ) THEN
BEGIN IF CONS(LI)Y LES 00 THEN

BEGIN REALL(M) = ~REALL (M) $,
CONS(LI) = =CONS(LI1) %.
END $.
END %,
1F (GOEDEL (M+LJ) /5)%5 EQL GOEDEL (M+L ) THEN IF
CONg(L1) LEs 0 THEN CONS(LI) = ~CONS(L1) %,
END %+
IF GOEDEL (M+LJ) GRT O THEN GOTO CS5 %,
END %,

Cos END %,
C5% IF REALL (M) LES QOe0O THEN ASMeCe (eCe / - /) ELSE
IF swt THEN ASMeCe (eCe / + /) B,
SW1 = TRUE $.
IF ¥ = (V=ABS(REALL(M))) NEG 10 OR GOEDEL (M) EQL 1
THEN NUMPRT(V) $.
SwW = FALSE $.
FOR L=0 STEP 1 UNTIL SYMST DO
BEGIN Ex = 0O %
FOR KN=0 STEP 1 UNTIL 1 DO
Cl10% BEGIN 1F (Q:GOEDEL(M+KN)/PRIME(L))*PQIME(L)
EQL GOEDEL (M+KN) THEN
BEGIN Ex = Ex+1 %
GOEDEL (M+KN) = R $.
GOTO Clo %

END %
IF GOEDEL (M+KN) GRT O THEN GOTO C17 $%,
END S,
C17% IF Ex £QL 0 THEN GOTO C16 ELSE

BEGIN 1F vy OR Sw THEN ASMeCe (oCe /*/) 5,
ASMBCD (OeSYM(L)) S
Sw = TRUE $.
IF Ex GRT 1 THEN
BEGIN ASMeCse (sCe /¥%/) S,
IF EX GRT 9 THEN ASMDEC(3+EXx)
ELSE ASMDEC(2+EX) %
ASMeCe (eCe / /) %o

END $.
END %+
Cl16% END %o
COMMENT
CHECK FOR PRESENCE OF sSIN AND COS TERMSe
£ X

IF ANGLE EQL O THEN GOTO C19 %,
kX
FOR JJ=3 STEP 2 UNTIL 5 DO
BEGIN EX = 0 %o
FOR KM=0 STEP 1 UNTIL 1 DO
Cc20% BEGIN IF (R=GOEDEL (M+KM) sJJ)*JJ EQL GOEDEL (M+KM) THEN
BEGIN Ex = ExX+1 $.
GOEDEL (M+KM) = R $,
GOTO C20 %

END %,
IF GOEDEL (M+KM) GRT O THEN GOTO C18 $,
END S, ’
c18% IF Ex EQL O THEN GOTO C19 ELSE

BEGIN IF y OR SW THEN ASMeCe (eCe /¥%/) %,
IF JUJ EGL 3 THEN ASMeCse (eCe /SIN(/) ELSE
ASMeCe (eCe /COS (/) LX)

Figure 47. Listing of Digital Program to Derive Equation for Square of
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B

rHE QUOTIENT 1S TAKEN As THE NEw GOEDEL NUMBER. AND THE NUMERICAL
NUMERICAL VALUE OF THE syuBSTITUTED VARIABLEe AFTER ALL SUCH

;oGS TITUT TONS ARE MADE, ALL GOEDEL NUMBERS WwHICH WERE LARGER THEN
cmux25)=-1 AND CONSEQUENTLY OCCUPY MORE THAN ONE LOCATION ARE TESTED

TO SEE WHETHER THEY ARE NOw LESS THAN (2%%¥35)-1. AN ATTEMPT IS THEN
MAUE TO COLLECT LIKE TERMS IN THE NEw EXPRESSION FOR H(I*w) * H(-I%w)e

DEF INE PROCEDURE SuUBST TOBE
BEGIN
SYNONYMS INTEGER = POINTER $.
PROCEDURE MgEA, RDCARD, RWT4RTD+wTDs PRNT .
INTEGER SYMST %,
INTEGER ARRAY GOEDEL (1500) +PRIME (25) ,5YM(35)P(35),SB(3%5) %,
INTEGER ARRAY T1(10), T2(10) %,
FOINTER ANGLE 4Z+ LL %
RIZAL ARRAY REALL (1500)+NMB(35) %
REALL  ARRAY NM(10) %,
REAL CTs NUMBER &,
BOOLEAN DFLAGMFLAG,ERROR, CFLAG $,.
COMMON JERROR ¢ ANGL E  GOEDEL 4REALL ¢+ ZseSYMIPRIME +SYMST DIG, NM
1 %
INTEGER R NASMSK s TAGGTEST ol s JZ s I Je IKaIL 4 IMyINGIOeIPs14JALIB S,
INTEGER JCJUDJWJE +JF 4JGse IH B,
INTEGER SCTs VCTe MMe MN 4 N $,
INTECER G %
INTECER ARRAY J(T72)s DIG(10) %o
POINTER COMPONENT RViLV S,
INTEGER COMPONENT OP,y HOL %o
BCOLEAN COMPONENT ATOM, NuUM, BSIGN B
REAL COMPONENT CONS %
PACK 777777C0+0s SPECIAL COMPONENTS RV %,
PACK 1C04+0¢ SPECIAL COMPONENTS ATOM $,
PACK 777777C184,184 SPECIAL COMPONENTS LV %
PACK 77C24,24,5PECIAL COMPONENTS OP %,
PACK T7C30430. SPECIAL COMPONENTS BSIGN $,
FACK 771 7T77C12,12.5PECIAL COMPONENTS HOL %,
PACK 1C141,SPECIAL COMPONENTS NUM %,
PACK 1C0O40+SPECIAL COMPONENTS ATOM %,
OP =% ATOM $=% BSIGN $=% Q0 %,
LY $=% Ry $=% | S,
HOL $=% NUM $=% ATOM $=% BSIGN %$=% 0O $,
CONS $=% 1 S,
MSEA () XY
MSK = 770000000000C %
E0% READ F24 SCT S
IF sCT EQL O THEN GOTO RETURN $,
FOR MM=1 STEP | UNTIL sCT DO
BEGIN READ F24 VCT S

TA = =1 %
FOR mnN=1 STEP 1 UNTIL VvCT DO
BEGIN RDCARD() Y
MFILAG = FALSE %,
IA = TA+1 %,

FOR NA=1 STEP 1 UNTIL 72 DO
BEGIN IF J(NA) EGL «BCDe s , THEN GOTO E8 S
IF J(NA}) EQL 8CDe ,s2,/ THEN
BEGIN SBIIA) = (J(NA) sAe MSK) + (J(NA+1)
eAe MSK) eRSe 6 *+ (J(NA42) oAe MSK)
eRSe 12 + 050505C s,
NA = NA+2 %,

Figure 47. Listing of Digital Program to Derive Equation for Square of
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SW = TRUE %,
COMMENT
NOw PRINT ANGLE. CHECK FOR 2 CASESe. NAMELY ONE NUMERIC,.ONE syMmBoL IC
AND BOTH SYMBOLICe
kXY
IF NUM(RV(ANGLE)Y)Y THEN
BEGIN NUMPRT({CONS(RV(ANGLE))}) $.
ASMaeCe (oCe /%/) B
RHALF (LOC T) = RHALF(LOC HOL (LV(ANGLE))) %,
ASMBCD (0+T) $e
END ELSE
IF NUM(LV(ANGLE)) THEN
BEGIN NUMPRT(CONS(LV(ANGLE))) %«
ASMeCa (eCe /¥*/) S
RHALF (LOC T) = RHALF(LOC HOL (RV(ANGLE))) %,
ASMBCD (0Q.T) X
END ELSE
BEGIN RHALF (LOC T) = RHALF(LOC HOL(LV(ANGLE))) $,
ASMBCD (0+T) S
ASMeCe (6Ce %/} B
RHALF (LOC T) = RHALF(LOC HOL (RV(ANGLE)})) $,
ASMBCD (O04+T) $o
END S,
ASMeCses (eCe /) /) S
IF EX GRT 1 THEN
BEGIN ASMeCe (eCe /¥¥/) B,
IF EX GRT 9 THEN ASMDEC(3.Ex)
ELSE ASMDEC(2.EX) $.
ASMeCe (eCe s/ /) S
END S,
END %,
Cl19s% END $.
IF gVeARRAY(0) GRT 90 THEN CARET () %,
M = M+KN $,
Clis END S

CARET () %o
COMMENT
RESTORE GOEDEL NUMBERS AND COEFFICIENTS

LX)
RWT(JZ) S,
FOR N=0 STEP 1 UNTIL | DO RTD(JZ+F3,GOEDEL(N)REALL(N)) %,
GOTO RETURN %o
F2s FORMAT (///7/77) B
F3% FORMAT (012) %

END S

END FINT1
P AED SUBST

BEGIN
COMMENT

THIS PROGRAM WAS WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
HAMILTON STANDARD. UNDER CONTRACT NAS2-4515 TASK 4. IN THE AED-O
PROGRAMMING LANGUAGE «

B

COMMENT
THIS ROUTINE SUBSTITUTES NUMERICAL VALUES FOR ANy OF THE VARIABLEsS IN
H(s)e THE PRIME CORRESPONDING TO EACH syCH VARIABLE Is FOuUND AND
DIVIDED INTO EACH GOEDEL NUMBER. IF THE DlylslON LEAVES NO REMAINDER,
COEFFICIENT CORRESPONDING TO THE GOEDEL NUMBER Is MULTIPLIED By THE

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (21 of 26)
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THEN PRINT F1, sB(IJ)s NMB(IJ) ELSE PRINT F4,
sB(lUu)e NMB(IJU) %,
FOR IkK=0 STEP 1 UNTIL SYMST DO
IF sB(ly) EQL SYM(IK) THEN
BEGIN P(i1J) = PRIME(IK) %,
GOTO E3 %,
END %
PRINT FOs SB(IJ) %o
E3s END %,
COMMENT
NOW SUBSTITUTE THE GIVEN NUMERICAL VALUE OF EACH VARIABLE INTO THE
LIST OF GOEDEL NUMBERSe
Be
FOR IL=0 STEP 1 UNTIL I DO
BEGIN IF REALL(JL) EQL 0Oe0 THEN GOTO E9 %.
FOR IM=0 STEP 1 UNTIL 1A DO
E4s IF (R=GOEDEL(IL)/P(IM))»*P(IM) EQL GOEDEL (IL) THEN
BEGIN IH = IL %,
E6% IF IH-1 GEQ 0 AND GOEDEL (IH-1) LES 0 THEN
BEGIN IH = IH=1 $,
GOTO E6 $.
END %o
ESS$ REALL (IH) = REALL(IH) * NMB(IM) $,
IF GOEDEL(IH)Y LES 0 THEN BEGIN IH = TH+1 $,
GOTO ES %

END %,
GOEDEL (IL) = R %,
GOTO E4 %,
END %,
E9% END S,
COMMENT
NOw ATTEMPT TO COLLECT TERMS IN THE MODIFIED GOEDEL TABLE.
S FOR JUA=0 STEP 1 UNTIL I-1 DO
BEGIN IF REALL(JA) EQL 0e0 THEN GOTO E12 ELSE
BEGIN GPOL (GOEDEL +T14sJA+UB) S
1IF UB GEQ I THEN GOTO El14 $.
FOR JC=JUB+1 STEP 1 UNTIL 1 DO
BEGIN IF REALL(JC) NEQ 0«0 THEN
BEGIN GPOL (GOEDEL ¢ T24JC VD) S
FOR JE=0 STEP 1 UNTIL 9 DO
IF T1(JE) LEQ O AND T2(JE) LEQ 0O AND
TI(JE+1) LES O AND T2(JE+1) LES 0 THEN GOTO
E10 ELSE IF T1(JE) NEQ T2(JEY THEN IF JUD
GEQ I THEN GOTO Et1l ELSE BEGIN UC = JUD %,
GOTO E13 %,
END %
END S
E13% END %o
END %
GOTO Ell S,
E10% FOR JUF=JC STEP 1 UNTIL JD DO
REALL (JF) = REALL(JF) + REALL(JA) %,
FOR JUG=JA STEP 1 UNTIL JuB DO REALL(JG) = 00 %,
[ BE: JA = UB $,
El12% END %,
COMMENT
CHECK IF ANGLE lg INVOLVED IN suUBSTITUTIONS
S,

E14% IF ANGLE NEQ o THEN FOR IQ=0 STEP 1 uNTIL Ia DO
FOR LL=LV(ANGLE)+ RV(ANGLE) DO

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (24 of 26)
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GOTO E1l1 %,
END ELSE [F J(NA+1) EQL DIG(1) AND J(NA+2)
EQL DIG(0) THEN
BEGIN SB(IA) = (J(NA) esAe MSK) +
(DIG(1) eAe MSK) eRSe 6
+ (DIG(0) eAe MSK) eRSe 12
+ 050505C %,
NA = NA+2 $,
GOTO E1 $.
END ELSE
BEGIN SBIIA)Y = (JINA) eAe MSK) +
(JINA+1) oAe MSK) eRSe 6
+ 05050505C S
NA = NA+1 $.
GOTO E1 %,
END %o
E1% NA = NA+1 S,
1F J(NA) EQL BCDe s , OR J(NA) EQL +BCDe s+,
OR J(NA) EQL +BCDs /=, THEN GOTO E1 %,
IF J(NA) EQL eBCDe ,/~/ THEN BEGIN MFLAG =TRUE $.
GOTO El1 %,

END %,
FOR L=0 STEP 1 uUNTIL 9 DO
BEGIN IF JU(NA) EQL DIG(L) THEN
BEGIN NUMBER = Qe0 B

DCT = 0«0 S,
DFLAG = FALSE $.

