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This report was prepared in accordance with Contract F33615-76-C-2024, Project Number
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of United Technologies Corporation , P. 0. Box 2691, West Palm Beach , Florida 33402. This was
was performed during the period 1 March 1976 through 1 March 19’78 and was submitted for
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LIST OF SYMBOLS

English
Symbol Definition Typical Units

A Area in 2

A Stirred reactor mass loading gm-mole/sec
A Dummy variable in eqn. (128) d’less
a Reaction index in eqn. ( i ll)  d’less

Surface area sq. inches.
BPR Bypass ratio d’less

B/D Wake width per unit flameholder d’less

C Activation energy constant in eqn. ( i l l )  ° K

c Sonic velocity in/second
Drag coefficient d’less

Specific heat at constant pressure Btu/ lbm-° R

Specific heat at constan t volume Btu/ lbm/ ° It

C,, Wake shape factor litre/in 2

C1 Dummy variable in eqn. (85) d’less

d Diameter in

Diffusion coefficient in2/sec
FA Fuel-air ratio d’less

Ii Enthalpy Btu/ lbm

h f Film coefficient Btu/ in 2 sec° R

k Reaction rate in eqn. (107) d’less

k Thermal conductivity in eqn. (91) Btu/ in sec° R

K Dummy variable in eqn. (71) d’less

K 1 Recirculative coefficient d’less

L/D Wake length per unit flameholder width d’less

m Mass Ibm

iii Mass flowrate Ibm/sec

M Mach numbe r d’less

MW Molecular weight Ibm/lb-mole

n Reaction order in eqn. (107) d’less

N Flameholder width inches

Nu Nusselt number d ’less
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English
Symbol Definition Typical Units

p Pressure Ihf/ 1n 2

t~ ) Pressure drop lb f/ in 2

PFSR Sprayring fuel pressure Ib f/ in 2

Pr Prandtl number d’tess
q Volumetric heat release rate Btu/second/ in 3

q Heat flux Btu/ in 2 
~cc

R Gas constant ft -lhf/ lhm- °R
Re Reynold’s number (l’less
S Entrophy Btu/ lhmrR
St Turbulent flame speed ft/sec
Si Laminar flame speed ft/sec
‘F Temperature ° F, O

f{ ° K

Ti Ideal temperature

t Time seconds
TFSR Sprayring fuel temperature ° F
U Flameholder li p velocity ft(sec
u Internal energy Btu/ lbmf R
U RMS turbulence velocity fluctuation ft/sec
V Velocity ft/sec
Vo Wake volume litre
W Duct width inches
W Mass flowrate Ibm/second
WCOOL Liner cooling flow/total engine flow d’less
X Axial distance inches

Distance inches
y Stoichiometrg factor in eqn. (108) d’less

Flame penetration distance inches
z Defined in eqn. (76) d’less

Z Defined in eqn. (125) d’less
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Greek
Symbol Definition Typical Units

a Flarneholder apex angle degrees

Defined in eqn. (75) d’less

Droplet vaporization coefficient d’less

Droplet collective coefficient d’less

133 Surface vaporization coefficient d’less
1’ Blockage ratio d’less

Ratio of specific hea th d’less

E Wake reaction efficiency d ‘less

Turbulence intensity d’less

Efficiency d’less

X Latent heat of vaporization Btu/ lbm

p Viscosity lbf/ in
Oxyge n concentrative grn -mole/ I itr~

x02 Oxygen volume fraction d’less

Xf Fuel concentrative gm-mole/ litre
p Density lbm/ in 3

r Wake residence time seconds

Normalized residence time d’Iess

I Axial length between stations inches
Ratio of specific heath d’less

r Sortie travel time seconds

Special Symbol:

Finite difference
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Subscripts Definition

a Air

c Collected ; Combustion , fan stream values

cx Exit

ext  External

f Fuel

F/ I l  Flameholder reference

fict Fictitious

g Gas

II Core stream values

Initial — Ideal value

Liquid

MB Main burner reference

o Initial — Signifies ideal value

OA Overall

r Recirculated

stoich Stoichiometri c

I Total (combined) value

v Vapor; Vaporized

w Wake reference

Superscripts

— Average value (e.g., !)
— Superscript denotes steady-state value (e.g., V)

Superscript denotes change in a variable divided by its steady-state value
(e.g., P’ = ~ P/P)
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SECTION I

INTRODUCTION

Pratt & Whitney Aircraft Group Customer Computer Deck (CCD 1144-0.0) is a two-
part program consisting of: (1) Rumble Model — a dynamic analytical model that will
predict the rumble stability limits and characteristics of turbofan engine augmentors, and
(2) Flameholder Combustion Model — an analytical model that will predict the steady-state
combustion field for a turbofan engine augmentor. The rumble model and flameholder
combustion model may be exercised independent of each other or the flameholder corn-
busticn model may be exercised to supply combustion data to the rumble model (Figu re 1).

Rumble Input Common Input co~~~~~~~~~~j

______ 
~~~ 

Trans fer Data J..uuus 

____________

Output Output

FD 151001
11141 1

9~12-437

I ”igure I .  Combined Model Overv iew

~~~~~~~~~ - 
-



I’he object of the rumble model is to predict the conditions under which low-frequency
augmentor instability (rumble)  will occur. rI~he deck will not predict the magnitude of rumble
(ampli tud e) but instead only identifies the conditions under which rumble will occur. The
object ‘ f  the flameholder combustion model is to model the augmentor heat releasc proli ss
in terms of physical geometry and operating conditions for li quid hydrocarbon fuels in a
conventional spraybar injector - — V-gutter flameholder configuration.

The deck provides the capability of changing augmentor geometry and operating con-
ditions. In addition , the rumble model contains simulations of three augmentor designs:
V-gutter , Vorbix and Full Swirl. Since the flameholder combustion model simulates only
the V-gutter flameholder , empirical combustion data must he used for the Vorbix and Full
Swirl cases.

‘l’he User ’s Manual describes the combined rumble/ flameholder combustion model and
how to use the program to predict: (1) turbofan engine augmentor low-frequency combus-
tion instability (rumble)  and (2)  turbofan engine augmentor steady-state combustion f ic id .
‘lo assist in checking out the CCI) at the user facility , the following items are included:

( i )  Program Listings

(2) ‘l est Case Input

(3) ‘I’est Case Output

If questions arise concerning deck operation , please contact your local Pratt & Whitney
Aircraft field representative.

2
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SECTION II

TECHNICAL DISCUSSION

1. AUGMENTOR DESCRIPTION

Afterburning is a method by which the maximum thrust capability of a basic engine
may be augmented by an additional 50 percent , or more . Fundamentally, an augmentor
(afterburner) is a ramjet engine attached to the turbine exhaust case of a turbojet or turbo-
fan engine . The gases discharged from the turbine of the basic engine have suff ici ent  veloc-
ity at the higher thrust settings to satisfy ramjet requirements , regardless of whether the
aircraft is in a steep dive or standing still at the end of a runway.

The basic augmentor (V-gutter), Figure 2, consists of onl y four fundamental parts :
the afterburner duct , the fuel nozzles or sprayhars, the flameholders , and a two-position or
variable area nozzle. Because the exhaust nozzle area requirements vary significantl y (II ’-
pending on whether or not the augmentor is operating, a variable area exhaust nozzle is in-
cot -j ‘orated.

Thrust modulation in the afterburning mode is accomplished by vary ing the flow of
hi aii ’ i t ien tor .  llowever , in order I r t  ma inta in  ;~ood coml ei s t in i t  efficiency in th~

~,u~- ,~IteII t Or over a wide range of fuel-air ratj os , t h e  augmentor is separated into fuel supply
“ zon s ” or segments, for best fuel distribution.

I ,  

~~~~~

Flameholder Var iable Area Nozzle

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 2. V-gutter A ugnienlor

3

- - ---~~~~~~~~~~~~~~~~ --- -- . -



C - ,.. — _

The afterburner duct must he of such proportion that stable combustion can be main-
tained during augmentor operation. This requires a burning section of sufficient cross-see-

— tional area to ensure that the gas velocity through the augmentor does not exceed the rate
of flame propagation. Otherwise , the flame would not he able to establish a firm foothold
because the onrushir,g turbine exhaust gases would push the burning mixture right out of
the exhaust nozzle. Fuel is introduced through a series of perforated sprayhars located
inside the forward section of the afterburner duct. Not far aft of these, flameholders are
provided to help create local turbulence and to reduce the gas velocity in the vicinity of
the flame. The flameholders may take the form of concentric rings or radial arms of an
angular “V” cross section , hence the name V-gutter augmentor.

Two advanced augmentor concepts are currently being investigated under Navy and
NASA contracts. Both are swirling flow concepts which eliminate the necessity for flame-
holders. In one of the concepts , termed the Full Swirl augmentor , the entire augmentor
flow is swirled around the engine centerline , Figure 3. I-lot combustion products are pro-
vided on the 01) of the swirling flow by an annular pilot burner on the OD of the augmen-
tor. Main stream fuel injection is accomplished by several sprayrings. The swirling flow
develops a strong centrifugal field in which hot combustion products issuing fro m the pilot
burner on the 01) of the swirling flow are rapidly displaced towards the center of the
augmeritor , while the cooler interior air and fuel mixture are centrifuged outward. Com-
bustion occurs at the interface of the hot and cold gases.

I
Core Stream -

Swirl Vanes

~~~~~~ I~~~~~

I
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

--—
-

~~~~

----

Fan Stream I 
~~~~~ 

I 
~~~~~~~~~~ 

Fuel Inje ctors (48)
Swirl Vanes I I

Recircu lat ion Zone

Pilot Venturi Inlet

Swirl Vanes .~ 
FD

‘2-Sn

Figure 3. Full Swirl A ugmentor
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The second concept , termed Vorbix , (vortex burning and mixing) employs a large
number of small-scale vortices developed by swirlers or triangular-wing vortex generators.
Figure 4 schematically shows this concept. All augmentor fuel flow is admitted through an
annular pilot burner located near midspan of the augmentor between the fan and core
streams. Combustion occurs as the vortices mix the hot fuel-rich pilot exhaust with air in
the fan and core streams.

Core Stream ~—c~~j 
oefta~ 

~~~~~~ 
Mixer

~~~~~~~fter 

F 

—

~~~~~~~ 

-

. 