E2% NUMBER = 10*¥NUMBER + NM(L) $,
1IF DFLAG THEN DCT = DCT+10 %o

1IF J(NA+1) EQL «BCDe /e/ THEN

BEGIN DFLAG = TRUE $.

NA = NA+1 $.

END S
FOR L=0 STEP 1 UNTIL 9 DO
IF JINA+1) EQL DIG(L) THEN BEGIN NA = NA+] %,

GOTO E2 %+
END $o

NMB(IA) = 10s0O%## (~DCT)X¥NUMBER %*(IF MFLAG THEN
—1e0 ELSE 10) S
GOTO E7 S

END $.
END %
PRINT FS, J(NA) %,
E8% END s,
E7$ END %,

COMMENT
AT THlg POINT, SB AND NMB ARE ARRAvYS CONTAINING REgPECTIVELY. THE
NAMEg OF THE VvARIABLEg 710 BE suBSTITUTED FOR, AND THEIR NyMERICAL
VALUESe NOw SAVE GOEDEL NUMBERS AND COEZFFICIENTg ON TAPE.

D
IF ERROR THEN GOTO RETURN $,
PRINT F3 $.
JZ = 9 %,
RWT(JZ) S
FOR N=0 STEP 1 UNTIL I DO WTD(JZ.F6 +GOEDEL (N)REALL(N)) $,
COMMENT
NOwW FIND THE PRIMES ASSOCIATED wlTH THE VARIABLES.
S,

FOR 1J=0 STEP 1 UNTIL IA DO
BEGIN IF ABS(NMB(1J)) GEQ 100000 OR ABS(NMB(I1J)) LES 040001

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (23 of 26)
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IF NOT NUM(LL) AND sB(IQ) eRSe 18 EQL HOL(LL) THEN
BEGIN NUM(LL) = TRUE %,
CONS(LL) = NMB(IQ) %,
END %,
PRNT () %o

COMMENT
MOy RESTORE GOEDEL TABLE TO ORIGINAL CONDITION.

ERY

RWT(JZ) S

FOR N=0 STEP 1 UNTIL 1 DO RTD(JZ+F6 +GOEDEL (N)REALL (N)) %,
END &

GOTO RETURN $.

FO$ FORMAT (*OTHE SYMBOL tA6. ¢ DOES NOT APPEAR IN H(S)e ') $.
F1% FORMAT (1*0O v A6 0 =t E1Se5) S

F2% FORMAT (13) $.
: FORMAT (/////790 THE FOLLOWING NUMERICAL SUBSTITUTIONS wlLL NOw BE MADEe:*

Fo
/7)) B
F4% FORMAT (*O 't ABe t =t F1545) S

F5% FORMAT('0 THE ILLEGAL CHARACTER tA6s, ' APPEARED ON THE RIGHT HAND SIDE OF

THE EQUAL SIGN DURING THE SUBSTITUTIONe ¢ ) S
F63 FORMAT (012) %,

END %
END FINI
tILP  ASM DOUBML /ASM «DOUBML
REGNAM
bouBML* J $+1 .
LMJ 134,SETUPS &
+ 4 ,C3BD .
[ AQ4*AA .
MI AQ+%BB .
LDsC AO0s1 .
SsSL Al .
S AD+%CC .
S Al,.*DD .
LMY B11.*CsSBD .
csBD + 0700000000 .
+ C .
+ ] .
AA + 0O .
B8 + 0 .
ccC + 0 .
DD + o] .
END

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (25 of 26)
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DD STAKS

TEEIN
TOMMIT ST
THIs PROGRAM WwAS WRITTEN By UNITED AIRCRAFT RESEARCH LABORATORIES FOR
A AL TON STANDARD  UNDER CONTRACT NAGZ-451% TASK 4, I[N THE AED=-Q
L U AMMING P ANGHIAGE »

POIMNTER PROCEDURE STINIT, UNSTAK &,
PROCEDURE STKSX S
POINTER PROCEDURE FREZ] %
PRCCEDURE FRETI S
BEGIN POINTER TEMP, STAKZON %,
POINTER COMPONENT  NEXTe. STACKED $.
SYNONYMS 777777C = ENDSTR %o

PACK 777777C.0,SPECIAL COMPONENTS NEXT %,
PACK 777777C18,18,sPECIAL COMPONENTS STACKED %,
NMEXT $=% STACKED $=% 0 %
DEFINE POINTER PROCEDURE sSTINIT TOBE
BEGIN STAKZON = SETFR1(100450+¢0414040) %,

NEXT(STINIT=FREZ1 (STAKZON)) = ENDSTR %,
END $.
DEFINE PROCEDURE STKSX(STAK.P) WHERE POINTER P.STAK TOBE
BEGIN NEXT(TEMP=FREZ1(STAKZON)) = NEXT(STAK) %,
NEXT(STAK) = TEMP %,
STACKED(TEMP) = P %,
END %.

DEFINE PCOIMTER PROCEDURE UNSTAK(STAKGEMPTY) WHERE POINTER STAK %,
POINTER PROCEDURE EMPTY TOBE

IF NEXT(STAK) EQL ENDSTR THEN UNSTAK = EMPTY (STAK)
ELsE BEGIN UNSTAK = STACKED(TEMP=NEXT(STAK)) %,
NEXT(STAK) = NEXT(TEMP) %,
FRETI (TEMP ,STAKZON) %,
END S
TND F .
END FINT

Figure 47. Listing of Digital Program to Derive Equation for Square of
Frequency Response Function (26 of 26)
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H1* (—-FTH#C2+H2) + C1*¥(C4*H2%¥Hg ~ C2#C3%¥H3) OF SHOCK POSITION TRe FCNe

C

C IN FORM H2(H1+C1%¥C4¥%Ha) + HI®¥(-FTH)I*C2 + C1*#(—-C2)¥C3%H3

C H1 =w3¥s HZ2 = (14Z1WkS+WIHXK2HSH¥2) (1+T1%#S) (14T72%3)S H3 =1+4T4%5
C H4 =1+TS*¥S+TE*S*R2 Ce =C1*Ca T3 =w3+C1*¥Ca4*T5S w2 =C1*¥Ca*Te
C C5 =-FTH*C2 Ce =C1*%C4q C7 =-C1*C2*%C3

(1+SHZIWHSHSHWIRWI IR (1+TIHSHH(1+T2XS)¥SH (CHHTIXSHW2*S*S) + WIHCS*HS +
C7T#*(1+T4%S) %
S Ziw w1l T1 T2 C6 T3 w2 w3 C5 T4 C7 %
1
11
Z1W= 04015
wl = Oa.Cl
T1 0s002
T2 = QD1
C6 = 17621647
T3 = 0.26239676
w2 = 00002286519
W3 = 0e34
c5 = 20
T4 = 00009367
C7 = 677646788
CTEST CASE OF ALGEBRAIC PROGRAM FCR REPRESENTATIVE INLET
C HS*H7 + CS5#H6 OF gHOCK POSITION TRANSFER FUNCTION
(TI#S+1IH(T2¥S+]1 ) ¥ (CIX¥CIHSHSHFC2HSH )X (TSHSHSHSHTARSHSHTI*SH] ) %S +
C3*(TEXSH1IXE(~TT7*S) 3
S T1 T2 C1 C2 T5 T4 T3 C3 16 77 %

5

10

C3 = Se
T1 = 0e02
T2 = 001
C1 = 0401

C2 = 04015

TS = 000000025830
T4 = 0400010504

T3 = 0018987

TE6E = ~0e0009367 ,
T7 = 00073

10

C3 = 10

Tl = 0.02

T2 = 0401

Cl1 = 0401

C2 = 0.015

TS = 000000026830
T4 = 0400010504

T3 = 0018987

T6 = =040009367

T7 = 00073

10

C3 = 1Ce

Tl = 0e002

T2 = 001

Cl = 0401

C2 = 04015
TS = 000000026830

T4 = 000010504
T2 = 0018987
T6 = —060009367
T7 = 040073

Figure 48. Listing of Input Cards for Four Sample Cases (Page 1 of 2)
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CTEST CASE OF ALGEBRAIC PROGRAM FOR REPRESENTATIVE INLET

C REPRESENTS (H2 ~- FTH%*C2) OF TRANSFER FUNCTION
C FIRST 2 SETS OF SUBSTITUTIONS SHOW EFFECT OF VARYING VELOCITY
Cc CONGTANT OF THROAT MACH CONTROL o THIRD SET gHOws EFFECT OF
c DECREASING PRESSURE LEVEL . LAST OF ADDING LEAD
(S*SHEWIFW] + S*EZIW + 1) ¥ (S*T] + 1) * (S*T2 + 1) * 5 + C2 %
s wl Zlw T1 T2 C2 %
4
5
wl =001
Ziw =0e0153
T1 =002
T2 =001
cz2 = 10
S
Wl =0e01
Z1w =0e015
T1 =002
T2 =001
c2 = 30
S
wl =001
Z1lw =0e045
T1 =003
T2 =0e01
cz = 20
5)
w1l =001
21W =06015
T1 =0e.002
T2 =0401
ceg = 20
CTEST CASE OF ALGEBRAIC PROGRAM FOR REPRESENTATIVE INLET
¢ REPRESENTS (H2 — FTH#C2) OF TRANSFER FUNCTION
(S*S%*0e0001 + S*¥0e015 + 1) * (SH¥Qe0D2 4+ 1) ¥ (S*¥0e01 +
s %
o
$
Figure 48. Listing of Input Cards for Four Sample Cases (Page 2 of 2)

10
c3
T1
T2
c1
c2
T5
Ta
T3
T6
T7

10
c3
T1
T2
c1
c2
TS
14
T3
T6
T7

10

0e002

Oe01

Oe01

0e015
000000026830
0e«00010504
0.018987
0029

Ce0073

15

0s02

Oe0C1

Oe01

06015
000000026830
0s00010504
0.018987
~0«0009367

0e 0073

1)

* S 4+ 200

L3



THIS PROGRAM WAS WRITTEN BY UNITED AIRCRAFT RESEARCH LABORATORIES FOR HAMILTON STANDARDs UNDER CONTRACT NAS2-4515 TO PERFORM
CERTAIN ALGEBRAIC MANIPULATIONS OF TRANSFER FUNCTIONS

Figure 49, Output of Program to Derive Equation for Square of Frequency
. Response Function for Four Sample Cases (Page 1 of 12)
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Hin (=FTH&C2+4H2) + C1s(C4xH2*H4 = C2*C3#H3) OF SHOCK POSITION TR. FCN,