- 

/ 

-
~~~~~~~

, 

Swirlers

Fan Strea m 
- 

- 

secondary 
_ / 
‘

IgnIter
rO 146400

763110
bi2-772

Figure 4. Vorbix A ugmentor
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2. RUMBLE MODEL PROGRAM DESCRIPTION

a. General

The augmentor math model consists of a set of time dependent equations describing
the longitudinal dynamics of the flowing airstream and the axiall y distributed combustion
process in the augmentor , coup led with a solution technique for determining stability.
These equations are linearized , through the assumption of small perturbations , and trans-
formed from the time domain to the Laplace transform ~~~ domain. Thi solution tech-
nique is based upon the Nyquist stability criterion and consists of determining whether the
time response of the system to a small disturbance would disp lay oscillatory behavior with
a growing amplitude. The result is a determination of stability at a given operating point ,
regions of operation which will cause rumble , and changes to the augmentor to make it
rumble-free.

b. Modeling Approach

Since rumble has long been associated with the relatively low-frequency longitudinal ,
or ax ial , modes of vibration of the air column in the augmentor , the model was formulated
to take only the longitudinal dimension into account. Accordingl y, each station in the
model was considered to represent a plane over which the value of any parameter (such as
velocity, pressure or density ) could be considered as uniform at any instant in time.

Motion pictures of rumble have shown a change in color of the burning gas during a
cycle of oscillation , indicating that alternate hotter and cooler combustion products were
being produced. These hot and cold combustion products could be seen drifting from the
flameholder to the exhaust nozzle in a time span which matched , or was a multiple of , the
period of oscillation of the ru rrhle. Since flowrate out through the nozzle is dependent
upon the temperature of the entering gas, it was important that the model treat the traveling
combustion products , which were mathematically identified ‘as traveling entropy waves.

The equations developed for describing rumble can be classified into two types. First ,
there are the momentum, continuity and ener gy equations, together with the boundary
conditions, which describe how each parameter at any station in the augmentor responds to
a disturbance in combust on heat release. These are refe rred to as the acoustic equations.
Secondly, there are the combustion equations which describe how combustion hea t release
responds to variations in the system parameters such as velocity, pressure and density. To-
gether , the acoustic equations and the combustion equations destr ibe the rumble mecha-
nism , by which a disturbance in combustion causes a disturbance in velocity, pressu re and
density throughout the augmentor which in turn causes a disturbance in combustion. A
description of the equations, boundary conditions and assumptions is presented in the Ap-
pendix A.

Since the purpose of the program was to develop an understanding of the rumble
mechanism and demonstrate that the onset of rumble could be predicted , thereby defining
the boundary between stable and unstable operating regions, it was necessary only to model
the augmentor for the first few increments of time before the oscillation had built up into
an appreciable amplitude. This allowed use of a small pert u rbation technique which led to
linear equations and mathematical simplification. Linear equations can describe the system
for small oscillation amplitudes and can predict whether the system initially at rest would
begin to oscillate. Because the non-linearities associated with large amplitude oscillations
(which eventually stop the amplitude from growing) were ignored , the linear equations do
not allow a prediction of the final limit-cycle amplitude.

_ _ _ _ _  — 
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c. Model Description

The rumble model was designed for simple input-output and requires no intermediate
engineering interpretation , Figure 5. ‘l’he input requires engine geometry and pressures ,
temperatures and Mach numbers , obtained from engine steady-state cycle tables . ‘f he user
may select to input augmentor fuel-air ratio and empiri cal cqmbustion dat-a or he may cx-
ercist . the flameholder combustion model which calculates and supplies the required aug-
mentor combustion data to the rumble model. An input  option allows the user to specify
the specific augmentor types (V-gutter , Vorbix or Swirl) to be used. No calculation nor
dynamic information is required. The user may select either tabular and plotted output  or
only plotted output , as shown in Figure 6. From the plot the user identifies the frequencies
at which the phase is zero. He then checks the gain at each of the identified frequencies . If
the gain is one or greater , the program has predicted that rumble will occur. If the gain is
less than one, the program has predicted that the operating point is stable. For examp le ,
Figure 6 indicates rumble at 60 Hz and at 140 Hz. The user can then change geometry or
operating point inputs and repeat the process to determine the effects of the change . This
form of output was chosen because it facilitated development of the model , yielded a corn-
p ‘act , ‘-a -y to interpr et answer , and made hctt er use of computer time than a time-domain
S o l u t ion .

lo model, rumble required a transient descri ption ( I f the longitudinal dyna in a-s  of a
I 1 1 1 1 1 ( 1 I I I  ‘‘I It I f le. TO (-omp ut o rize I he f o r m u l a t i o n , thu rnath em at  ‘-a l - to sci - ip t i ot i  was 51111 -

j~i i~~~ t I )y restrict ing the range of v~t hid i ty  of the equations to small perturbations -about a
nio a it steady-state operating point. This allowed linearization of the equations to a form
which correctly describes small scale transients , but in which the nonlinear terms which are
important in large scale transients could be omitted. The resultant linearized equations
describe the initial period of the time when rumble oscillations negin to grow and are valid
to the point where the rumble amplitude reaches values at which the nonlinear terms be-
come important. This is sufficient to determine whether an engine , if placed at a given op.
crating point , will  spontaneously bloom into rumble.

‘1 1w model could have ber n made to yield solutions in the time-domain by program-
ming the equations on an analog computer. The output would have been a time trace of
any selected parameter (e.g., augment-or pressure). At a stable operating point the trace
would be a straight line , whereas at an unstable operating point the trace would show a
sinusoidal oscillation with an increasing amplitude. The amplitude would grow wi thout
hound for as long as the solution continued , because of the omission of the nonlinear terms.

The same information can be more easily obtained by a non-time-domain solution
technique. Such a technique was chosen for the rumble model . Commonly called the
Nyquist criterion , it is based upon the fact that the allowable forms of the time-domain
solution art known. This technique allows use of a matrix program which can quickly solve
large numbers of simultaneous equations.

The N yquist criterion is a procedure which makes use of the Laplace transform and
conformal mapping to determine whether the transient solution would show unstable be-
havior. To apply the criterion , the time-domain equations are transformed into the Lapla e
“5” domain . The result is a square homogerious matrix. The determinant of the matrix co-
efficients is a function of “S”, called the characteristic function , and contains all of the in-
formation needed to determine whether the system being descri bed is stable or unstah le . If
all zeros of the characteristic function have negative real parts, the system is stable; if any
zeros have p osit ive real parts, the system is unstable. Conformal mapping is used to examine
the characteristic function for the presence of zeros with positive real parts.

7
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Core F A = 0.04
Fan F A = 0.06_  __-

60 HZ 140 HZ 188 HZ
Rumble Rumble 230 HZ

0 25 50 75 100 125 150 175 200 225 250
Freq uency - Hertz FO ;45453

bo2-112

Figure 6. Rumble Model Plotted C~ mp uter Output

To accomplish the conformal mapping the equations which describe the augmentor
were written to describe a “feedback Loop”. The feedback ioop was formed for the rumble
model by considering that the combustion rate, called 

~
‘jn was an “input ” to the acoustic

equations. This yielded as “output” the pressure, velocity and density at each station
throughout the engine. The “output” was then considered to feedback through the com-
bustion equations to form a “feedback” combustion heat release rate, called 

~~~~~~~~ 
The re-

sultant “loop” is shown in Figure 7. Actually, only one heat release rate is present. The use
of the two names q’

~~ 
and q’0~~ allows the formation of the ratio q’

0u~/q ’in~ called the“Open Loop Transfer Function °’ (OLTF). Conformal mapping to examine the zeros of the
characteristic function is carried out by using the OLTF.

Referring to Figure 7, the heuristic argument can be made that if a loop is subjected to
an externally supplied smosidal input (q ’~~)and it returns a feedback (q ’

0~~
) which is in

phase with the input (~ 
= 0) and of equal amplitude (gain = 1), then the externally supplied

input could be removed and the loop would continue to oscillate. A gain greater than one
then implies that the loop would be driven to ever higher amplitude , while a gain less than
one implied that the oscillations would die out once the input were removed . The model
determines whether the time solution , if calculated would display oscillatory behavior with
a growing amplitude. It does this through a solution technique which is simpler and faster
to apply than a solution in the time-domain.

9

- — r ~~~~
-
~~~

- 
—.---,_ _

~~ _ _ ___._--~~~- -. - -  - -,- - —
,, -j-

~~~~~
. n.- ’ - 

-



p 
- v ,

q n  fvr~.../\ • 
Equati:ns

—... -~ L.-_ ,~ • Continuity
q’out 

~“ \)~\~/~\ 
—~— • Energy

Aout

Combustion
Equations

- Tikr\ 
_

• Unstable if at Some Frequency: A0~ t - A~0 and ~ = 0
11) 44854

‘,l~
_

I ’igure 7 i”eed back Loop ’’ t ’j ~ua 1izaIi (),, of Runthie Model

3. FLAMEHOLDER COMBUSTION MODEL PROGRAM DESCRIPTION

a. General

The combustion model performs a multi-streamtube analysis of th u flame stabilization
and propagation phenomena in a turbofa n augmentor. The augmentor is divided into a
multitude of equivalent two-dimensional streamtubes with a single flameholder element in
each. The program evaluates each streamtube and then mass averages the results

For each streamtuhe the program proceeds from the ~ugmentor inlet toward s the ex-
haust nozzle and evaluates each step in the stabilization and propagation of th u augment ,or
process. The ultimate result is the level of combustion efficiency in that streamtuh - ‘l’he
program then performs a small perturbation in velocity, pressure , inlet temperature and
fuel-air ratio to evaluate the efficiency slopes.

The final outputs are the fan duct efficiency, the core stream efficiency and the ef-
ficiency slopes with respect to the four perturbed variables.

b. Modeli ng Approach

The approach taken for each streamtube is a step-by-step solution to the ph ysical
pheno mena which determine the flame stability limits of the spraybar.flameholder config-
uration and the subsequent turbulent flame propagation rate . These phenomena include
liquid fuel injection , droplet formation , vaporization , fuel impingement onto the flame-
holder, wake reaction kinetics and turbulent flame penetration.

The approac h used is different for the fan duct streamtubes and the core streamtubes.
The necessity for different approaches lies in the degree of liquid fuel vaporization bet ween
the spray har and the flameholder. In the core streamtubes ,the fuel is virtually totally
vaporized in the first few inches by the hot turbine exhaust flow. In the fan duct stream,
the much cooler airflow results in only a sligh t degree of vapori zation in the four to six
inches typical spraybar to flameholder distance .