T
H1
W4
cS

FORM H2(H1+CL*C4xHY4) + Hix(~=FTH)*C2 + C1*(=~C2)*C3%H3

SW3%S H2 =(1+Z1WS+W1%%245%%2) (14T1%S) (14T245)S H3 z14T4x*S
Z14T5#5+To*Se%2 C6 =ClsCu T3 =W3+C1#Cu*TS W2 =C1xCusT6
==FTH*C2 C6 =C1%C4 C7 ==C1*C2%C3

H{S) = (14S#ZIW+SHSaWlW1) % (1+T1%S) £ {14T24S) XSk (COH+TIHSHW2HSHS) +WIRCO4S+CT* (14THAS)

HUWIRH(W) = Wik 2 #CO*%x 2+  Wek 4 #Z1Wex 2 #Co%x 2 = 2,0%Wks 4 xWlxx 2 *Co%x 2 + Wax 6 *Wlsx 4
*Co%x 2 + Wex 4 *T1ex 2 xCoH*x 2 = 2.0%Wxx 6 *¥Wixx 2 *Tlex 2 *C6¥% 2 + Wk 6 ®Z1Wrx

2 *T1%x 2 »CHxx 2 + WEX B *Wlsx 4 #T1%% 2 xC6%x 2 +  WEkx 4 *xT2%% 2 %xCoH*% 2

$% 6 wWlkx 2 *T2x% 2 #CO*%x 2+ Wek 6 *Z1Wkx 2 *T24% 2 #CO6%% 2+ Wk B »Wlex 4 #72x% 2
*Coxx 2 + WEx 6 xT1¥x 2 xT2%x 2 *Co*x 2 = 2.0%Wx%k 8 AWlak 2 *Tisk 2 *T2%% 2 *CH4* 2
4+ WE® 8 x21Wkx 2 *Tis%x 2 %xT2#% 2 *C6%x 2 + We 10 #Wlss 4 *Tiex 2 #T24% 2 *xCoH** 2

+ WEx 4 xT3%x 2 - 2.,0%Wxkx 6 *Wlk¥ 2 *T3Ixx 2 4+ WA 6 KZIWKX 2 xT3%x 2 +

¥ 4 T3xx 2 + Wee 6 xT1lx* 2 *T3%x 2 =~ 2.0%W¥%x B xW1%4x 2 #T1%x 2 #T3%x 2 +

2iwxx 2 *Tixx 2 *T3%x 2 4+ WEx 10 *Wlex 4 *«T1x% 2 *xTI%x 2 + Wek & =xT2%% 2 *T3#x 2
2+0%Wa* 8 *Wlkx 2 $T24% 2 *T3x% 2 + WEE B oaZlWex 2 xT2x% 2 #T3%x 2 + WEx 10 sWlxx 4 x
T2%% 2 #T3%x 2 +  WEx 8 AT1ax 2 *T2%% 2 *xTJ3%% 2 = 2,0%Wxk 10 *Wlkx 2 *Tinx 2 *T2%% 2 =
T3%x 2 + Wkk 10 *ZIWs%k 2 xTikk 2 *xT2%* 2 *T3xx 2 4+ WER 12 Wik 4 xT1sxk 2 *T2%% 2 %73
%% 2 = 2.0%Wk% 4 ¥CORW2 + L 0%kW¥%x 6 kWlkx 2 *xCEXW2 <~ 2,0%Wk% 6 #21Wxx 2 %C6+NW2
ORWkx B xwlkk 4 %CO*W2 = 2,0%Ws* 6 2T1#x 2 %CO6¥W2 + U O%Wkx B *Wikxs 2 *Ti%kx 2 2C6¥W2

= 2.0%W%x 8 %ZI1Wk* 2 ¥T1#x 2 *CO*W2 =~ 2.0%Wk*x 10 sWisk 4 *Tixx 2 *C6xW2 =

T2#% 2 XCOXN2 + Le0xWhs 8 *Wink 2 *T2a% 2 %CH#W2 = 2.0%Wks B #Z1Wxx 2 *T20% 2 *xCHxW2
= 2.0%Wxx 10 *Wlkx 4 *T2%% 2 *COEW2 = Q2¢0%W** 8 #T1lkx 2 #T2%% 2 #C64W2 + U4.0%Wx* 10 »

Witk 2 #TLlkk 2 #T2%% 2 #CORW2 = 2¢0%Wkx 10 *Z1wk* 2 *Tixk 2 *T2%% 2 *C6*W2 =
*Wike 4 *xTi®x 2 *T2x% 2 *COXWZ2 + Wke 6 *W2%x 2 = 200%Wk¥ B RWlkk 2 xW2%kx 2

ZiWkx 2 xWo%x 2 + Wrx 10 *ylkx 4 *W2x% 2 + Wekx B xTlkk 2 *Wo*%x 2 = 2,0xWkx 10 *Wlskx
2 *T1%% 2 W2k 2 4+ Wk 10 RZ21wkk 2 AT1%x 2 *W2%% 2 4+ Wk 12 kylak 4 #Tlkk 2 *W2ex 2
+ wWEx B xT2%%x 2 W2%%x 2 = 2,0%Wk¥ 10 *Wlkx 2 #T2%% 2 #W2%% 2 4+ Wk 10 *Z1wk*x 2 *T2
% 2 AW2kk 2+ Wk 12 aWlkk 4 xT2%% 2 #W2kk 2+ Wak 10 #T1%# 2 #T2%x 2 *W2*x 2
CO%WRE 12 #Wlsk 2 *T1a%x 2 *xT24% 2 *#W2%% 2+ Wk 12 *Z1Wex 2 *Tlek 2 «T2%% 2 *W2#% 2
Wk 14 kWiks 4 *T1%k 2 *T2#% 2 #W2%% 2 4+ 2,0%wk%x 2 *COXWI*CES = 2,0%Wx* 4 *Wlkx 2 *CO6*W3
*C5 = 2.,0%Whk 4 *ZIWAT1#COXWIRCS = 2.0%Wkx 4 *xZIWkT2KCOHXWIKCE =  2,0%xWkx U4 xTIxT25COHXWI
#C5 4 2,0%Wkx 6 AWix* 2 ATLxT2%COXW3IHCS = 2.0%W*x 4 SZIW*TI4WInCES = 2,0%Wax 4 *«T1xT3»
W3XC5  +  2.0%Wx 6 *yi1xsx 2 *TL#TI4W3KCE = 200%Wex 4 *T24TI4W3I*CES 4 2.0%Ws* 6 *Wlxx 2 %
T2#T34W3HC5 + 240%Wak 6 *Z1WATLI*T24TI4kWI*CES =  20%Wk* U4 *W24W3I%C5 + 2.0%Wr* 6 *Wlxx 2
EN2EWIRCE  +  2.0%Wkx 6 #ZIWATLIkW2%W3ICS +  2.0%Ww% 6 *xZ21WkT24W24W3I*CE5 + 2.04Wxx 6 *T1%T2
EN2AWIRCE = 2,0%Whk 8 »Wlax 2 ATLAT2*W24W3I%CS + 2,0%Wss 2 #COXTURCT = 2,0%Wxx 2 *xZiWs
COXCT =~ 2.0%Wkk 4 *Wlkk 2 *CORTUXKCT = 2+0%Wk% 2 *TLIHCOHXCT = 2.0%Wh* 4 *ZIWkTI#CoXTUXCT
+ 240¥Wkk 4 kWlkk 2 *TL4COHXCT = 200%Wk% 2 *T2XCOKCT = 24 0%Wkk 4 #Z1WxT24COATURCT
2e0¥WRE (1 AWlkk 2 ¥T2xCORCT = 2,0%Wkx U4 #TIaT2#COXTYRCT + 2.0%Wak 4 *Z1WxT1sT2¢C64C7
+ 2.0%Wkk 6 *W1kk 2 ATI#T24COXTUXCT = 2.0%W* 2 *TI%CT =~ 2.0%Wa% 4 *21wkTIxTU4%C7

200%WA% 4 xWikk 2 *TIxC7 = 240%Wkk 4 *kTI*TIxTYURCT + 2.0%wak 4 *Z1wxTixT3I*C7 +
6 *Wikk 2 ATITIxT4RCT = 2,0%Wak 4 *T24TIHTURCT + 2,0%W*x 4 *ZIWT2%T3xC7 +
*Wlke 2 *T2TITURCT + 2.0%Wk* 4 *TLaT24TIHCT7 + 2.0%Wkk 6 *xZINKTI*T2xTIxTUXCT

5 6 kWlkk 2 *T1xT2%T3%C7 = 2,0%Wk*k 4 «W2xkTYURCT + 2,0%Wh* U4 *ZIWkW2%C7 + 2.,0%Wek 6 *Wl
% 2 AW2ATURCT +  2,0%Wkx 4 *xT1xW2xC7 + 2,0%wx*% 6 *ZIWkTIsW2*TU#CT7 =~ 2.0%Wx* 6 *Wlnx 2
*T1AW2%CT7 +  2.0%W**% 4 xT22W2%CT + 2.,0%Wkk 6 *ZIWHT2AW2%TURCT = 2.,0%Wkx 6 *Wixx 2 *T2#
WRCT 4+ 240%Wkx 6 *¥TLRT2RW2%TY4XRCT = 2.0%Wkx 6 *ZIW*T1AT2¥W24CT = 2,0%W¥x 8 *Wlxx

Figure 49, Output of Program to Derive Equation for Square of Frequency

Response Function for Four Sample Cases (Page 2 of 12)




#T24W2RT4RCT + Whx 2 sW3sx 2 $C5%% 2 + 2.0xwks 2 AW3IECSATUXCT + CTex 2
% 2 ¥CT%x 2

THE FOLLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

21w =
wi =
Tl =
T2 =
cé =
T3 =
w2 =
w3 =
¢S =
T4 =
c7 =

HIW) *H(W)

+01500
01000
«00200
«01000
17.21647
+26240
00023
+34000
20.00000
«00094
677.64678

+ WEx 2 =Ty

= 6.58931E=14Wes 10 + 2498811E~19%Was 12 + 2¢09126E=25%w**» 14 + 6437236E=02%W*%
4 + 1.79803E~05%w*x 6 + 1.10389E=09%w** 8 + 4459205 05 =~ 3¢ 77942E 024Wex 2

THE TIMES TAKEN B8Y THE VARIOUS SUBROUTINES ARE:

PARSE:
ALGEB:
COLECT:

PRNT:

SUBST!

TOTAL:

1.0 SECONDS
31.0 SECONDS
35.0 SECONDS
12,0 SECONDS

20,0 SECONDS

9940 SECONDS

Figure 49. Output of Program to Derive Equation for Square of Frequency

Response Function for Four Sample Cases {Page 3 of 12)
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TEST CASE OF ALGEBRAIC PKROGRAM FOR REPRESENTATIVE INLET
SxH7 + C5%¢H6 OF SHOCK POSITION TRANSFER FUNCTION

HISY = (T14541)x(T24S41)x(CL¥CL4SHSHC2S+1) #{TE2SASkS4+TUSSHG+TINS41)#S+CI% (TOXSH+1)#E(~T725)

HiW) = (W) = OWkE 1 #T1xx 2 %T2#%x 2 *xCl*x 4 *xTS%xx 2 4+ wWak QU xT2%% 2 =C1%x 4 *xTHxx 2

Wer 14 +T1lex

2 *Ci** 4 *TS5«=x 2 + Wak 12 *Cl*% 4 *TS*x 2 + Wk LU xT1%x 2 #T2%x 2 #xC2%* 2 #TS5*x 2

O WER 12 AT2%% 2 %C2%% 2 #TSkx 2+ Wex 12 aTlsk 2 *C2%x 2 *TSx 2 +

Wes 10 *C2%x 2

*TS%x 2 = 2.0%Wkx 14 =Ti%2 2 xT2%% 2 %Cl#x 2 *T5%% 2 - 2.0%Wk% §12 2T2%x% 2 *Cil%x 2 *T5
% 2 - 2e02Wxx 12 #T1%%x 2 #Cl¥s 2 *T5H¥x 2 = 2.0%Wx%x 10 #Cl#%% 2 »xTS%% 2

*k 2 *¥T2%% 2 *TS#¥x 2 +  Wxx 10 aT2%x 2 *T5%%x 2 +  Waxx J0 *T1*x 2 *xTS%% 2

* 2 + WEE 14 #T1xx 2 #T2%% 2 #Cl¥x 4§ *Tyxs 2 = 2.0%We% 12 #T1%% 2 #T2#% 2 *Cl*x 2 274
> 2 + wkx 12 xT2%x 2 *Clee 4§ *Tu*x 2 = 2.0%WEk* 10 *T2*% 2 *Cl** 2 *Tuxx 2

*T1%x 2 *CLl*% 4 xTUsx 2 “  2,0%wWxx 10 *T1#% 2 #Cl*s 2 *Ty*x 2 + Wk 10 *«Clxx 4 *Tuxx 2

= 2+0%w*% 8 xCldx 2 #TUxx 2 4+ OWEE 12 ST1a% 2 2T2%% 2 xC24% 2 #Tdsx 2

%k 2 «C2¥% 2 *Tdxk 2 + Wk 10 #T1l%xx 2 *xC2%x 2 »Tyusx 2 4+ W% B #C2%x%x 2 *TUs* 2
10 *Tidx 2 #T2%% 2 *xTlhesx 2 + Wk g *T2%% 2 AxTlUxE 2 + vk B ATLlax 2 *TUax 2
*Th®x 2 = 2.0%WE* 14 *xT1xx 2 4T2%% 2 #Cl*x 4 *TSXTI  +  4,0sWes 12 *T1xx 2 *T2%x
2 *TS5%T3 = 2,0%Wkx 12 *T2%x 2 #Cl*k 4 *TS*T3 + 4,0ewxs 10 #T2%% 2 *xCi** 2 *T5+T3
bOxmxx 12 *Tixx 2 *Clwx 4 2TS54T3I  +  GoOxWak 10 #TL1#% 2 *xClex 2 *TS*T3 =~ 2,0%Wex 10 #Clwx
4 2TSXTI 4+ H,03Wex 8 #CLlax 2 *TSkTI = 2,0%Wes 12 #TLkx 2 *T24x 2 «C24% 2 *T5xT3

*Wxx 10 sT2%xx 2 #C2%% 2 *xTSTI = 2,0%Wkk 10 *T1%% 2 *C2%% O *TS*T3 = 2.0%wk*k 8 *C2%% 2 %

TEAT3 = 2.0¢Wsx 10 *xT1wk 2 #T2%% 2 &xTS54T3 <= 2,0%Wex 8 #T2x*x 2 *TSxT3 =~

2e0%xwxe B *T1xx

2 *TS5*T3 = 2.0%Wxx 6 *T5%T3  + Wex 12 *Tle¥ 2 *T2#% 2 #Clax 4 *T3ex 2 = 2+¢0%wex 10 x
Tiex 2 *T2%x%x 2 *xCl¥x 2 #T3*x 2 + Wax 10 «xT2%%x 2 «C1#% 4 »T3%x 2 - 2,0%Wx* 8 *T24x 2 »
Clas 2 *T3%% 2 +  Wak 10 #T1%x 2 *xCi*x 4 *T3&x 2 = 2e0%u%x 8 *xT1axx 2 *Clax 2 xT3xx 2

+ Wex 8 xCl%x 4 *xT3%kx 2 = 2.0%Wx* B *Cla¥ 2 *TIaxx 2 + w10 xTixx 2 xT2%x%x 2 xC2%%

2 *T3%x 2 + Wk B kT2%% 2 #(C2e%x 2 #T3%% 2 + WEx 8 ATlks 2 £C2%x 2 *T3%x 2

*C2%% 2 #T73%x 2 + oWkx 8 wTLkk 2 xT2%% 2 *«T3%x 2 + WEk O AxT2%% 2 *xT3x%x 2
% 2 *xT3ex 2 +  wWEE 4 xT3sxx 2 = 2.0%We%x 12 #T1%% 2 *T2#% 2 #Cl%% 4 xT4

Y4.0*Wex 10 =

Tlxx 2 *T2%% 2 *Cl%% 2 *T4 = 2,0%kwkx 10 *xT2x% 2 *xClax% 4 *TU  + 4,0%xWex 8 *T2%% 2 *Clax 2

*T4 = 2.0%wxx JO *T1%k 2 *C1%%x 4 *T4 + 4.0%wk* 8 *xTi%x 2 *Ci%* 2 *T4 =
4 2T4 4 L,0%*w*x 6 *Clxx 2 T4 = 2,0%Wx 10 *Tis% 2 «T2%» 2 *C2x% 2 =T4

T2%x 2 #C2%* 2 *T4 = 2,0%w*+ 8 sT1kx 2 #(2%% 2 T4 = 2,0%wxx 6 *(2#%x 2 *xT4
ATk 2 *T2%% 2 T4 = 2,0%wkx & *T2%s 2 *T4 « 2,0%W** 6 *T1s*x 2 *xTy =
4+ WEk 10 *Tilxx 2 *T2%% 2 sCl** U = 2.0%yhx B *T1%% 2 *T2%% 2 *xCl*x 2

2¢0%Wex 8 *Clxx

2.0%pK*%x 4 xTQ

2 *Cr*x U = 2.0%Wx® & *T24x 2 #Clxx 2 + WAk 8 xTixx 2 #Ciex 4 = 2.,0%Wex 6 *xTix% 2
*Clhx 2 + Wek 6 =xCl*x 4 - 2e0%xWxx 4 %Clxw 2 + wEx B #xTi%x%k 2 «T2%% 2 x(C2%% 2
% 6 xT2%% 2 »(2%% 2 + W% 6 ATLl%% 2 *x(C2%x% 2 + wWre 4 xC2osx 2 + Wekk 6 *T1lkk 2 xT2x%»

2 + WEx 4 xT2xx 2 + O WEx 4 2T1ex 2 + WEx 2 4+ 2.,0%*wrx 8 *T1*T2xClex 2 *T5%CI%COS(
T7#h)  + 2.0%Wex 9 *TI#T2%CLle% 2 *TSHCITHISIN(T7#W) = 2.0%Wex 8 *T2#Ci%% 2 *T5*xC3xTe*
COS(T7%w) + 2.0%W¥x 7 *T24C1%% 2 *TSeCI*SIN(T75W) = 2,0% %% B #T1xCinx 2 #TS*xC32TE&*COS(
TTHW)  +  2.0%wax 7 sTL1aCLl*% 2 *TS*CI«SIN(TT7xy) = 2,0%w%* o *Clex 2 *TS5xC3xCOS(TT7#W)
cO%wke 7 2CLlxx 2 *TSRCI0THXSIN(TTEW) = 2.0%wks 8 *TE#T2%C2¢TEXCI*TOHXCOS(TT*W)

T *T1#T24C24TSHCI#SIN(TTRW) = 2.0%we%k 6 *T2#C2+TSRCI%COS(T7#W) = 2.0%Wex 7 *xT28C2%T5%C3
*TEXSIN(TT74W) = 2e0%Wx* 6 *TI#C2*TSCI*COSITTRW) = 2.0%W**x 7 *T1%C24TS*CI*TEXSIN(TT#W)

4+ 2.0%wxx 6 AC2XTHSACI*TOXCOS(T7*W) = 2,0%xWxx 5 *xC2*TS*CA*SIN(T7*W) = 2,0%wWxx
*TS*CI*COS(T7eW) = 2e0%Wkx 7 wTI*T24TSRCIxTEXSINIT7eW) + 2,0%Wekx & *«T2*xT5*CIxTEXCOS(T7 W

) = 2.0%wk* 5 *T2xTSECI«SIN(TT7*W) + 2,0%Wx* 6 *T1eT5%xC3«TE6*COS(T7W) -

2e¢0%p*x 5 xT1x

TS*CI«SIN(TT®W)  +  2,0%Wex 4 *T54CI%COS(TTeW) + 2.,0*We* 5 *TSkCI#To*SIN(T7+W)

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 4 of 12)
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8 *T1xkT2%Cle% 2 *TUSCIHTHXCOS(TTHW) + 2,0%Wksx 7 *T14T2%C1l%x 2 *TU*C3aSIN(T7*W) = 2,0%w
¥k 6 *T2xC1ex 2 *TURCIXCOS(TTaW) = 2.0%Wex 7 2T22Clak 2 *TUCI*THXSIN(TTEW) = 2.0%Wst &
*TLxC1%% 2 *TURCI®COS(T7HW) = 2,0%wa% 7 *T1#CLlos 2 #T4*CI*TE*SIN(TT4W) + 2.0%wx% 6 *Clxs

2 ATURCI*TOXCOS(TT7HW) = 2,0%w** 5 2C1#% 2 #TY*CI*SIN(T7%W) =~ 2,0sWxx 6 *T1*T2+C2xT4#C3x
COSITT*W) =~ 2.0%Wex 7 *TLaT24C24TUXCIxTOXSINITTEW) + 2.0¢Wek% 6 «T2#C2sT4*C32T6#COS(TT*wW)

= 2+0%Wrk 5 *T2xC2#TURCI*ASIN(TTHN) + 2.0%Wxs 6 *TLIC2*TUC3I4TH*COS(TTHW) = 2.0%Wsx S
*TLRC2*TURCIXSIN(TTHW)  +  2.,0%ws*x 4 *xC2ATUSCI*COS(TTaW) + 2,0%Wk* 5 «C2#TUxCIeTEXSIN(T7#W
)4 2.0%Wk* 6 ATL#T2#TUSCIHTESCOS(T7oW) = 2.0%Ws% S *TLT2*TUSCISSINITTRN) + 2,0%we= 4

ET2#TURCI*COS(TTHW) 4+ 2,0%y*x 5 *T2RTYXCI*TOSSIN(T7*W) + 2,0%yWax 4 *xT1xT4*CI*COS(T7%W)

+ 240%Wer 5 ATLI4TURCI*TOHSSIN(TTHW) =~ 2.0%Wk* 4 ¥TUxC3+TExCOSITTEW) +  2,0sWex 3 *xT4%C3
ASINCYTHW) = 2,0%Ws% 6 ATINT2#C1%% 2 *TI#C32COS(TTHW) = 2,04Wks 7 *T1aT2+Cles 2 *T3xC3%
TOXSIN(TT7%w) 4 2,0%Ws% 6 *T24C1%% 2 *TIXCI*THXCOS(TTHW) = 2,0%Wax 5 *T2xC1%% 2 &xT3#C3%
SIN(T7HW) +  2.0%W#x 6 *TL#CL1#% 2 #TI*CI*TE#COS(TTHW) = 2.0%whx 5 *xTi*Clek 2 *TI4CI*SIN(
T7aW) 4 2.0%Wax 4 #Clax 2 *TI4CI*COS(T7W) + 2,0%4*% S5 #Clex 2 aTI#CI*TE*SIN(TT4#W) + 2