10
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The (-ore stream analysis is thus done assuming that the fuel at the flameholder is in the
vapor phase and the flameholder wake fuel-air ratio is the same as the total fuel-air ratio.
i’his valu e is used in the kinetics analysis of the wake reaction to evaluate the stability limits.

In the fan duct streamtubes , however , the low level of droplet vaporization yields a
vapor phase fuel-air ratio at the flameholder which is well below the lean limit for hydro-
carbon fuels. Since the liquid fuel droplets are not capable of entering the flameholder re-
circulation wake due to their excessive momentum , there must be some other mechanism to
1~rovi d4 ’ the necessary wake vapor fuel fo r stable combustion.

l ’his mechanism in the fan duct streamtu bes is the collection of the li quid fuel drop lets
onto thu surface of the fiameholders and the vaporization of the resultant liquid film. This
evolve(l vapor recirculates into the flameholder wake with a portion of the droplet evolved
vapor fuel to generate the wake vapor fuel concentration.

The streanitube analyses compute the degree of wake reaction at the level of vapor
fuel-air ratio appropriate to the streamtuhe type and approach conditions. For the fan duct
cases, this requires a convergent solution between the wake kinetics and the surface vapor-
ization.

Once the flamehoider wake reaction level is evaluated , the analysis computes the rate
of flame penetration into the free-stream as a turbulent flame sheet. This rate is adjusted by
the wake reaction level to account for the ignition response in the recirculation zone shear
layers. The flame penetration rate is integrated over the available augmentor lengt h to pro-
vide the level of streamtuhe efficiency.

The program thus performs a quantitative evaluation of the phenomological processes
which occur in the turbofan augmentor. The individual calculations are a combination of
analytical evaluations and empirical results as required to ensure quantitative accuracy.

c. Model Description

The combustion model was designed as a complete unit. The program does dot require
on-line engineering interaction. The combustion model may be run as a separate entity or
as a generator for subsequent stability analysis with the rumble model. When exercised
alone, the combustion .nodel is an augmentor analysk. program and the output is a corn-
prehensive description of the injection , stabilization and flame propagation processes. In
this mode , the program is useful as a design tool for conventional turbofan augmentors . The
u ’ff u -ts of fuel system distribution and V-gutter fl ameholder tailoring may he determined .

When exercised in conjunction with the stability analysis, a lesss extensive output is
given and the prime purpose of the progr am is to generate the response of augmentor ef-
ficiency to variations in fuel-air ratio and inlet velocity, pressure and temperature .

The augmento r breakdown and sIw (-if u c description of one streamtube is shown in
Figure 8. For a single fan duct strearntuhc , the computer logic is shown in Figu re 9. The
identified subroutines each evaluate a specific portion of the overall combustion process.
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The input requirements for a fan duct streamtube are those to fully describe the
approach flow field , geometry of the streamtube and flameholder , and the total fuel-air
ratio. The execution of one streamtube proceeds as follows:

(1) INJE CT

This subroutine evaluates the droplet sizes formed by a variable area spraybar as a func-
tion of the injection pressure drop. Five droplet sizes are calculated which represent the
cummulative volume versus pressure drop curv e for this spraybar type.

This subroutine evaluates the amount of the liquid fuel which is flash-vaporized by the
injection process. This evaluation is performed as an adiabatic expansion process from the
high-pressure spraybar fuel condition to the low-pressure augmentor conditions. The ap-
propriate fuel enthalpy chart is used , keyed by the fuel type input variable.

The liquid flowrate which remains is partitioned equally into the five size groups. The
total flowrate is originally calculated from the total fuel-ai r ratio input and the air flow which
is calculated from the strearntube geometry and flow conditions.

(2) ACCEL

This program subroutine evaluates the rate of droplet vaporization and acceleration
which occurs between the spraybar and the down stream V-gutter flameholder.

The equations for acceleration assume a spherical liquid droplet which is accelerated by
drag forces only. The drag coefficient is evaluated as a function of Reynold’s number based
on the relative air-liquid velocity.

Concurrently, the rate of liquid vaporization is evaluated as forced convection mass
transfer utilizing a mass transfer Nusselt number correlation which is also based on the rela-
tive velocity Reynold’s number. The requirement to simultaneously solve the vaporization
and acceleration equations was met by a finite difference solution. A small time increment
is selected and the acceleration solution performed to generate a velocity increase for the
li quid droplet. Using the average velocity over this time increment , a vaporization rate is
calculated and a vaporized fraction evaluated. This sets a new droplet size for the next time
interval. The average velocity over this time is also used to calculate a distance travelled.

‘l’his procedure is repeated until either the liquid droplet reaches the flameholder ur is

fully vaporized. This analysis is repeated for each size group of the five initially set.

( 3) COLLECT

At the flameholder plane , the program evaluates the rate of liquid deposition onto the
surface of the V-gutter. This deposition occurs as the liquid droplets are unable to follow
the divergent air flow streamlines around the leading edge of the flameholder.

‘l’he evaluation of the rate of deposition is performed as a correlative solution to the
point where liquid droplets just hit the flameholder surface. The variables include flame-
holder geometry, droplet diameter and flow conditions. The correlation equations are
based on calculations which were done externally to this program, where limit trajectories
were established based on potential flow solutions to the flow field approaching the flame-
holder.
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The program utilizes the drop let diameter which exists after the vaporization evalua-
tion to calculate the percentage of the liquid flowrate in each size group which is deposited
on the V-gutter surface . This is done for each of the five size groups. The colle ( -t lon mass
flowrate is evaluated from each size group collect ion percentage and the li quid flowrate in
each group at the flarneholder.

(4)  RECIR C

The gaseous recirculation rate into the flameholder wake is evaluated from a variety of
literature sources which present recirculation zone volume and flowrate as a function of
fiameholder geometry and flow conditions. The program evaluates a “recirculation efficien-
cy ” which is the ratio of recirculated mass flow to the flowrate through the area blocked
by the flameholder. This typically runs 15 to 25~~.

‘t he correlations cover a range of the variables which control the recirculation such as
flameholder apex angle, blockage , approach Mach number , and temperature. t h e  result of
the subroutine is the recirculation zone . These are used in the analysis of the wake react ion
efficiency.

(5) WAKE

‘l’lw wake reaction is treated as if it occurred in a well-stirred reactor with volume and
entry flowrate as evaluated in RE CIR C .  The kinetics are assumed to proceed as a single-step,
second order conversion process. ‘I’he kineti cs util ize rate coefficients which simulate aircraft
fuel hu-havior ,  The required inputs are wake volume , wake fuel-air ratio , rec irculation rate
and inlet conditions of pressure , temperature , etc. The output  of the analysis is the wake
reaction efficiency and mean wake temperature- ,

(6) BETA 3

This subroutine evaluates the degree of vaporization of the li quid film which exists on
t hu flameholder surface. The vaporization process is one of forced convection from the
surface into the trailing wake shear layer and heat transfer from the flameholder wake
through the flameholder metal into the liquid film. The program utilizes a small element
approach using 10 elements on each side of the flameholder. The mass flux and heat flux
are evaluated for one-aba-time starting at the flaincholder leading edge . Any li quid left en
vaporized is assumed to leave the trailing edge of the flameholder and traverse through the
wake shear layers downstream.

The solution of WAKE and BETA 3 must he done simultaneously since BETA 3 re-
quires wake temperature to find fuel vaporization and the vaporization influences W A K E
through fuel-air ratio.

The solution approach is described in Appendix B with a typical result shown here in
Figure 10.

( 7 )  FLAME

The turbulent flame propagation downstream of the flameholder uses a smal l step dif-
fer ence solution with axial profiles of turbulence , flow , etc. The procedure is described in
App endix B.
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Figure 10. Duct Stream 1-/atneho lder Wake Solution

d. Input Requirements and Comments

The model requires as input the physical variables which describe the fan duct  and core
stream geometry and operating conditions. Since the model functions by repetitive analysis
of single streamtuhes, the input is required for each different type of streamtuhe . A different
type is one with any input variable different.

‘L’he input requires the following values along with the input described in Section I I .  6.

BPR Actual value . Default to 1.0 if run as a duct burner with no core
engine and WCOOL = 1/2 x (thcool/thduct)

M6C~~
~ 

Inlet Mach numbers
M611 )

NTC No. of types of fan duct  streamtubes

NTH No. of types of core streamtubes

PS6 Inlet static pressure , ps[a

Array input is required to describe each streamtuhe full y. These array values are aero-
dynamic and geometric. ‘l’he array is the number of streamtube types in the fan (N T ( ’ )  or
core iNTL I) and the num her of stream flow tubes of each type identified in the fan (NS(  ) or
core (N SII)sections. If three different types of fan streamtuhes are used ( N ’ i ( ’  = 3), with a
total number of 28 fan streamtuhes (18 of flameholder width ( I’ I IW ( ’ )  = 1.0 in., -l of flame-
holder wid th 0.75 in. and 6 of flameholder width 1.25 in., NSC = 18, 1, 6 )a n d  if the first
two types operate at the same fuel-air ratio (F AC ) ,  hu t differ ent from the third , then the
input  to the model to describe this case would he (see Figure 18):
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ô Input . , NTC = 3, NSC = 18, 4 , 6, F ’IIWC = 1 1 ) , .75 , 1.25 ,
FAC = .05, .05, .045 .

ö End

The program as currently written assumes a uni t  depth st ie amtuhe , i .e ., 1 inc h depth .
‘I he mass flowrates will he based on this value. If true flow values are required , t h u  number
of each type (NSC or NS I I )  should be the number of 1 inch deep str eamtu h u ~s of that type .
This is shown in Figure 11.
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The geometric inputs required for a single streamtube are shown in Figure 12. The
value of blockage is referenced to Figure 11. ‘I’he input  should refl ect the ratio of flame-
holder width to the streamtube limits. ‘Ehis value of blockage sets the r ( - ( luir e ( I  flame
ls’netration for 100% efficiency and must be input  corre (-t ly .

‘l’he value of EPSC is the approach turbulence and will  affect the flame speed . t inl ess
specific data are available , use a value of 0.04 for a turbofan engine.

fl M6C 1PFSR
[EPSC TFSR

NOZZIe~~~~~~~~

LSC -
~

.-f
~ 

XLC

TAUC = Flow Width

FO i4~4t6

I ”igure 12. Single Stream tube Geometry and b/o w Inp uts - Fan

The input  value for PFSR controls the mean droplet size from the sprayring, which has
data from a variable area orifice built in. If other values are desired , use the equation :

— (PFSR -- PS6fl 4

to determine the input value of PFSR required to yield a desired mean droplet diameter , in
microns. This is the only place where PFSR is used , so no disruption occurs if non-true
values are input.

For the aerodyn amic inputs , also reference Figure 12 , the required input is shown. As
previously mentioned , PS6 is assumed to he uniform across the streamtuhes.

One input set requires external evaluation. This is the values assigned to WEXT and
TEXT in the fan duct streamtubes. The purpose of this input is to account for the  in flu-
en -e of hot gas migration down the wake region of the fan duct flameholders from either
the core or fr~~’ a pilot. WEXT is defined as the ratio of this “exte rnal” flowrate to the
re(’ircu la ted flowrate . To allow for flexibility in design selection , this input format was
selected . The user must evaluate whatever flowrate is expected and calculate WEXT. For
use in estimating the recirculated flowrate, assume K 1 = 0.25 use :

= K1 pa VaN

for recirculation rate ner inch of flameholder length. Typical values of WEXT are .02 to
.04. TEXT is the temperature of this “ex ternal” flowrate. These are shown in Figure 13.
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I~igure 13. External I/ ea t Addition to I-an I) uci Gutters

The liner cooling airflow input , WCOOL , is the ratio of cooling liner air to total engine
ai r. As such ,the engine bypass ratio is required to evaluate the net available fan duct air-
fiow . if no cooling air is taken from the fan duct or if input fuel-air ratios are based on the
ture net air available for combustion , input WCOOL = 0.0. If a duct burner is being analyzed
and it does have a cooling liner , set a dummy value of 1.0 for BPR and set WCOOL by:

WCOOL = mcooling/ 2 mduct burner

e. Output

The progra m has two output formats , long and short. The long format presents de-
tailed values for the processes which contro l the wake vapor-phase fuel-air ratio and flam’!
penetration. The short format essentially presents the overall results. For both , the results
are presented as a streamline-by-streamline analysis with fan and core summaries.

(1) FAN STREAMTUBES

The long format presents the input data for each stru ’amtuhe and two calculated values.
These values are the effective streamtube fuel-air ratio and the effective r .-cir -u lation tem-
perature. The equations used for these are shown in Appendix B.

The output lists the calculated values for the injection Iur ocu .s s . mean drcplet size and
flash vaporization; and the influence coefficients , 

~1• 403 and K 1, which control the wake
fuel-air ratio. The importance of these values is exp1ai ned earlier in thi~ ~- u - u - t u n n  and
Appendix B.
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A word of caution is in order here. If the output is preceded by the warning that the
wake temperature iteration has failed , the situation is such that the wake has exceeded the
rich limit at the input conditions. Although output is presented , it is not valid and merely
represents the limits of the internal convergence search routine. For example, wake tem-
perature will always he 5000° F for a failed case. If a single streamtube is being run , several
other error messages will result as the program attempts to interpret zero efficiency. If
multiple streamtubes are being run , the program will ignore the failed streamtuhe in all
calculations.

The initial fl ame speed is the laminar fl ame speed at the appropriate inlet condit ions.
The turbulence level is the value induced by the flameholder.

In the stream efficiency section for each streamtube, the following comments are
applicable: -

• The ideal temperature use is based on the effective fuel-air ratio .

• The efficiency is the ratio of fl ame penetration to streamtube width
at the exhaust nozzle.

• The actual temperature rise is based on the above conditions. The
exit temperature is based on streamtuhe inlet plus this actual
temperature rise.

• The fiowrates are for a 1 inch deep streamtube. The fuel fiowrate
uses the effective fuel-air ratio.

The fan streamtube summary presents the major items from each streamtube and then
the exit average results. The cooling air flowrate ratio is repeated here . Two more values of
combustion efficiency are presented and two values of average exit temperature.

The average streamline exit temperature is the mass weighted average of the individual
exit temperatures. The chemical combustion efficiency is based on this value for exit and
an ideal temperature use based on the average effective fuel-aix ratio and average inlet
temperature.

The average duct exit temperature includes the mass weighted effect of the liner
cooling air being added to the streamtubes at the exhaust nozzle inlet. The average thermal
combustion efficiency is based on this exit temperature , the average inlet temperature and
an ideal temperature rise is based on the average input fuel-air ratio.

Since engine analysis procedures generally base the fan duct fuel-air on the total duct
airflow and use the thermal nozzle inlet averages, the value of thermal combustion efficiency
is the one which is used for rumble prediction.

The total flowrate presented here includes the number of each type of streamtube as
do all of the above-mentioned mass averaged values.
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Also note that at no time are efficiencies ever mass averaged directly. All average ef-
ficiencies are based on comparison of the average results of individual streamtubes to the
result of the average inlet. That is, the burn-then-mix process is compared to the ideal mix-
then-burn process. Since curves of idea] temperature rise exhibit peak vs. fuel-air ratio, the
average efficiency of two streamtubes, one lean and one rich, may very well be less than
either streamtube separately.

(2) CORE STREAMTUBES

Due to the absence of droplet effects, the output is greatly simplified. The wake re-
action results are presented as well as initial flame properties. Without liner cooling air,
there is no fuel-air ratio shift and thus, only one efficiency definition. The process of evalu-
ation of the ideal temperature rise is given in Appendix B. All of the comments in the fan
stream apply here, except that thermal efficiency is not defined here due to the lack of
liner cooling air.

If the message “Aerodynamic Loading exceeds Kinetic Capacity” occurs, the blowout
limits were exceeded.

4. PROGRAM SETUP

The combined rumble/fiameholder combustion model program supplied by Pratt &
Whitney Aircraft contains all the subroutines necessary to operate the program , with the
exception of systems routines normally supplied by the computer manufacturer. The pro-
gram is written in Fortran IV and runs on any large scale computer system with little or no
modification required. Test case input and output are included to verify successful installation.

On the Pratt & Whitney Aircraft (GPD) IBM 370 Model 168 computer , the program
requires approximately 364K bytes of core storage. Run time is approximately 1 second
per point.

5. PROGRAM PERFORMANCE OPTIONS

The combined model has options to vary augmentor type , fan splitter type , combustion
data source , fuel type and print-out. These options are described below:

AUGMENTOR OPTION

The rumble model is designed to simulate three augmentor designs:
V-gutter , Vorbix or Swirl.

Input Symbol Description

NAUGOP If NAUGOP = 1, the rumble model
simulates a V-gutter tiameholder augmentor.

If NAUGOP = 2, the rumble model
simulates a Vorbix augmentor.

If NAUGOP = 3, the rumble model
simulates a Swirl augmentor.
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SPLITTER OPTION

The rumble model is designed to simulate two fan splitter designs:
proximate splitter or remote splitter.

Inp ut Symbol Description

NFSOP If NFSOP 1, the rumble model uses a
proximate splitter assumption at fan dis-
charge (Fan duct does not communicate
with core at fan discharge).

If NFSOP 2, the rumble model uses a
remote splitter assumption at fan dis-
charge (Fan duct communicates with
core at fan discharge).

COM BUSTION OPTION

The combined model is designed to exercise the rumble model with empiri cal
combustion data or to exercise the rumble model and use combustion data
generated by the flameholder combustion model or to exercise the flameholder
combustion model only.

Input Symbol Description

NCOMOP If NCOMOP = I , the program reads in
empirical combustion data and executes
the rumble model.

If NCOMOP 2, the program executes
the flameholder combustion model to
obtain combustion data and executes
the rumble model.

If NC’OMOP = 3, the progra m executes
only the flameholder combustion mode . -

FUEL OPTION

The combined model is designed to operate with fuels of different lower
heating values.

Input Symbol Description

JFUEL If JFUEL = 1, the program uses values for
JP4 fuel.

If JFUEL 2, the program uses value’s for
JP5 fuel.
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PRINT OPTIONS

The rumble model provides either tabular and plotted output or just plotted output.
The flameholder combustion model provides either limited or full tabular output.

I nput Symbol Description

NPRNTR If NPRNTR = 0, the program provides
both tabular rumble model output and
Open Loop Transfer Function plots.

If NPRNTR = 1, the program provides
on ly Open Loop Transfe r Function plots.

N PRNTF l f NPRNTF = 0, the program provides
limited flameholder combustion model
tabular output.

If NPRNTF = 1, the program provides
full flameholder combustion model
tabular output.

6. INPUT

a. General

‘The combined model uses various input parameters depending on which combustion
and augmentor options have been selected. An input data flow schematic for the combined
model is presented in Figure 14. The chart at the bottom of Figure 14 indicates which data
blocks are required for each option selected. Figure 15 lists the input required for each
option. Figures 16 and 17 are schematics of the rumble model and flameholder model
geometry identification. It should be noted that all input parameters are not required for
any given option.
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Rumb le Model v- gutte r Flameholder F/H Comb Mode l 2 1 1 2 . 5 6
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Figure 14. combined Model Input Flow
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Rumble Model F,H Corrlb Model
input List - V- Cutler Vorb Ie Sw~~I V- G .,ter

F/ H Model Emp~r~ca l Emp r ca! ~~~~~cai~~
______________ 

Combustion Oats Combustion Dale Combust ion Dale CombustIon 0815 
_______________

ALPHAC 1100 1 A LPAACI100) A ) PHA ( tOO l
ALPHAH 100 ) ALPAAH 1100) Ai PHAH tOO )
SPA SPA SPA BPA SPA SPA
DPCs DPCs
OPO DPO DPO OPD OPO
OPH DPH OPH OPH
OPHS DPHS
DPs ops OPS OPS OPS
EPSC EPSC EPSC
EPSH EPSA EPSH
ETA ETA ETA
ETAC ETA C
ETAH ElAN
FA FA FA