Oxh®e 6 ATLXT2#C22TIHCI*TOXCOS(TTHW) = 2.0%Wax 5 *T12T22C2xTI*CIeSIN(T7*W) + 2.02Wss 4
*¥T24C2*TI*CIXCOS(TTAW)  + 2,0%w*s 5 *T24C2aTI*CI*TOHXSIN(TT*4n) + 2.0%wex 4 *T1%C2+T3*C3x
COS(T7+W) ¢+ 2.0%Wkx 5 &T1aC2¢TI«CI*TOXSIN(T7#W) = 2,0%Ws% 4 #C24TI«CI+TH2COS(TT*W) + 2
OxWan 3 €C2#TI#CI*SIN(T7W) + 2,0%Wes 4 *TI*T2«TI4CI*COS(TT*W) + 2,0%Wss 5 *T1%T2%T32C3
ATOXSIN(TTHW) = 2.0#Wes 4 *T2xT3I*CI«THXCOSITTW) +  2,0%¢W*s* 3 *T2#T3xCI*SIN(T7+W) - 2.0
chxe 4 #TL1&TI0CI*TEXCOS(TTEN)  +  2.0#Wa%x 3 *T1&TI*CI*SIN(TT*W) = 2,0swe* 2 *T34C3%COS(T7+
W) = 2,0%d%% 3 sTI.CI4TOHSINITTaW) + 2.,0%W*% 6 *TL*T24C1sx 2 #CI#T6XCOS(TT*W) =~ 2,04w
% 5 aTL1aT24C1l%kx 2 xCI.SIN(T74W) +  2.0%Wex 4 *T2xClak 2 «C3COS(T7*W) + 2.,0%Wss 5 *T2sC1
*% 2 #CI*TOEXSIN(T74N)  + 2.0%wee 4 *TLaClex 2 *C3I+COS(T72W) + 2,0%wes 5 #T1*Clxx 2 *C3#T6
ASIN(T7eW) = 2,0%W*s 4 &C1l%% 2 *C3*TEXCOS(T7=W) + 2,0%wk* 3 #Cle* 2 #CI#SIN(T7#W) + 2
POxWhe 4 *TI*T24C24C3xCOS(TToW) + 2,0%Wkk S *T16T24C2*CI*TOSIN(T7%W) = 2,0%xWa% 4 *T2#C2
*CI2TE¥COS(TTHN) 4+ 2.0%wee 3 #T24C24CI*SIN(T7oW) = 2,0%Wke 4 *T1*C2%C3*T64COS(TTew) +
2e0%was 3 *T14CCI*SIN(T7#W) = 2.0%Wex 2 *C2xCI*COS(TToW) = 2,0%w*x 3 *C2¥C3I4TOH*SIN(TT7#+
N = 2,0%wxs U xT1*T2aC3#TOXCOS(TT*W) + 2,0%wex 3 «T1aT2#CIsSIN(T7#W) = 2.0%wex 2 xT2%
CI*COS(TTHW) = 2,0¢wsx 3 *T26CI4TOXSINI(TTEW) = 2.0%Wk% 2 *TI*CI#COS(T7¥W) = 2.0%Ns% 3
ATIRCI*TOXSIN(TT#N)  +  2.0%Wa* 2 *CI«THXCOS(T7oW) = 2.0%w*CI*SIN(T7%W) + Wex 2 *C3a% 2
*Toxx 2 + C3%x 2

THE FOLLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MAOE.

c3
T1
T2
c1
c2
5
T4
T3
T6
T7

5400000
+02000
+01000
«01000
«01500

+26830-06
«00011
«01899
=+00094%
«00730

Figure 49. Output of Program to Derive Equation for Square of Frequency

Response Function for Four Sample Cases (Page 5 of 12)
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HiwW) *H(W) = 2487939t ~-29%w*x 16 + 7.69900E-25%Wxx 14 + 6¢97393E=20%nex 12 + 1,393160 15945

10 + 1e59172E~11sWa% 8 + 1,42318E-07%wss 6 + 6. 75U26E=0Uswes 4 -

5.02633E~17*w** 2 *SIN( 7.,29999E-03%*w) + 8.84171E=-14*wex 8 *+C0S( 7.29999c~03%w) +
4.84513E=11%wax 7 #SIN( 7,29999E-03%w) - 1.42175E=08%wex 6 2COS( 7.29999E=03%w) =~
2.48413c~06%Wxx S 2SIN( 7.29999E-03%y) + 2+68365E-04*n*x 4 *COS( 7.29999E~03*w)
1.76939E=02%wW** 3 *SIN( 7,29999E~03%w) = 6e43236E=01%4%%x 2 #COS( 7.29999E-03%w) - I
«O®W*STI( T7e29999E~032W) + 1.00002E CUOswex 2 + 25.0
THE FOLLOWING NUMERICAL SUBSTITUTIONS WILL NOw BE MADE.

€3 = 10.00000

T1 = «02000

Te = 01000

c1 = 01000

c2 = «01500

5 = »26830~06

T4 = «00011

T3 = «01899

Té = =+00094

17 = «00730

Hiw)®H(W) = 2.87939E-29*ws= 16 + T«69900E=25%Wx* 14 + 6+97393E~20%w** 12 + 1.39316E=15sw=»
10 + 1.59172E=-11%Wx* 8 + 1.42318E~072Wsx 6 + 6 TSU26E-DUxWex 4 -
1.00526E=16%n** 9 *SIN( 7.29999E-03*%w) + 1+76834E«13%Wxx 8 #COS( 7.29999E=-03*w) +
9469027E~11%w** 7 *SIN( 7.,29999E~03%w) ~ 2¢84350E-08%wxx 6 *COS( 7,2999%E=03*w) -~
4,96826E~06%W*x S5 *SIN( 7.29999E-03%w) + 5+s36731E~0u*W*k 4 *xCOS{ 7.29999E=03%w) +
3.53878E-02%w*% 3 #SIN( 7,29999E-03%y) = 1¢2984TE 00*wWa% 2 »COS( 7.29999E~03*y) = 20

178

JO*WaSING 7.29999F=03sW) + 1,00008E 00*ws=x 2 + 100.0

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 6 of 12)



THE FOLLOWING WUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

c3 = 10,00000
1 = 00200

T2 = 01000

c1 = 01000

c2 = 01500

5 = +26830-06

T4 = 00011

13 = 01899

T6 = -.00094

T7 = 00730

HIW)EH(W) = 2,B7939E=31%ws% 16  +  7.89640E=26#W* 14  +  2.420T3E-21%wxs 12+  1,82218E-16sWex

10 + 3+18652E~12«We* 8 + 3.32499E~08%W** © + 2¢7TOU26E=DYxwne U -
1,00526E~17*w** 9 #SIN( 7.29999E-03*w) + 2422071E=1uxwex 8 *COS( 7.29999E-03*w)
1,74216E=~11%w*%x 7 *SIN( 7,29999E~03*W) = 6481755E=09*Wes 6 *COS{ 7,29999E-03*W)
1457770E~06*w** 5 *SIN( 7.29999E~03%w) + 2¢23201E=04*W*x 4 =COS( 7.29999E~03+*w)
1.92152E~02*w*% 3 *SIN( 7.29999E-03%w) - 9438473E-01%wW*x 2 «COS( 7.29999E~03*w}
«OXWRSING 7.29939E~032W) + 1,00008E Q0*w*x 2 + 100.0

1+ 91+

20

THE FOLLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

c3 = 10.00000
T1 = +00200
T2 = «01000
c1 = «01000
c2 = 201500
15 = +26830+06
T4 = «00011
13 = «01899

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 7 of 12)

179



” 02900

= «006730

HI{W)*H(W) = 2.87939E=31%W*x 16 + T7.89640E-26%Wax 14 +

10 + 3.18652E=12¢W** 8 +

JO*WRSIN( 7.29999E«03%W) + 1

3.,32499E-08%W2*x 6
3,11227E~16%wxx 9 £SIN( 7.29999E=03*w) = 3.44SISE-13%Wxx 8
1 47843E=10%Wk% 7 *SIN( 7,29999E~03%W) + 3.46367E-08%Wxx &
4,58954E-06%Ws 5 *SIN( 7.29999E-03%w) = 3.26249E=04*vex 4
8.31867E-03*w*% 3 *SIN( 7.29999E-03*w) = 3e39739E=01%wWsx 2
+08409E 00*xWx* 2

8 FOLLOWTNG NUMERICAL SUBSTITUTIONS WILL NOw BE MADE.

Th

17

M

(o

= 15.00000
= «02000
£ «01000
= «01000
= +01500
= +26830-06
= «00011
= 201899
= =.00094

H «00730

wisH(W) = 2.87933E~29%Wrx 16 + 7.69900E-25%Wx*x 14

10 + 1+59172E=11xWax 8

JOXWRSINCG 7.29999E-03%W) +

TIMES FAKEN 8Y THE VARIOUS SUBROUTINES AKER

PARSE : 1.0 SECONDS
MGER 624U SECONDS
IO X @ ha,U SECUNDS
LT a4 2U+U SECONDS

aUC

180

0lR

T

lvl.u SECONDS

L. deuel SECONDS

Figure 49. Output of Program to Derive Equation for Square of Frequency

+

1,00019€ 00*wsx 2

1.,42318E=07*Wxx 6
1,50789E~16%w*x 9 *SIN{ 7.29999E-03*w) + 2065251E~13%W*x
1.,45354E~10%wxx 7 xSIN{ 7.29999E~03*w) = 4426525E=08%W*%
7 4S2U0E=-06%Wkk 5 *SIN( 7.29999E~03*w) + 8.05097E-04*w*x*
5.30817E=02*W*% 3 *SIN( 7.,29999E-03*w) - 1+94771E 00%wW*s

+

2+ 79426E=0Uswax 4 +

*COS( 7.29999E-03%*W)
*COS( 7,29999E~03%W)
*COS{ 7.29999E~03*w)
*COS( 7429999E~03%w}

100.0

+ 6+ 75426E-04nWrs 4 -

225.0

8

6
4
2

*COS( 7.29999€~03%w)
*COS( 7429999E~03%nW)
*COS{ 7.29999E=-03*w)
*COS{ 7.29999E~03%W)

Response Function for Four Sample Cases (Page 8 of 12)

11+

1+ 1+

20U2U4TIE~21*wWe% 12 + 1,82218E=16%w**

6+97393E~20%wWk* 12 + 1.39316E~15%w*¥

30



TEST CASE OF ALGEBRAIC PROGRAM FOR REPRESENTATIVE INLET
REPRESENTS (H2 = FTH*C2) OF TRANSFER FUNCTION
FIRST 2 SETS OF SUBSTITUTIONS SHOW EFFECT OF VARYING VELOCITY
CONSTANT OF THROAT MACH CONTROL » THIRD SET SHOWS EFFECT OF
DECREASING PRESSURE LEVEL ¢ LAST OF ADDING LEAD

HIS) = (S*S*W1aw)+SaZIW+1)*(SxT1+1)#(S*T241)#5+4C2

HIW)*¥h(W) = wax 10 *wlks 4 *T1¥% 2 *T2%x 2 4 Wak 8 271wk 2 #Ti%s 2 2T2%x 2 = 2e0%Wx*x 8 *Wlax 2 x
Tis% 2 *T2+% 2 + Wk 6 *xTlax 2 *T24% 2 + O OWEx B xWlkx 4 *xT2#% 2 = 2e0%We%x 6 *Wlex 2
*T2%% 2 +  WA% 6 xZIWkx 2 *T2x% 2 + OWEE 4 AT2%%x 2 + wex 8 sWlak 4 *Tlsx 2 = 2.0xw

% 6 #Wlax 2 wTLak 2 4+ WAk 6 #ZIWee 2 AT1%e 2+ Wak 4 £TIa® 2 4 Whk 6 KWiks § =
2:0%Wn* 4 *Wisx +  Wekx 4 wZIWex 2 + Wekx 2 + 200%Wkx 4 22IWATIHT2%C2 + 2.0%Wax 4
AWink 2 xT2xC2 ~ 2.0%Whkx 2 #T25C2 4+  2.0%Wax 4 sWles 2 *T14C2 = 2.00yks 2 *T1xC2 - 2
O*Wex 2 *21wsC2 + (2% 2

THE FOLLOWING WUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

wil = «01000
21w = +01500
T = »02000
T2 = +01000
c2 = 10.00000
Hiw)*H(W) = 3.99999E-16%n%* 10 + 5:89999E~12xWx%x 8 + 6¢24999E-08%Wx* & + 6+44999E-042Wex 4

+ 1,00000E=01%wWe* 2 + 100.0

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 9 of 12)
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VHE FOULLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

Wi = .01Q00
21w = «01500
Tl = «02000
T2 = «01000
L2 = 30.00000
Blw)sHiw) T 3.99999€-16%Wx%x 10 + 5.99999E~12*Wx* § + 6024999E-08%Wxx 6 + B.84999E~0UxWA* 4

- 1.69999E 00*wx* 2 + 900.0

tut FULLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

wl = «01000
21w = 04500
Tl = 203000
T2 = «01000
el = 20.00000
H{W)*H(W) = 8.99999E-16%W*#* 10 + 1.74249E=10+Ws* 8 + 1.92499E~00*Wx* & + 3.52499E~03%Ws* 4

- 2.39999E 0Q*wx= 2 + 400.0

THE FOLLOWING NUMERICAL SUBSTITUTIONS WILL NOW BE MADE.

wi = «01000

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 10 of 12)
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21w = +01500

Ti = 00200
T2 = 201000
(o4 = 20,00000
H{W)*H(w) = 3499999E~18*W** 10 + 1.04999E~12%Wa* 8 + 1¢29999E-08%Wa* 6 + 1.88999E~-04sWn* 4

- 7499999E~02%Wh* 2 + 400.0

THE TIMES TAKEN 8Y THE VARIOUS SUBROUTINES ARE:

PARSE: 1.0 SECCNDS
ALGEB!? 1,0 SECONDS
COLECT: 2.0 SECONDS
PRNT: 240 SECONDS
SUgSsT: 10,0 SECONDS
TOTAL: 16.0 SECONDS

Figure 49. Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 11 of 12)
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TET CaS OF ALGEBRAIC PROGKAM FOR REPRESENTATIVE INLET
REFPRESENTS (H2 = FTH*C2) OF TRANSFER FUNCTION

HIS) = (S95%0,0001+45%0,015+1) % (S#0.02+1)%(Sx0,01+1)%5420,

Hiw)$Miw) = 3,99699E-16%w*x 10 + 5.99999E-12%Wx* 8
- 7.99999E -0 1 %wr% 2 + 400.0

THE TIMES TAKENW BY THE VARIOUS SUBROUTINES ARE:

PARSE 1.0 SECONDS
ALGER? 1.0 SECONDS
COLECT? 2.0 SECONDS
PPRNT S +0 SECONDS
SUBST: «0 SECONDS
TGTAL: 4.0 SECONDS

+

6+24999E~08%We* 6

+

T.64999E=04nWax 4

Figure 49, Output of Program to Derive Equation for Square of Frequency
Response Function for Four Sample Cases (Page 12 of 12)
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C PROGRAM WwRITTEN BY HAMILTON STANDARD o+ A DIyISION OF UYAC o UNDER CONTRACT
C NAS2-4515 TASK 4 4, IN FORTAN v

C EVALUATES POwWER SPECTRAL DENSITY PARAMETERS

C REQUIRES FUNCTION PSD TO COMPUTE POWER SPECTRAL DENSITY AS FUNCTION OF
C wWR (FREQUENCY [N RADIANS/SEC)

C Dw INITIAL wR « PROGRAM DOUBLES wR EACH STEP « RADIANS/SEC

C 1 NUMBER OF CARDS LOADED AND PRINTED TO SHOw FORMULA FOR POWER
C SPECTRAL DENSITY USED IN SUBROUTINE PSD(WRsJ)

C J INDEXx FOR CASE 4 USED IN SUBROUTINE PSD{(WReJ)

[ Ps SQUARE ROQT OF (PwO*w0) = (PwR#*WR) « UNITS

c PwO POWER SPECTRAL DENSITY (WO) o+ UNITS*##2/RAD/FT

C PwR POWER SPECTRAL DENSITY (WR) « UNITG®®2 /RAD/SEC

C QLF WAVELENGTH  FEET

c QLM WAVELENGTH , METERS

C QG NUMBER OF ZERO CROSSINGS PER NAUTICAL MILE

< [elN] NUMBER OF ZERO CROSSINGS PER HOUR

C s INTEGRAL OF PSD FROM ZERO FREQUENCY + SIGMA , UNITS

c vF VELOCITY o FEET/SEC

C VK VELOCITY + KNOTS

C VM VELOCITY « METERS/SEC

C wC FREQUENCY , CyCLES/SEC o HZ

[« wM MAXIMUM wR REQUIRED . RADIANS/SEC

C wo REDUCED REQUENCY , RADIANS/FOOT

[ wR FREQUENCY o+ RADIANS/SEC

C FOLLOWING 2 CARDS MAY NEED TO BE CHANGED TO FIT INSTALLATION « THEY DEFINE
C UNITS USED IN READ AND wRITE STATEMENTS RESPECTIVELY

IR =2

P = 3

WRITE(IP.1)
1 FORMAT(108HIPROGRAM wRITTEN By HAMILTON STANDARD UNDER CONTRACT NA
152=-4515 7O EVALUATE POWER SPECTRAL DENSITY PARAMETERS)

J = 0
o READ COMMENT CARD , IF BLANK RETURN TO MONITOR , IF NOT BLANK PRINT wlTH
C 1 EJECT AND RETURN TO PROGRAM
2 CALL START
J = J+t
C READ LITHER VvF OR vk 4 VF USED IF NOT ZERO

READ (IR43)VF s VK 4DWewMs 1
3 FORMAT(4F10454110)

IF (vF) 44645 .
Cc ERROR IN INPyUT + TERMINATE JOH
4 CALL ExIT
C USE INPyUT VELOCITY IN FEET/SEC
5 VK = VF#,59248238
GO TO 8
6 1F (vK) 44,847
c USE INPyUT VELOCITY IN KNOTS
7 VF = VK/ 5924838
8 vM = yF%*,3048

WRITE (1P .9 )VF s VK s VM
9 FORMAT (11H VELOCITY =F10e2:9H FT/SEC =F10e2,8H KNOTS =F10e2,32H ME
1TERS /SEC o+ w=RAD/SEC , wS=zw¥*w)
READ AND PRINT I CARDS SHOWING FORMULA FOR POWER SPECTRAL DENSITY
c COLUMN | SHOULD BE BLANK AND 15 NOT PRINTED
DO 11 K=1.1
READ(IRs10)
10 FORMAT (80H
1
11 WRITE(IP,10)
WRITE(IP,12)

(]

Figure 50, Listing of Digital Program to Evaluate Power Spectral Density
Parameters (Page 1 of 2)
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12 FORMAT (120HO WAVELENGTH REDUCED FREQ PsD FR

1EQUENCY PsD SQRT (PSD#*w) sIGmA NO OF O CROSSINGS/
2119H FEET METERS RAD/FT UNITS#%2/R/F CPSe Hz RAD/
3SEC yUNITS**2/R/S UNITS UNITS s/NAUT MI /HOUR)
C INTEGRATES FOR S+ QG AND OGN BY S3-PT GAUSS

s1 = Oe

s2 = O

wR = O

13 x1 = WR+DW*,046910077

X2 = WR+DW*,230765345

X3 2 WR+DW#*e5S

xa = WR+DW¥*4769234655

XS = WR+DW#*.953089923

P1 = PSD(X14J)

P2 = PSD(X2+9)

P3 = PSD(X3+J)

P4 = PSD(Xa44¢J)

P5 = PSD(X5+J)

S1 = S14+DWH (e 118B46344%(P1+P51+e23931434%(P2+P4)++28444444%P3
1 )

s2 = S24DWH (. 11846344%(PIAXI#X]1+PSHXS#XS)+e23931434%(P2eX2*
1 X24+PA4AXA%XE) +e284443442P3XX3I#X3)

S = SQRT(S1)

aN = 572.9578#%#50RT(52/,51)

oG = GN/VK

wO = x3/vF

wC = x3/6.2831853

GLF = 642831853/w0

QLM = QLF*.3048

PwO = P3IRyF

PS = SORT(X3#P3)

WRITE(IP414)0LF 4QGLM WO +PWO s WC 4 X3 4P3+PS
14 FORMAT(1H 2F10e142E12e4,F11e¢3,F1003,E12044E13¢4,F10e5,F10e3,F10¢0)

wR = WR+Dw

wO = WR/VF

wC = WR/642831853
QLF = 642831853/w0
aLm = QLF #3048
PWR = PSD(WRsY)
PwWL = PWR*VF

Ps = SQRT(WR*PWR)
WRITE(IP,14)GLF QLM WO PWO s WC +WR+PWR PSS eQG OGN
Dw = wR

IF (WR-wM) 134242

END

Figure 50. Listing of Digital Program to Evaluate Power Spectral Density
Parameters, (Page 2 of 2)
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FUNCTION PSD(W,sJ)
WS=wE %2
GO TO (142+3)4J
C SAMPLE CASE 1
1 PSD=e60B9/(1e+1e6401%WS) %#%,8333333 .
RETURN
C SAMPLE CASE 2

2 PSD=e6089/(1e+1eH6401%¥WS)H*e8333333%3¢4225% (1 eE—-BHWSHWS+e25E-4%#WS+
11e)%(e0004%¥WS+1e) ¥ (e0001¥WS+]1 ) ¥WS/(((((AeE-16*¥WS+EeE~12)*WS+

26 e25E-8) ¥WS+T7e65E -4 ) #WS—-e8) #WS+400s)
RETURN
C ERROR IF J=3
3 CALL EXIT
END

SAMPLE CASE 1 VON KARMAN LONGITUDINAL SPECTRUM
2613.82 LYe] ¢ 05 400
PSD=e6089/(1e+1¢6401%WS) #%¥¢8333333

SAMPLE CASE 2 WITH THROAT MACH CONTROL M=2e7

e 0 1548.64 e 05 400
PSD=e6089/(1e+1e¢6401%¥WS) ¥¥e8333333 * 1.85%%2 *
(1e+e0004%WS) * (1 e+e0001%¥WS) ¥ WS ) / (400

6 2SE—BHRWSHRT + CeE-12%WSHHG + 4¢E~16¥WSHXS)

L=2500 FT M=2e7 LOAD vF

1

LOAD vK
3

((1e+e25E—-4#WS+] eE~-BRWSHH2) ¥

«B¥Ws +

e« 000765¥yS*k%2 +

Figure 51. Listing of Function PSD(W,J,) and Input Cards for Two Sample Cases
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PROGRAM WRITTEN BY HAMILTON STANDARD UNDER CONTRACT NAS2~4515 TO EVALUATE POWER SPECIKAL DENSLIY PARAMEITGHS

Figure 52, Output of Program to Evaluate Power Spectral Density Parameters
for Two Sample Cases (Page 1 of 3)

188



SAMPLE CASt 1

VELOCITY =

2613482 FT/SEC =
PSD=46089/(1a+1+6401%WS}#%,8333333

WAVELENGTH

FEET METERS
65692447 20023046
32846243 10011543
21897449 6674345
16423141 5005746
10948744 3337147
8211545 2502848
5474347 166858
41057.7 1251444
273718 834249
2052848 62572
13685,9 417144
1026444 312846
684249 208547
513242 156443
342144 1042.8
256641 7821
17107 5214
128340 39140
85543 26047
64145 19545
42746 13043
32067 9747
213.8 651
16043 4848
10649 3245
8041 2444
53.4 1642
4040 1242

Figure 52,

REDUCED FREQ

RAD/FT
0+9564E-05
0e1912E=~04
02869E=-04
0+3825E=04
0+5738E=04
0e7651E=04
0+1147E=03
0¢1530E-03
0e2295E-03
0¢3060E=03
044590E=03
0.6121E-03
049181E~03
0e1224E=02
0e1836E=02
0e2448E~02
0e3672€=02
044897E=02
0e7345E~02
049794E~02
0e1469E=01
0¢1958E=-01
042938E-01
043917€=01
0e5876E~01
047835E=-01
041175E 00
0+1567E 00

PSD

0+1590E
0e¢1586E
0+1579E
0+1570E
O0s1544E
0+1509E
0e1419E
0e1310E
0+1081F
CeB7S1E
0e5794E
044029E
0e2252€
Oel44SE
Qe 7549E
0e4718E
042416E
0e1499E
0s7644E
Qet735E
0s2410E
0+1492E
Qe 7593E
04 701E
0e2392E
041480E

0e7534E~

VON KARMAN LONGITUDINAL SPECTRUM
1548464 KNOTS =

UNITS##2/R/F

04
04
04
04
04
04
04
04
04
03
03
03

01

0+4664E=01

L=2500 FT M=2,7

796469 METERS/SEC » W=RAD/SEC

LOAD VF

FREQUENCY [2-1]

CPSy HZ RAD/SEC UNITOR#2/K/S
04003 04025 0ebU83E VU
0,007 0eU50 UsbUbBE UV
0«011 Q4075 0VebV&Ze WU
04015 04100 0Oe600/E VU
0,023 Vel50 U590k VU
04031 04200 .0Ue5//4e vu
0e047 0+300 05428t OV
04063 0+¢400 045016t VU
04095 04600 0Oeb136t VU
0el127 0+800 0e¢3348t 00
0190 14200 042216t GO
0e254 14600 0Oel541k OV
0381 24400 04861/7£=01
0509 34200 045528k=01
04763 44800 042888k~01
1.018 64400 0e18U5t=U1
14527 94600 0e9246L=02
24037 124800 045738L=02
34055 190200 042924E=02
44074 254600 041811€=02
64111 384400 049221E=03
8elug 514200 0.5709E~03
12.223 764800 0+2905c=-03
164297 102+400 0esl/98E=U2
24e446 1534600 049151k=04
324594 2044800 045665e=04
484892 307.200 0Qe2882E=0&
654189 4094600 041784E=04