FAC FAC
FAG (100 ) FAC (tOO) FA C 1100 )
FAA FAA
FAH)100) FAA 1100) FAA (100 )
FAV FAV FAV FAV FAV FAV
FHWC 100) FHWC (100) FHWC tOO l
FHWH (100 ) FHWA (100) - F1IWH 1100)
JFUEL JFUEL JFUEL JFUEL JFUEL (FUEL
LA LA LA LA LA
LB LB LB LA
LG LC LG IC LC
LA LA LA LA LA
LI LI LI LI
LK LK LII Li(
LSG LSC
LSC (100 ) LSC (1001 LSC 100)
LSH ISA
LSH (100) LSH (100) LSH 1100)
L2 L2 12 L2 L2
MSG M6C M6C M6C M6C M6C
M611 M6H M6H M6H M6H M6H
M6R M6A M6A M8R M6R
NAUGOP NAUGOP NAUGOP NAUGOP NAUGOP
NCOMOP NCOMOP NCOMOP NCOMOP NGOMOP ‘I
NFSOP NFSOP NFSOP NFSOP NFSOP
NPRNTF NPRNTF I’IPPj ITF
NPRNTA NPRNTR SPANIR NPAN TA NPAN TA
NSC 1100) NSC (100) ‘00 )
NSA (100) NSA (100) NSH TOO )
SIC SIC NrC
NIH 5TH NIH
PFSR (100) PFSR (100) PFSA 100)
PANOZ PRNOZ PRNOZ PRNOZ PANOZ

~se PS6 PS6 PS6 PS6 PSE
lA UC 100) TAUC (100) ‘A l L  100)
TAUA (100) TAUH (100) T A U H  00

ICORE IGORE TCORE ICORE TCOA E
TEXT l100( 1EXT (1001 T E X T  tOO )
T FSR (100 1 TF5R (100 ) l ISP 1100)
1311 1311 ‘3)-I
16C T6C T6C
T6C (100 ) 16C (1001 16). tOO )
T6H T6H T6H T6A
161-I ( t OO) ISA (100) 1611 tOO )
wcooi wcooi. WCOOL
WE ST (100) W EXT (100 1 WE ST 100 )
ZEF ZEF ZEF
ZEFC ZEFC
ZEEH ZEFH
ZEFP Z EFP ZEFP
ZEP Z EP ZEP
ZEPC ZEPC
ZEPA ZEPA
ZETC ZEIC
ZETA ZETH
ZE vC Z3VC
ZEVH ZEV H
SIC 1100) SIC (tOO) SIC IlOO l
XLH (100) 5111 1100) 

______________ ______________ 
5111 l lOO(

I D  I -

Figure 15. Input List

_ _ _  _ _ _ _ _ _  
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Inlet Exit
Cooling Llner-\ LSC
Sprayrings —

~\~ 
- =, us XLC

\\ , i Outer Case

fl Fan Duct
Fan Duct u o Aameho lders

Core o Exhaust
EngIne ~ 

Core Nozzle Plane :
- ° u Flameho iders

— 
I i j  — — ———-—

XLH
LSH

Fo tSlOee
711411

gn2-431

I ‘x u r i -  I 7 I lamelzolder ( ~mIbu ’,lIo?l Model Gee/n e/r I  .S’che,natie

1) Input Description

1 ( 14 program 1Is4 ’s ‘Name’list” input as defined in the applicable computer manual , re .,

for th .~ IB M 370 , the manual  i~ IBM Systems 360/370 Fortran IV Language Manual ,
( (  2~ - ( 5 15-1O , pag~’~ 54-56. ‘The “N ame~list” names and descri ptions are given below.

(‘aranieter Name  l)escrtpt ion

.\ LI’I I . \( ‘  ( 100)  Fan stream flameholder ape x angle , deg

A L P I I A I I  ( 100 ) ( ore ’ stream fiameholder apex angle , deg

HI ’I( Bypass ratio, fan duct air f low/c or e ’ air flow .
dimensionless.

I ) I’ ( ~ Fan side van e pressure loss (~~P/ P ( from
mixing p lane’ to ignit ion p lane ( S E A  ~( (A)

STA 4),  dimensionless ( Swir l  augmentor on ly )

26
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Parameter Name Description

DPD Fan duct pressure loss (~~P/P) allocated to
STA 2, dimensionless. Allocate remainder
to STA 3; see DPS.

DPH Pressure loss (~~P/P) from mixing plane ’ to
ignition plane (STA 3 to STA 4) , dimension-
less. For V-gutter augmentor this accounts
for sprayhar and flameholder pressure loss.
For Vorbix augmentor this accounts for
Vortex generator and pilot pressure loss (c ore
and fan combined ).

DPIIS Core side vane pressure loss (~~P/P) from
mixing plane to ignition plane (STA 311 to
STA 4), dimensionless (Swirl augmentor only).

DPS Fan duct pressure toss (~~P/P) allocated to
STA 3, dimensionless. Allocate remainder
to STA 2; see DPI).

EPSC Fan stream turbulence factor , dimensionless.

EPSI-! Core stream turbulence facto r , dimensionless.

ETA Augmentor overall combustion efficiency,
actual temperature rise/ideal temperature
rise, dimensionless.

ETAC Augmentor fan stream combustion efficiency,
actual temperature rise/ideal temperature
rise, dimensionless.

ETAI-1 Augmentor core stream combustion efficiency,
actual temperature rise/ideal temperature
rise, dimensionless.

FA Augnientor overall fuel-air ratio , dimensionless .
Defined as augmentor total fuel flow/fan
stream air flow (STA 3) pIus core stream air
flow (STA 3)1) plus primary engine fuel flow
(STA 3H).

FAC Augmentor fan stream fuel-air ratio , d ime~n-
- sionless. Defined as augmentor fan stream

fuel flow/fan stream air flow (STA 3).

FAC (100) Augmentor fuel-air ratio for each individual
fan stream flow tube , dimensionless.
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Parameter Name Descri pt ion

FAIl Augmento r core stream fuel-air ratio ,
dimensionless. Defined as augmentor core
stream fuel flow/core stream air flow
(STA 3H) p lus primary engine’ fuel
flow (STA 3H).

FAIl (100) Augmentor fuel-air ratio for each individual
core stream flow tube , dimensionless.

FAV Vitiated fuel-air ratio of core stream at
entry to augmentor (STA 311), dimension-
less. Defined as primary engine fuel flow
(STA 311)/core stream air flow (STA 311).

F}-IWC (100) Individual flameho)der widths in fan stream ,
inches.

1~’I1WI1 (100) Individual flameholder widths in core stream ,
inches.

LA Length of augmentor , mixing plane to nozzle
(STA 3 to STA 11), inches .

LB Distance from ignition plane to nozzle (STA
4 to STA 11), inches.

LC Length of fan duct , fan discharge to mixing
plane (STA 1 to STA 3), inches.

LII Distance from turbin e discharge to mixing
plane (STA 2H to STA 311), inches.

LI Distance from ignition plane to beginning of
combustion zone (STA 4 to STA 5j, inches.

LK Distance from igni t ion  pl a t ie ’  to end of com-
bustion zone (STA 4 to STA 10), inches

LSC Distance from sprayhar to flatm ’holder in
fan stream , inches

l~S( ( 100) Distance from sprayhar to flameho lder for
each indiv idual  streamtuhe in the fan stream ,
inches.

LSII  Distance from sprayhar to f lam el iekh ’r  in
core stream , inches.

LSII ( 100) Distance from st irayhar to flameho lde ’r for
each individual  s tre ’amtube in I In ’ i-or e ’ -

stream , inches .
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Parameter Name Descri ption

L2 Distance from fan duct pressure loss (DPI ))
to mixing plane (STA 2 to STA 3), inches.

M6C Fan stream Mach number at entry to aug-
mentor (STA 3), dimensionless. (Must  he’ -> 0.)

M611 Core stream Mach number at entry to aug-
mentor (STA 311), dimensionless. (Must
h e >  0.)

M6R Mach number of mixed augmentor stream flow
prior to combustion (STA 4), dimensionless.
(Mus t be>  0.)

NSC (100) Number of fan stream flow tubes of this
type , integer.

NSII (100) Number of core stream flow tubes of this
type, integer.

NTC Number of streamtuhe types in the fan
flow , integer.

NTI-1 Numb er of streamtube types in the core
flow , integer.

PFSR (100) Individual spraybar fuel pressure for each
fan flow tube , psia.

PRNOZ F~xhaust nozzle pressure ratio (always > 1~~,
dimensionless. If nozzle is choked , any value
greater than critical value required to choke
nozzle (approximately 2.0) may be input .
Exact value of PRNOZ is required only if
nozzle is unchoked.

PS6 Augmentor static pressure at entry to aug-
mentor (STA 3), psia.

TAUC (100) Individual streamtube blockage ratio for fan
stream , dimensionless.

TAUB (100) Individual streamtube blockage ratio for core
stream , dimensionless.

TCORE Core engine time constant , mass of air in core
engine volume/mass flowrate of air through the
core engine , sec.

TEXT (100 ) External flow temperature for individual flow
tubes in the fan flow , deg. R.
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Parameter Name Description

TFSR (100) Spraybar fuel temperature for individual flow
tubes in the fan flow , (leg. R.

T311 Main hur te r inl e’t temperatur ’ , (leg. It.

l ’(iC Fan stream temperature at entry I ’ augment er
(STA 3), ( 1(44 It.

‘l GC ( 100) Fan stream temperature at (‘fltry to augmenter
(SI’A 3 1 , for in ( l l v idu a l  f lew tub es , l le ’g.  ft.

T61 I Core stream temperature at entry to augmentor
(STA 3 11), deg. It.

‘(‘611 (100 ) ( ore stream temperature at entry to augmenter
( STA 31- I) ,  for individual  f low tubes , (leg. It.

WCOOL Ratio of l I , ) z z I ( -  cooling air to total engine a ir
(low , dimensionless.

W I : X l  (100) External flow rat )))  for individual  f low tubes
in the fan stream , dimensionless .

XLC (100) Distance ’ from flameholder to nozzle for
individual fan stream flow tubes , ne - l i t - s .

XLII ( 100) Distance from flameholdur to nozzle for
individual i- or e - st ri-am flow tubes , inches.

ZEF Normalized slope , augmentor overall corn
bustion ef f i c i ency  vs . overall fuel—a u - a t e .
I’~\ ~

— - , di m ensionless.
E’I’A ‘ ) J A

ZE t”( Normalized s!ope , augrnent or fan stream t orn-
hustion e ? f f u - l e ’ n ( - y  vs. fan stream fw ’l -a ir rati o ,
FAC dETAC

di rn i -n s i i  , i i l e -ss .
E lA C  i) FAC

ZEFI I Normalized slope , augmentor core str i an i com-
bustion e f f n -e ’n c y  vs. t o r i -  st r e am fue l-air r a t i o ,
F A I L  I~ETA1 I

, dirn i - ns i o t ih ’ss .
ETAII ~ l - A l I

‘ZF:l”P N i ) r n ) a l L ,~e - ) l  s lojn ’ . augment er overal l e c ~ni-
bustion i - f f u - e ’n c y  vs. fue l-air  ratio of the ’
pilot burner ,
FA P d K’l’A
— , dimens ionless.
ETA ,F A P

a
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Parameter Name I)escri pt ion

ZEP Normalized slope , augmenter overall com-
bustion efficiency vs. pressure ’ at ignition p lane ,
P BETA - -— dimensionless.
ETA aP

ZEPC Normalized slope , augmentor fan stream ‘-em-
hustion efficiency vs. prt’ssu~e at ignition p lane ,
P ~)ETAC

dimensionless.
ETAC aP

ZEPH Normalized slope , augrnentor core stream coin-
bustion efficiency vs. l ir ’ssur ’ at ignition p lane ’ ,
P ~ETAI1

dimensionless.
ETAI-l aP

ZETC Normalized slope , augmentor fan stream ( -r im -
hustion e f f i c i ency  vs. fan stream entry
temperature ,
T6C aE ’l’AC

(Iim ensionk’Ss .
ETAC i)TGC

ZETH Normalized slope , augmenter i-or e stream
combustion efficiency vs. core stream entry
tern peratu re ,
TGH aE TA II

dimensionless.
ETAH a ’I’GII

ZEVC Normalized slope , augmentor fan stream
combustion efficiency vs. fan stream entry
velocity,
v 3ETAC

dimensionless.
ETAC av

ZEVH Normalized slope , augmentor core stream
combustion efficiency vs. core stream entry
velocity,
V aETAH

dimensionless .
ETAH aV
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C. Input Setup

In addition to the “Namelist” input , the program require s input for: (a) additional
optional ratio calculations, (h )  output p1ot. selection and format , and (c) frequency range and
increment selection. The input setup is shown in Figure 18 and is described below.

( 1 )  Each input case requires a title card . Column 1 for the first case must contai n
a 1. The “Namelist” input must be preceded by an & INPUT starting in column
2 and followed by an & END starting in column 2. The “Namelist” input
(Columns 2-80) required for each case is presented in Figure 15. Each input
must be’ separated by a comma (see Figure 18). The ratio calculations , plot
setup and frequency selection must follow the first input case. For additional
input cases, follow the frequency selection cards with a blank card and then
the additional title cards and input cases. Only those parameters that differ
from the previous case must be input. For the additional input cases , if column
I of the title card contains a 1, the ratio calculations , plot seti p and frequency
selection will Ia ’ the same as the preceding case . If column 1 of the title caro
contains a 0, new ratio calculations, plot setup and frequency selection may
be input.

(2) Additional ratio calculations may be performed by inputt ing the parameter
identification numbers as indicated in Figure 18. Up to 40 ratios may be
calculated and these ratios will automatically be included in the tabular out-
put. The parameter identification numbers are’ presented in Figure 19. One
blank field will terminate this type input.  If columns 71-7 .5 are used , a blank
card must follow.

(3) Calcomp plots of any rumble model output parameter may li i ’  obtained by
inputting one card for each parameter as described below. A maximum of
10 plots may be requested for any case. A blank card must he input to
terminate plot requests or if no plots are desired.

Column 1 - 3 — Output Parameter No., right adjusted (integer; no decimal )

Column 11 - 20 -— Amplitude Option (decimal required )

Column 21 - 30 — Phase Option (decimal required )

Column 31 - 40 — Frequency Option (decimal re ( lu ir e( I )

Column 41 - 50— Amplitude Factor (decimal required )

Column 51 - 60 --- Frequency Factor (decimal requir e d )

Column 61 - 70 — XMIN (decimal required )

Column 71 - 80— XMAX (decimal required )
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Output Parameter Parameter Identification
Name Number

P1 1
Vi 2
Ri 3
P2 4
V2 5
R2 6
P3 7
V3 8
R3 9
P311 10
V3H 11
R3H 12
P211 13
V211 14
R2H 15
QIN 16
W3 17
W3I-I 18
QOUT 19
P4 20
V4 21
R4 22
P5 23
V5 24
A5 25
P6 26
V6 27
R6 28
P7 29
V7 30
R7 31
P8 32
V8 33
R8 34
P9 35
V9 36
R9 37
P10 38
yb 39
Rio 40
P 11 41
V i i  42
A l l  - . 43