' WSEWRW

UNLIS
Ueldidse
Veltale
Vesléoe
Vecudut
Vecdyint
Vessyur
CRCTEETS
Uebs fak
VeuyblL
Qedl /bt
Ue5157E
UstyboL
Vedbbrt
Ue42ubt
Veldr23c
Ued3vde
0e29 /9L
Qe2/1Vt
Oe236YL
0e2153L
0e1881¢t
0el709t
Uelbydp
Usldnit
Oslluve
Velurst

SQRKIT(PSD#W)

v

Qevalve=-vl

OeB54ytL=

vl

S1LMA
UNITS

Uslruss
Ved4bew
Veldudun
Vel li4p
Va2 15
Ve tdyy3
Vetdliy
Veyug3sn
Vev¥a3ly/
Ce9645 ¢
Oe9/783
VeVBbUY
Usyy1l2b

Qeyy4dU

NU UF 0 LKUSSINGS

/NAUT ML
VU1V
Usl¢l
VeV
Velb s
Uelbb
Ve216
Geld !
Ve /3]
lelb3
le815
24857
4e508
1e126

11e279

/HOUR
160
33
6%

iz
242
4284
108
1132,
1786
2810
4425
6982
110364

17468

Output of Program to Evaluate Power Spectral Density Parameters

for Two Sample Cases (Page 2 of 3)

189



190

SAMPLE CASE 2

VE

ITY =

2¢13.81

FT/SEC =

WITH THROAT MACH CONTROL
1548464 KNOTS =

M=247

LOAD vk

7196468 METERS/SEC

PSD;06089/(lo#lnﬁhOl*HS)*’-8333333 ® 1.85%%2 # ((1le+a25E=~4"WS+]1 E-BRWSHN2] #

{1e¢90004#WS) # {14+40001%WS) *
Fa?SEwEAWSHED + G E=124WSH*L + L El6#WSHH5)

WAVELENGTH
FEET METERS
65692241 20022948
37846140 10011449
21897640  66T4342
Ledilay 5N057 ¢4
1094ET«0 13337146
8211542 2502847
5474345 1668548
43087 a8 1251443
273717 834249
2052848 62571
1368548 41714
10286 ek 312845
£362.9 208547
513242 156442
342104 104248
256641 78241
171047 521eb
128340 39140
85543 26047
6415 1955
42746 13043
32047 977
213.8 6541
150.3 4848
10¢09 3245
zlel 240k
53¢ 1642
4060 1242

REDUCED FREQ
RAD/FT
049564E-05
041912E=04
0e2869E=04
043825E=04
Qe5738E=04
0e7651E~04
0e1147€-03
0¢1530E=03
0e2295E~03
0+3060E=03
044590£-03
0e6121E-03
0e91BlE=-C3
041224E€=02
0+1836E=02
0e244BE=02
0e3672E~02
0e4B89TE=02
0e7345E=02
049794E=02
0s1469E=-01
0e1958E=01
042938E=01
03917€=-01
0e5876E=-01
0.7835E-01
041175E 00
0e1567E 00

WS ) / (40Q0s = +BEWS + +000765#wWSH#2 +

P5D

0485035
0e3392E
0+7601F
0+1343€
042973E
0e5166E
0+1092E
0el1794E
0e¢3333E
0+4800E
Qe 7165E
0+8883E
0s1126E
0e1299E
0+1577E
0.1833E
0e2602E
0+3157E
045462E
046537E
042106E
0e7824E
Qe2706E
0e1562E
0eBO62E
0+5045E
Qe2577€
0s1596E

UNITS#»2/R/F

-02
-01
-0l
00
00
00
01
01
o1
01
01
01
02
02
02
02
02
02
02

FREQUENCY PSD

CPSy HZ RAD/SEC UNITS##2/R/S
0003 04025 0+3253E-05
0007 06050 0Qs1298E=04
0.011 0.075 0s2908E=04
0.018% Qe100 Ge5139E=-04
04023 04150 0e1137€~03
0031 04200 Qe¢1976E=03
04047 04300 044181E=03
04063 Q400 0+6867E=03
0095 0600 0s1275E-02
O0.127 04800 041836E=02
0.190 14200 042741E=02
0254 14600 043398€~02
0.381 24400 044309E=02
Q4509 34200 0e4971E=02
04763 44800 0e6034E-02
1.018 6400 047015e=02
14527 94600 049191k=02
24037 124800 04120/&=01
34055 194200 042089E=01
44074 254600 042501801
6111 384400 048058E=02
Belss 514200 042993E-02
12.223 764800 041035E-02
16297 1024400 045976E=03
FLILYT) 1534600 Ce3084E=03
324594 20644800 0.1930€E=-03
4B+892 307,200 0.9860E=04
654189 4094600 0¢6107E=04

+ WERAD/SEC

» WSEWeW

SUKT (POURW)

UNITS
0e2851k=93
QeBOU56E=03
Qalal6E~02
0e2267€=-02
Qe4130E=02
0¢6287E-02
0e1120e=01
0e1657L=01
0e2766E~01
043832£=01
045735€=01
0e7374£-01
0«1016E 00
Oel261E 00
0e1/0le QO
Ds2118: VU
Ve29 /Ut LU
Uedy32r LU
Usb334 VU
Qe8UVUlE VU
05562t VU
Oe3914L LU
Ce281ve OU
024 (3L 00
0es2176t Q0
Oely88r VU
Uelraue VU
0s1581t 00

910MA
UNITS

0400046
0400131
0400366
0400993
0402463
0405259
0409796
016990
Ve291741
PRELTEL
Ve IB39/
0eB23179
0e84435

Qet5728

NU QF 0 CRUSSINGS

/NAUT M1
Q014
0.028
0057

. 0s113
0221
Det2s
0810
14574
34183
64688
Sel91/
124368

164968

254151

/HOUR

22

e
88
175
343,
657
12540
24138,
4929,
10357
15173,
19153,
26278,

38950,

Figure 52. Output of Program to Evaluate Power Spectral Density Parameters
for Two Sample Cases (Page 3 of 3)



OO0 O0O0ONO000000000O000 000

00

PROGRAM
NAS2=~4
A
B1
B2
82
B2
B3
D1
DM
DX
H( )
[
L
L
L
Pl
P2
P3
QG
QN1
QNM
QM ( )
vF
vK
vM
xX¢ )
DIMENSIO
FOLLOWIN
uUNlITS
IR
P
WRITE(IP
1 FORMAT(
152-4515
READ COM
1 EJEC
2 CALL STA
READ EIT
READ (IR,
3 FORMAT(!1
1F (vF)
ERROR 1IN
4 CALL Ex!I
USE INPU
5 VK
GO TO 8
6 IF (vKk)
UsE INPy
7 VF
8 VM
1
J
Xt1)
IF(L) 2
Lt =0
100 WRITE(IP
101 FORMAT(
1) SUM ©
2 GO=FSe4

Figure 53. Listing of Digital Program to Compute Exceedance Parameters

WRITTEN BY HAMILTON STANDARD 4 A DIVISION OF UAC « UNDER CONTRACT
515 TASK 4 4 IN FORTAN Vv

RMS AMPLITUDE OUTPUT , RMS AMPLITUDE INPUT

RM3 AMPL ITUDL OF INPUT PRIMARY TURBULENCE

RMS AMPL ITuDE OF INPUT SECONDARY TURBULENCE

ALPHA FOR CASE M IF L Is LESS THAN O

ALPHA FOR CASE J IF L 18 GREATER THAN 0O

RMs AMPLITUDE OF INPUT TERTIARY TURBULENCE

INITIAL OUTPUT DISTURBANCE AMPLITUDE syuPPLIED

MAXx IMUM OyTPUT DISTURBANCE AMPLITUDE REQUIRED

STEP CHANGE IN OUTPUT DISTURBANCE AMPLITUDE

HOURS PER EXCEEDANCE OF OQUTPUT

DETERMINES EQUATION USED FOR EXCEEDANCES

=0 Nz=QN* (P11 *¥EXP(=-X/ (A%B1 ) ) +P2¥EXP (=X/(A*B2) )+P3*EXP (=X/(A%*¥B3)})
=4 CASE J OF AFFDL-TR=67-74 B2 Is ALPHA

=— CASE M OF AFFDL-TR-67-=74 B2 Is ALPHA

FRACTION OF FLLIGHT DISTANCE IN PRIMARY TURBULENCE

FRACTION OF FLIGHT DISTANCE IN SECONDARY TURBULENCE

FRACTION OF FLIGHT DISTANCE IN TERTIARY TURBULENCE

NO OF ZERO CROSSINGS OF OUTRPUT IN 4+ DIRECTION / NAyUTICAL MILE
MINIMUM MILES , EXCEEDANCE REQUIRED

MAXIMUM MILES , ExXCEEDANCE REQUIRED

NAUTICAL MILES PER EXCEEDANCE OF OyuTtPUT

vELOCITY , FEET/SEC

VELOCITY + KNOTS

VELOCITY + METERS/SEC

OUTPUT DIsTURBANCE AMPL 1TUDE
N H(4).QM(4)X(4)

G 2 CARDS MAy NEED TO BE CHANGED TO FIT INSTALLATION , THEY DEFINE
USED IN READ AND wRITE STATEMENTS RESPECTIVELY

= 2

= 3

o1

95H]1 PROGRAM WRITTEN BY HAMILTON STANDARD UNDER CONTRACT NA

TO COMPUTE EXCEEDANCE PARAMETERS)

MENT CARD o+ IF BLANK RETURN TO MONITOR 4, IF NOT BLANK PRINT wlITH
T AND RETURN TO PRCGRAM

RT

HER vF OR vk + VF USED IF NOT ZERO
3ILsQG A VF s VK 4D I +DXeDMsQONT s QNM 4P 1 4P24+P3,B1,.,82.B3
10¢67F10¢5/8F 105
44645
INPUT + TERMINATE 00B
T
T VELOCITY IN FEET/SEC
= VF%*,5924838
444,77

T VELOCITY IN KNOTS
= VK/ 59248238
= VF#*,3048
= 1
= 1 L
= DI
00+100,300
SUM OF 3 CAsE A
v101)IP1 «Bl QG sAJP2.B2VF 4vK4sVvM,P3,B3
GIHON=GOX¥ (P 1 *¥EXP (=X/A/B1 )+P2*¥EXP (=X /A/B2 ) +P3HEXPH* (- /A/B3)
F 3 CASE A OF AFFDL~TR-67-74, 4H P1=Flle7.,5H Bl= F9e¢e5,5H
W4H  A=FQe4,4H P2=F11e7+5H B2=FFe¢S,11H VELOCITY=F10e2+9H

(Page 1 of 3)
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WRITE
81
g2
B3
P11
P2
P3
A
17 (A
2 ONT
3 1F (B
as X
1F (8
106 QM)
GC TO
106 K
107 QM J)
GO TO
108 K
109 QM(J)
9 H(Jd)
GO 70
10 IF (Q
11 IF (X
1O MO
13 IF (L
110 GO TO
ta X(1)
GO TO
15 1
1S xX(J+1
J
GO TO
17 1F (J
18 WRITE
19 FORMA
GO TO
20 1IF (X
21 IF «(Q
22 IF (J
221 N
1F (J
24 X(1)
J
GO TO
25 FORMA
1ERY
28H