Note: P1 = P1 ‘01N = (‘
~~~ 1 1

~~
1)’(.

~
QIN ’Q I N )  Same for Jther Output Parameters

I!) 15t09)

gn2 44J

Figure / ~~ Parameter ldentiJIeatio,, Number-i
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• Output Parameter No.

A list of output parameter identification numbers is presented in Figure 19. If
any of the additional ratio calculations (described above ) are to hi’ plotted ,
parameter identification numbers starting at 101 and incremented by 1 are used .
The parameter identification numbers must be right ad justed in columns 1-3.

• A tnplitude Option

If Amplitude Option = 0., Log (amplitude) will be plotted.
If Amplitude Option = 1., Amplitude will be plotted .

• P/ULW Option

if Phase Option = 0., Phase angle of 0 to —360 will be plotted.
If Phase Option = 1., Phase angle of 180 to —180 will he plotted.

• Frequency Option

If Frequency Option = 0., Log (Frequency ) will be plotted .
If Frequency Option = 1., Frequency will be plotted .

• Amplitude I~aetor

If Amplitude Option = 0., the Amplitude Factor must be input as a number
which could be written as 10N , where N (±)  integer. Log (Amplitude ’ Factor)
will be added to the base Log amplitude scale , where the base Log amplitude
scale ranges f rom —1.0 to 2.0.

If Amplitude Option = 1., the Amplitude Factor becomes a multi plier fo r the
base ampli tu de scale, where the base ampli tud e scale ranges from 0. to 3.0.

• I-re quent-t ’ bactor

If Frequency Option = 0., the Frequency Factor must be input a.s a number
which could be written as 10N , where N = ( ± )  integer. Frequency factor wil l
he a multiplier for the base frequency scale, where the base frequency scale
ranges from .1 to 100. -

If Frequency Option = 1., the Frequency Factor will be a multi plier for the
base frequency scale , where the base frequency scale ranges from 0. to 100.,
unless XMIN and XMAX are input. XMIN is the minimum value for the
frequency scale when Frequency Option 1. XMAX is the maximum value
for the frequency scale when Frequency Option = 1. If either Amp lit ude
Factor or Frequency Factor is input at 0. when XMLN and XMAX are input ,
the progra m automatically sets Amplitude Factor or Frequency Factor to 1.
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(4)  The frequencies used in the program calculations are input in two parts. First ,
there ’ are three ’ cards which contain the min imum frequency, i n c r e m e n t  and
maximum frequency (see Figure 18) . ‘l’he increment is used to determine - each
frequency for the range defined. Additional independent frequencies ( u p  to
500 values) may be input in fields of 10, 7 fields per card . A field ennta in ing
—1 . will terminate this input.  If the 7th field of the East card is used , an
additional card with —1. in the fi rst field is required.

(5) The ru m ble model has been set U~~ to model a turbofa n engine? with a mixed
flow augmentor. To model a turbojet (no fan), set BPR = 0 and NFSOP = 1.
To model a fan duct augme ’ntor (separate ? fan and core flows), set  BPR 1010
and NF’SOP = 1.

7. OUTPUT

a. General

The program output is presented in two parts : (1) rumble model output  and (2)
flameholder combustion model output. There are two rumble model output options:
( 1) NPRNTR = 0, the program provides both rumble model tabular output and Open Loop
I ran sfer Function plots or (2) NPRNTR = 1, the program provides only Open Loop Trans-
fer Function plots . There are also two flameholder combustion model output options:
(1)  NPRNT I ” = 0, the program provides limited flameholder combustion model tabular
output and (2)  NP RNTF = 1, the program provides full flameholder combustion model
tabular output.

b. Output Description

( 1) Rumble model tabular output (listed in the order they appear):

l’arameter(s) Description

NAM EL IST INPUT ‘l’he “namelist” input parameters and the
values input are listed for verification.

KNOZ A parameter that relates the influence of
pressure at STA 11 on velocity at STA
11, dimensionless.

FAAB A ugmentor overall fuel-air ratio , dimensionless.

ETAAB Augmentor overall efficiency, dimensionless.

I)TIAB Augmentor overall ideal temperature rise ,
deg. R.

DTAB Augr-mentor overal l actual temperature rise,
deg. R.

‘l’6M Augmentor mixed temperature before com-
bustio n (STA 3), deg. R.
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Parameter(s) Description

TKC Augmentor mixed exhaust temperature
(STA 10), deg. R.

XLHV Lower heating value for the fuel selected ,
Btu/ lbm.

DTC Fan stream temperature rise , deg. It .

QCQT Fraction of total heat release contributed
to fan stream , dimensionless.

DTIC Fan stream ideal temperature rise , deg. R.

TAUDC Fan stream drift delay from sprayhar to
flameholder , sec.

DTI-I Core stream temperature rise , deg. R.

QHQT Fraction of total heat release contributed
by core stream , dimensionless.

DTIFI Core stream ideal temperature rise , (leg. R .

TAUDH Core stream drift delay from spra y bar to
flamehoider , see.

ZTFC Normalized slope, augmentor fan stream
ideal temperature rise vs. fan stream fue’l-
air ratio ,
FAC ~DTIC dimensionless.
DTIC 3 FAC

ZTFII Normalized slope , augmertor core stream
ideal temperature rise vs . core stream fue ’-
air ratio ,
FAIl 3DTIII

dimensionless.
DTIII 0FAH

L (1-11) Distance between model stations , i n c - l i es .

YL (1-11) Station locations reference ’s to STA 1, in c h e s .

C (1-11) Velocity of sound at each station , in./ sec.

CII Velocity of sound in c ore stream at
STA 311, in./sec.

M (1-11) Mach number at each station , dimensions.
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Parameter(s) Description

MH Mach numhe ’r in core stream at S’I’A 3H ,
dimensionless.

T (1-11) Temperature at each station , deg. R.

TI! Temperature in core stream at STA 311 , deg. R.

PRHOT Pressure drop through combustion zone
(STA 5 - STA 10), psia.

( (1-11) Ratio of specific heats at e ach station ,
dimensionless.

Gil Ratio of specific heats in core stream at
STA 31-I , dimensionless.

TAUF(1-11) Time de’lays for downstream running sonic
waves between stations, sex- -

TAU F!! Time delay for downstream running sonic
wave between STA 2H and 3H , sec.

TAUG (1-11) Time delays for upstream running sonic
waves be ’tween stations , see .

TAUGH ‘lime delay for upstream running soni’ -

wave between STA 211 and 311, sec.

TAUE (1-11) Time delays for downstream running entropy
waves between stations , sec.

TALJE II Time delay for downstream running entropy
- 

wave between STA 211 and 3H , sec.

QOP (1-11) Ratio of volumetric heat release rate at each
station to pressure at each station , 1/sec.

(2) Rumble model Open Loop Transfe r Function plots. Each plot consists of Open
Loop Transfer Function Gain versus frequency and phase angle versus frequency
for the parameters selected .

(3) Flameholder combustion model full tabular output.

Parameter(s) Description

Fan Stream Identifies following sections as fan duct output.

Streamtube type Identifies for this set of input variables.

No. of this type The number of streamtubes with this set of
input variables.
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Parameter(s) Description

Static Pressure (PS6 ) Inlet static pressure , psia.

Approach Temperature (T6C) Inlet temperatur - , deg. R.

Approach Mach No. (M6C) Inlet flow Mach No., d ’less .

Input FA Ratio (F AC) inlet fuel-air ratio , d’less.

Effective F-A Ratio Effective fuel-air ratio a( -( - ount ing for l iner
cooling air flow.

F/H Width (FHWC) Flameholder width, inches.

Blockage Ratio (TAUC) Ratio of flameholder width to streamtuhe
width , d’less.

F/I! Apex Angle (ALPHAC) V-gutter flameholder apex angle, de grees.

SIR Fuel Temperature (TF’SR) Temperature of the fuel within sprayring,
deg. R.

S/R Fuel Pressure (PFSR) Pressure of the fuel within the sprayring, psia.

S/R to F/H Distance (LSC) Ax ial separation distance between the ’ spray-
ring and the flameholder , inches.

F/ I l  to Nozzle Distance (XLC) Ax ial distance from the flameholder to the
exhaust nozzle throat , inches.

Turbulence Level ( EPSC) Ratio of RMS turbulence velocity to the
approach velocity at the inlet , d’less.

Wake Flow Addition (WEXT) Ratio of external ‘Make flow to recirculated
flow, d’less.

Flow Source Temperature (TEXT) Temperature of above flow , deg. It.

Effective Inlet Temperature Mass average of WEXT flow at TEXT and
recirculated flow at T6C, deg. It.

Fuel Type (JFUEL) Identifies for fuel
1 = JP4
2 = JP5

Mean droplet size The mass median droplet size produ c ed by
the injector , microns.

Flash vaporization Fraction of the li quid fuel which is vaporized
by injection from PFSR to PS6, d’less.
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Parameter(s) Descri ption

Beta I Droplet vaporiza tion fract ion .

Bet-a 2 I)roplet collection fraction.

Beta 3 Surface’ vaporization fraction.

K! Recirculation fraction.

Wake FA Flameholder wake vapor phase fuel-air
ratio , d’less.

Wake temperature - Reaction temperature in the flameholder
wake , deg. R.

Initial speed Laminar flame speed at the flame-holder ,
ft/sec.

Initial turbulence Turbulence intensity at the flameholder , d’less.

Ideal temperature rise Ideal temperature rise for effective fuel-air
ratio , deg. R.

Efficiency Streamtuhe combustion efficiency; ratio of
flame pene’tration to streamtube width , d’less.

Actual temperature rise Efficiency times ideal temperature rise ,
deg. R.

Exit temperature Streamtube exit temperature without liner
cooling air , deg. It.

I-’lowrate — air Air fl owrate for this streamtube , Ibm/ set ’ .

Flowrate — fuel Fuel flowrate for this streamtube , Ibm/sec .

Cooling flow/total en~ mne Ratio of liner cooling air fl owrate to total
flow (WCOOL) engine- flowrate , d’less.

Chemical combustion efficiency Average’ efficiency based on average’ stream-
tube exit temperature and average effective
fuel-ai r ratio , d’Iess.

Thermal combustion efficiency Average efficiency based on streamtube
average exit temperature plus cooling air
and average input fuel-air ratio , d’Iess.

Average cooling air temperature Mass averaged inlet temperature used for
cooling, deg. R.

Average streamline exit Mass average of the streamtuhes without
temperature cooling air , deg. It.

40



Parameter(s) Description

Average duct exit temperature Mass average of streamtubes plus cooling
air , deg. R.

Total fiowrate Total of each streamtube type - time ’s the
number of each type , Ibm/see - .

Average fuel-air ratio Mass average of the input  f u e l - a i r  ratios .

Core Stream Identified following sections as core-
stream output.

Wake recirculation coefficient Same as Ki in fan duct , d’less.

Ideal temperature rise Ideal temperature rise based on input
fuel-air ratio and main burner fuel-air
ratio. See Appendix B.

M/ B Fuel-air ratio Fuel-air ratio of the vitiated air entering
the core streamtubes.

M/B Inlet temperature Inlet temperature to the main burner , d’Ie-ss.

Average distance from spraybar Average axial distance from the spraybars
to F/H to the flameholders , inches .

Note : Any core stream parameters which are not listed above have the same
definition as their fan stream counterpart.

(4) Flameholder combustion model limited tabular output.

Parameter(s) Description

Fan stream Identifies following as fan stream cases input
and output.

Inlet temperature (T6C) Streamtuhe inlet temperature , (leg. It.

Fuel-air ratio ( FAC) Input fuel-air ratio , d’less ,

Average inlet temperature Mass averaged inlet temperatun ’, deg. I-I .

Ide-al temperature rise Streamtube ideal temperature rise ’ based
on effective fuel-air ratio , deg. It.

Combustion efficiency Streamtuhe combustion effk -ie -n cy, d’Iess .

Exit temperature Stre?amtube exit temp erature based on
e’ffective fuel-air ratio , deg. It.

Average ideal temperature rise Ideal temperature rise based on average ’
input foe -I-air ratio , deg. R.
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Parameter(s) I)escription

Average- combustion e fficiency Efficie ncy based on average ideal t em lx- r at o r e
rise ’ with cooling air effect included , d’less.

Ave-rage exit  temperature Exit  temperature including cooling air , de-g. It.

Core Stream Identifies following as core stream section.

Mach No. Streamtuhe inlet  flow Mach number , (l ’less.