200 P2

P3
WRITE
201 FORMA
19X/7A/
2/73H P
391 F1
WRITE

Figure 53,

2F10e2¢8H KNDOTS mF [0al el METUP 52 GHC rak 35F 117,54 B3=F
(I1P«25)
= B1¥*A
= B2%A
= B3*A
= QG*P1
= QG*P2
= QG*P3
1e01/(P14+P2+P3)
-QtI1 IN3,102,102
= &
3) 4,104.108
= 2
2 4,106,105
= lo/(P]/EXP(X(J)/Ul)*pE/ExP(X(J)/BZ))
9
= 1
EXP(X(J)/B1)/P1
9
= 2
2 1e/(PL/EXP(X(J)/B114P2/EXP (x(J)/B2)+P3/EXP(X(J)/B3))
= QM (J) VK
(101701
M{13=-QNI)Y 154,15,.11
(1)=14+4%DX) 12412414
= X(1)/2e
) 20341104303
(1074105.109) «K
= X{(1)y-DX
13
2
) = X(J)+DX
= J+1
13
-4) 2041848

(IP19) (X (M) QM (M) H(M) M=1,4J)
T(IH‘F7oa.F1200.F9-1-3(F9-4.F12.0.F901))
(4420421
(J)-DM) 21423423
M (J)—=QNM) 22423423
-4 16¢2444
= 3
-4) 184244
= X{(4)+DX
= 1
13
T(118HO AMPL X EXCELDED EVERY * aMPiL X EXCEEDED EvV
* AMPL X ExCEEDED EVERY ¥ AMPL X ExXCEEDED EVERY/11
X N MILES HOURS X N MILES HOURS
N MILES HOURS X N MILES HOURS)
CASE M
= le~-B2
= B2/3e17
(IPL201)I1P2+P34B2+P1¢31:QGsAsVFsVKsVM

T(OHON=ZGO*P* (FB.5¢15H *EXP(~-X/A/B)
B)=FXP(—3.46X/A/B8)) ),

+F Qe 6¢50H HAXRB/XR(EXP (—e28
AlLPHA=F8+5/25H CASE M OF AFFDIL.=TR-67-=74

ZF 11e7+4H B=F9e9545H GO=FGed444H A=FG,44+11H VELOCITY=F10eZ
/SEC =F10e248H KNOTS =F10e2,6H M/SEC)
(1P+25)

Listing of Digital Program to Compute Exceedance Parameters
(Page 2 of 3)



202
203

300

301

302
303
304

305

B1 = B1l*A

P1 = 14/(QG*P 1)

A = 1e01%P1

IF (A-QNI) 203+4203,202

QN1 = A

B3 = X(J)/B1l

QM J) = P1/(P2/EXP(B3)+P3/B3*¥ (EXP(=~¢289%83)-EXP(~3+46%*B3)))
GO TO 9

L = + CASE J

P2 = (B2+24¢)/(B2-2+)/EXP(B2)

P3 = SQRT (1 e+P2)

B3 = B2/P3

X(2) = B3,/2.7182818

X(3) = B3*B1¥*A

WRITE(IP,4301 TIP3 4X(3)eB3eX(2)eB24X(3)4B2+P1¢B1+QG+AsVF sVK4VM
FORMAT (12HON=GO*P /EXP (F9e¢6,23H x/A/B) IF x LEss THANF10e7,4H ORF

11066 31H*A%B , CASE J OF AFFDL=-TR=67-14/ 9H N=GO*P¥(F 9«6 FH*¥AXB /X))
2% %F 7 ¢4 419H IF X GREATER THANF10e7+9H o+ ALPHA=F7e4,/3H P=F11e7,4H
IB=F9¢H4SH GO=F9eb,4H A=Feb8,11H VELOCITY=F10e2,9H FT/SEC =F10e2
448H KNOTS =F10e2+¢6H M/SEC)

WRITE(IRP.«25)

B1 = B1*A

P1 = 1e/(QG*P L)

B3 = X(3)

P3 = P3/81

P2 = X(2)*B1

A = 1401%P1

IF (A-QGNI) 30343034302
QN1 = A

1IF (x(J)~-B3) 30443044305
QM () = PIXEXP(P3%X(J))
GO TO 9

aM(J) = P1/(P2/X(J))*¥*B2
GO TO 9

END

Figure 53, Listing of Digital Program to Compute Exceedance Parameters

(Page 3 of 3)
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1000¢
SAMPLE

EN00
LEwIE

10C0e
SAMPLE

1000

194

TagE A wlyH
012368
10000006 ¢
CASE Kk wlyH
G120368
10000000
CASE J wiTtH
1124366
10000000 »
CASE M wlitH
-112¢368
10000000 *

THROAT MACH CONTROL SS000FT
«82379 2613482

+00197 «0000727 0O
THROAT MACH CONTROL 55000FT
82379 2613482 1234456
¢ 0045877 400000229540
THROAT MACH CONTROL SS000FT
«8237 1548+64
«00459

THROAT MACH CONTROL S5000FT
«8237 1548464
200459

FAA-ADS-52 M=2e¢7 xaDhTH
001 ¢ 002 e 06

¢ 00395 00727 ¢ 0
AFFOL~-TR-67-74 ALPHA=Z 40005
+01 ¢ 002 + 06

¢ 0051831 00129577 [Ye]
AFFOL~-TR-67-74 ALPHA=8,

e 01 2002 «08

¢« 00519 8
AFFOL-TR-67-7a4 ALPHA= 4003
e016 «002 e 08
000519 «003

Figure 54. Listing of Input Cards for Sample Cases



PROGRAM WRITTEN BY HAMILTON STANDARD UNDER CONTRACT NAS2-4515 TO COMPUTE EXCEEDANCE PARAMETERS

Figure 55. Output of Program to Compute Exceedance Parameters for
Four Sample Cases (Page 1 of 5)
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AMPL

X
040100
040179
000259
040339
: 040419
{ 040499

i 196

P3s 040000000 B3

Bls=
B2=

X EXCEEDED EVERY

N MILES
171,
7092,
50099
264204
1149646
4587066

Figur

HOURS
Qo
45

3243
17046
Th243

29619

0400395 GO=
0.,00727
000000

-

SAMPLE CASE A WITH THROAT MACH CONTROL

55000FT

N=GO* (PL#EXP(=X/A/Bl)I+P2#EXP{=X/A/B2) +PISEXPH{=X/A/B3))
Pl= 040019700
P2s  0.0000727

0eB237

2613482 FT/SEC =

X EXCEEDED EVERY

1243680 A=
VELOCITY=

AMPL

X N MILES

040120 1367,
0,0199 11897,
0+0279 778400
040359 386667,
040439 1633213,
040519 6643097

HOURS

0e8
Te6
502
24946
105446

416064

SUM

FAA=ADS=53 M=2.7

X=DMTH

OF 3 CASE A OF AFFDL=TR=67~74

1548464 KNOTS =

AMPL
X

0.0139
00219
040299
040379
0e0459
040539

X EXCEEDEDL EVERY

N MILES
2400,
19590,
118805
560218,
2310917,
9037424,

Four Sample Cases (Page 2 of 5)

HOURS
le5
12.6
T6e7
36147
149242
583546

796469 METERS/SEC

AMPL
X

00159
0+0239
040319
040399
040479
040559

X EXCEEDED EVERY

N MILES
4157.
31636,

- 178433,
805129
3259708+«
12662850,

e 55. Output of Program to Compute Exceedance Parameters for

HOURS

246
2044
11542
5198
210448
817647



SAMPLE CASE K

N=GOX (P1*EXP(~=X/A/B11+P2*EXP (=X/A/B2}1+P3%EXP*(=X/A/B3))

Pl= 0.0045877 81l= 000518
P2= 0,0000022 B82= 001295
P3= 0,0000000 B3= 000000

AMPL
X

0.0100
0.0179
00259
0.0339
0+0419
00499
00579

X EXCEEDED EVERY
N MILES HOURS
182 0.1
1186 Oe7
7626 4e9
47783, 3048
278672 179.9
1373364 88648

5114875 3302.8

Figure 55.

WITH THROAT MACH CONTROL

55000FT

GO= 1243680 A=

VELOCITY=

* AMPL
X
040120
00199
00279
040359
040439
00519
0+0599

Output of Program to Compute Exceedance Parameters for

AFFDL=TR=67=74 ALPHA=40005

0e8237

2613482 FT/SEC =

X EXCEEDED EVERY

N MILES
292,
1891
12108
74966
423889,
1964250
6776349

HOURS
Oel
1e2
78

48e4
27347
126843
437546

*

1548464 KNOTS =

AMPL
X

00139
00219
040299
040379
040459
00539
040619

SUM OF 3 CASE A OF AFFDL~TR=67-74

796469 METERS/SEC

X EXCEEDED LVERY

N MILES
466
3013,
19188
116984
636829,
2755754
8829148

Four Sample Cases (Page 3 of 5)

HOURS

0¢3
le9
12.3
7545
41142
17794

57012

*

AMPL
X

040159
0+0239
00319
00399
0406479
040559

X EXCEEVED EVERY

N MILES
T43e
4796
30329.
181319.
942950,
37590843

HOURS
Ce4
3.0

1945
117.0
60848

24478

197



SAMPLE CASE J WITH THROAT MACH CONTROL

14000279 X/A/B)

0400819 GOs= 1243680

X EXCEEDED EVERY # AMPL

N=GO#P/EXP(

N=GO#P#{

P= 040045900 8=
AMPL,

X N MILES
0,0100 182,
0+0179 1188.
0.0259 7725
040339 50220
0s0419 272266
00499 1098396,
040579 3600996
040659 10123934,

198

HOURS X
Oel 040120
07 040199
be9 0.0279

3244 040359
175.8 060439
7092 0.0519

2325.2 040599

653743

55000FT

AFFOL=TR=67=74 A

IF X LESS THAN 040341904 OR
24942213%A%B/X) %% 8,0000

X EXCEEDED EVERY

N MILES
291
1897,
12336,
19326
395021
1503231
4722901

HOURS
Qa1
102
Te9

512
25540
9706

304947

Te99TTH58A%E
IF X GREATER THAN 040341904
As 0eB237

VELOCITY=

AMPL
X

00139
060219
00299
040379
000459
040539
040619

LPHA=g,

X EXCEEDED EVERY

N MILES
466
3030
19697,
122255
563718
20330540
6139488.

HOURS

0.3
149
12.7
7849
36440
131247

396440

*

CASE J OF AFFDL=TR=67-14
s ALPHA= 8.0000

2613481 FT/SEC = 1548464 KNOTS =

AMPL
X

00159
Qe0239
040319
00399
Qe0479
040559
040639

79668 M/SEC

X EXCEEDED EVERY

N MILES
Taba
4838,
31452
1842804
792371
2719587,
7914765

Figure 55. Output of Program to Compute Exceedance Parameters for
Four Sample Cases (Page 4 of 5)

HOURS
Oets
3.1

203
1189
5116

175641

511047



SAMPLE CASE M WITH THROAT MACH CONTROL

N=GO®P*#{ 0499700 *EXP(=X/A/B} + 04000946 ’A'B/XOIEXP(-‘ZBDXIA/S)-éXP(-Q-kéX/A/B)l)o ALPHA= 0.,00300

CASE M OF AFFDL~TR=67=74
P= 040045900 B=

X EXCEEDED EVERY

AMPL
X

040160
040239
040319
040399
0e0479
0:0559%9

N MILES
743,
4801
30683,
189626
1064947,
4787049,

Figure 55. Output of Program to Compute Exceedance Parameters for

0400519

HOURS

GO= 1243680

- AMPL
X

Oets 040179
3.1 040259
1948 040339
12244 060419
68746 0e0499

3091.1

040579

55000FT AFFDL=~TR~67=74 ALPHA®,002

A= 048237 VELOCITYe
X EXCEEDED EVERY *  AMPL
N MILES HOURS x

1185, 0e7 040199
7645, 4e9 040279
48603 31¢3 040359

2956726 190.9 040439
1593030¢  1028¢6 040519
6620522+ 42750 040599

2613481 FT/SEC =

X EXCEEDED EVERY

N MILES
1890,
12165,
76793,
457717,
2364193,
8950516

Four Sample Cases (Page 5 of 5)

HOURS
le2
Te8

49e5
29545
1523.7
577945

*

1548064 KNOTS =

AMPL
X

040219
040299
040379
060459
0.0539
00619

79668 M/SEC

X EXCEEDED EVERY

N MILES
3012,
19334,
120934,
7021464
3385098,
11834868,

HOURS
1e9
1244
7840
453.3
218548
764241
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