Average ideal temperature rise Ideal temperature rise ha,sed on average input
fuel-ai r ratio , deg. It.

Average combustion e ’fficiency Efficiency based on average temperature rise ’
and average ideal temperature rise- , d’Iess .

Ave-rage exit temperature Exit  teml)e ’rature based on mass ave-raged
actual temperature rise , deg. It.

8. P R O G R A M  MESSAGES AND LIMITS

a. Input Checks

The program checks all inputs to see if the inputs are missing or equal the default
values built into the deck. Missing inputs are set equal to the default  Ualue ’s . A warning
message (presented below) is printed to alert the user if default input values are ident i f i sl ,
The program also -hecks specific inputs to ensure reasonable input data . If these checks are -
not satisfied , the run will be canceled . These checks and corresponding print-out messages
are presented below:

Condition Message

Input  value defauit value WARNIN G PAR AM ETER X X X X X X  =

or no input for certain YYY.Y is a default  value
I)arame ’t e-r

LA < LB, where ’ LK and LB are INPU’I’ ERROR 1 — LA must be’ greater
Rumble Model Inputs than or equal to LB

L K >  LB , where LK and LB are INPU ’l’ ERROR 2 — LB must he greater
Rumble Model Inputs than or equal to LK

LA < IA ’AL C , where INPUT ERROR 3 — LA must he greater
LCALC = LB + MAX (LSC , LSII ) than or equal to the sum of LB plus th(’

max of LSC or LSII. LA has been adjusted
accordingl y. Check input.

LI LK INPUT ERROR 4 — LI must  he- less than LK.

IA “ L2 INPUT ERROR 5 — LC must be greater
than or equal to L2
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Condition Message

ETA 0 or> 1. INPUT ERROR 6— ETA must be between
0 and 1.

E’I A ( ’ < 0 or >  1. INPUT ERROR 7 — ETAC must be between
O and 1.

ETA II < 0 o r >  1. INPUT ERROR 8 — E’I’AH must be between
0 and 1.

(FAC + FAl l )  = 0 INPUT ERROR 9 — FAC and FAI -! cannot
both be zero with augmentor on.

IFAV + (1 + FAV) FAIl I INPUT ERROR 10 — Core of fan stream
XLUV totoal fuel-air ratio exceeds limits of ideal

[18500.] 
.09 temperature rise curve. Blowout likely.

rxLHv l
or i f ( F A C ) l I

[18500.J

NFSOP 2 and BPR = 0. INP UT ERROR 11 — BPR cannot be zero
when the remote flow splitter option is selected.

I)PCS < 0 o r>  1. INPUT ERROR 12 — DPCS must he
between 0 and 1.

I)Pl) < 0 o r >  1. INPUT ERROR 13 — DPD must be between
O and 1.

DPII < 0 o r>  1. INPUT ERROR 14 — DPi-! must be between
0 and 1.

DPIIS < 0 o r >  I. INPUT ERROR 15 — DPIIS must Ia ’ between
O and 1.

DPS ~ 0 o r>  1. INPUT ERROR 16 - —  DPS must he hetweer
O and 1.

T3U 2200. INPUT ER ROR 17 — T3H exceeds limits of
ideal temperature rise curve. T3H must In-
le ’ss than 2200. deg.R.

BPR < 0. INPUT ERROR 18 — BP R must In ’ equal to
or greater than 0.

FAV < 0. IN PUT ERROR 19 — -  I’AV must he equal to
or greate r than 0.

NAU GOP ~ 0. o r>  3. INI’IJ’l’ ERROR 20 — NAUGOP must be’
1, 2 or 3.
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Condition Messages

NFSOP ~ 0 or > 2. INPUT E R R O R  21 ~~
- N l ’~ () I’ must  be’ 1 or 2.

N ( ‘( ) M ( ) I ’  0 or > 3. IN PI J ’ I ’  ERROR 22 — N ( ‘L’MOJ’ must be ’
1 , 2 or 3.

, JF LJ EL < 0 or > 2. INPUT ER ItOI t  23 — J F U E L  must I c e’  1 or 2.

N l ’ l ( N ’ l l (  < 0 or > 1. INPUT ERROR 24 - -
~

- N P ItN TI t  must b e ’ 0 or I -

Nl ’ I ~N ’I l- < 0 or > 1. INPUT ERROR 25 NPRN ’I ’F must  b e- 1) d r  I ,

~ 0 INPUT ERROR 21; - MGC must I n ’  t~r e ’ab - r
than 0.

MGII  0 INPUT ERROR 27 M6 11 must b e- greater
than 0.

M61t 1) INPUT ERROR 214 - - M6R must I n -  greater
than 0.

LI < 0 INPUT ERROR 29 - — LI must Ix ’ e ’qua l to
or greater than 0,

LK 0 INPUT ERROR 30 -- LK must he ’ g r e a t e r
th an 0.

LA 0 INPU ’I’ ERROR 31 — LA must he greater
than 0.

LB 0 INPU ’l’ ERROR 32 - LB must Ix ’ gre’ate-r
than 0.

LC 0 INPUT ERROR 33 - — LC must he - greater
than 0.

LSC 0 or ~ LA INPUT ERROR 34 -- L14C must be greate r
than 0 and less than LA.

LSII ~ 0 or ~ LA INI’U T ERROR 3~ - LSI I must In ’ greater
than 0 and less than I . \ .

LII 0 INPUT ERROR 36 — LH must he greater
than 0.

L2 < 0 INPUT ERROR 37 L2 must be greater
than or equal to 0.

TCORE < 0 INPUT ERROR 38 — - TCORE must he equal
to or greater than 0,
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Condition Messages

PS6 ‘~~ 0 INPUT ERROR 39 — PS6 must be greater
than 0.

T6C ~ 0 INPUT ERROR 4 0 —  T6C must he greater
than 0.

T6H ~ 0 INPUT ERROR 41 — T6H must be ’ greater
than 0.

‘I’311 ~ 460. INPUT ERROR 42 — T3II must he greater
than 460.

FA < 0 INPUT ERROR 43 - —  FA must be greater
than or equal to 0.

~‘M’ < 0 INPUT ERROR 44 -- FAG must lee greater
than or equal to 0.

FAIl  < 0 - INPUT ERROR 45 —-- FAIl  must be ’ greater
- than ~r equal to 0.

P RNOZ ‘~~ 1 IN I~UT ERROR 46 — P I-tNOZ must 1w
greater than 1.

A1~PUAC (100) ~ 0 o r >  180 [NPU’I ’ ERRO R 47 — ALPUA C must be’
greater than 0 an(l less than or equal to
180 deg.

ALP IIA II  (100) ~ 0 o r >  180 INPUT ERROR 48 --- ALPHAI I  must he’
greater than 0 and less than or equal to
180 deg.

EI~SC < 0 or > 1 INPUT E R R O R  49 — EPSC must be- greater
than or equal to zero and k-s.s than or equ:e l
to 1. 

-

EPS II < 0 or>  1 INI ’UT ERR OR 50 — - EP SI ! must he greater
than or equal to zero anrl le ss than or equal
to 1.

FAC (100 ) < 0 INPU’I’ ERROR 51 — FAG must he gre-at e-r
than zero.

FAU ( 1 0 0 )  -( 0 INPUT ERROR 52 - F’ -\I I must be ’ gre ’ale ’r
than zero. -

FAV .068 INPUT ERROR 53 — FA V ca n c in t  e x c e e d
stoichiometric (.068) .

FIIWC ( 100) -~ 0. INPUT ERROR 11 — F ’lIW(’ must he greater
than ze ro ,
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Condition Messages

FI1 WII ( 100) ~ 0. INPUT ERROR 55 --- l ” II W II  must 1w gr eat -r
than zero .

LS(’ (100) ~ 0 o r>  LA INPUT ERROR 56 - - LSC must be ’ greater than
zero and less than LA.

LSII (100 ) ~ 0 or>  LA INPUT ERROR 57 ---  LSII must be ’ greate r than
zero and less than LA:

M6C INPUT ERROR 58 — Flow is sup e rson ic  in

1 — TALJ C (100) 
> ~ fan stream at t i n ’  flameholder plane

M6H INPUT E R R O R  59 — Flow is supersonic in
1 — ‘I’AWI (100) > ‘ Core stream at the flame ’h okler p lane-

NSC (100)< 0 o r >  100. INPUT ERROR 60 — N S( ’ must he gre ’ate ’r than
or equal to zero and less than or equal t e 100.

NSH (100 1< 0 o r>  100. INPUT ERROR 61 — N S I I  must be gre-ater than
or equal to zero and less than or equal to 100,

NTC < 0 o r>  100. INPUT ERROR 62 — NTC must be greater than
or equal to zero and l e ss than or equal to 100.

NTH < 0 o r>  100. INPUT ERROR 63 —- NTII must he gre-ate ’r than
or equal to /. e -ru and less than or equal to 100,

PFSR (100) ~-
- PS6 INPUT ERROR 64 — PFSR must be greater

than PS6.

TAUC (100) ~ 0 o r>  1. INPUT ERROR 65 — ‘I’AUC must be greater
than 0 and less tha :i 1.

TAU II  ( 100) 0 or ~ 1. INPUT ERROR 66 - - - TAUFI must be ’ greater
than 0 and less than 1.

TEXT (100) < 460. INPUT ERROR 67 — TEXT must I n - greater
than or equal to 460.

TFSR (100) < 460. INPUT ERROR 68 -- TFSR must be greater
than or equal to 460. deg. It.

mc (100) ~ 460, INPUT ERROR 69 - - -  TGC must be’ greater
than 460. -

T6II (100) ~ 460. INPUT ERROR 70 — T6H must be ’ greater
than 460.

WEXT U00) < 0 INPUT ERROR 71 — WEXT must be’ greater
than or equal to zero,
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Condition Messages

XLC (100) ‘~~ 0 INPU ’I’ ERROR 72 — XLC must be greater
than zero .

XLII (100) ~ 0 INPU T ERROR 73 — XLII must be greater
than zero.

WCOOL < 0. or ~ 1. INPUT ERROR 74 -- WCOOL must he
greater than or equal to 0. and less than 1.

b. Calculation Failure Message s for Flameholc ie r Combustion Model

The Flameholder Combustion Model program checks for specific calculation failures.
The causes and corresponding messages are presented below:

Message Cause

Warning ‘~~~~ wake temperature The calculated value of the fan duct flame-
iteration failed f~ r streamtube holder wake fuel-air ratio exceeds the rich
No. XX limit at the inlet conditions for this stream-

tube . This streamtube case has failed .

Aerodynamic loading exceeds The inlet values of velocity, 1eressure , and
kinetic capacity temperature produce a wake loading which

exceeds the reaction limit at this fuel-air
ratio. This streamtube case has failed.

All fuel vaporized--terminate The injection process has resulted in only
case vapor fuel. Run this input as a core case

if desired .

Overall fuel-air ratio below The input fuel-air ratio is less than the
lean limit calculated min imum value for flame

propagation in the fan stream .

FAR outside flammability The input fuel-air ratio is outside the lim~tr
limits of the data for laminar fla’me speed built

into the program. Cur rently set at 027 lean
and .120 rich l imit  fuel-air ratios.

9. PROGRAM LISTINGS

Listings of the computer program formulation are provided in Appendix C.
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10. TEST CASES

The test cases are provided in Appendix D as outlined below:

combustion
Test Data Rumble F/ H Comb,
Case Model A ugmentor Flo w Splitter Source Fuel Output Output

1 Rumble V-gutter F/H Proximate Flameholder JP4 Tab & Full Tab
Comb. Model Plot

2 Rumble V-gutter F/H Remote Flameholder JP4 * —

Comb. Model

3 Rumble V-gutter F/H Proximate Empirical JP4 * —

4 Rumble V-gutter F/H Remote Empirical JP4 Tab &
Plot

5 Rumble V-gutter F/H Proximate Empirical JP5 * -

6 Rumble V-gutter F/H Proximate Empirical JP4 * —

7 Rumble Vorbix Proximate Empirical JP4 -c

8 Rumble Vorbix Remote Emp irical JP4 ‘l’ah & -

Plot

9 Rumble Swirl Proximate Empirical JP4 Tab & -

Plot

10 Rumble Swirl Remote Emp irical JP4 * —

Ii Flameholder V-gutter F/H ---- — JP4 Full Tab
Combustion

12 Flameholder V-gutter F/Il — — JP5 - *
Combust ion

13 Flamehoider V-gutter F/H — — JP4 — *
Combustion
With Wake
Heat Addition

*Copy of output deleted due to similarity with other output.
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11. PROGRAM IDENTIFICATION AND REVISION PROCEDURE

a. CCD Number

Customer Computer Decks (CCD’s) are identified by a CCD number and date . An ex-
ample is CCD 1001-0.0 November 15, 1969.

The CCD number consists of:

• Basic number (first four digits)

• Dash (or change ) number

• Decimal (or addition/correction) number.

(1) Basic Number

This four-digit number generally corresponds to a given program. If another method is
developed or studied which does not replace or supersede the original , a new four-digit
number is issued.

(2) Dash Number

Major changes in the program are reflected in different dash numbers. A change in tech-
ni ques or mathematical methods would produce a new dash number provided the new tech-
niques replace or change the old techniques. For more than nine chan ges, the dash number
shifts to letters. The dash number of the original program is zero.

(3) Decimal Number

The decimal is used for all other program changes such as:

• Adding new optional routines

• A change to the FORTRAN source language due to compute” differences

• Correcting a mistake in the program

• Inpu t and output changes

• Adding unique customer oriented curves or initialization data.

In -nost cases a decimal number  change is made and documented by writing an ad-
de ndum to the user ’s manual  wi thout  reprinting the user ’s manual. An errata or addendum
to the use r ’s manual is used in conjunction with a Computer Simulation Change Notice ,
IF i gure ’  20 1. This noti ce- briefly describ e-s the changes affecting the deck and manual.

\e-co m~eanyin g the notice- is a ne-w manual title page reflecting the new date and/or dash
or den imal changes . The S(’~ also inc ludes the ’ change pages with black bars in the right-hand
margin opposite- data changed and a new date in the upper right-hand corner.

Programs re-vised by the user without written consent of the supplier are the responsi-
bility of the- user .
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Engine or Component Designation Date ____________

User s Manual No. _________________________ Customer Computer Deck No. _________________

Deck and User ’s DesIgnat ion is Changed to: ________________________________________________________

Dated: ________________________________

Change Nature: Errat a Addendum Changes Effect: Deck Manual

Change: Reason:

Detailed Reasons for Changes are Shown in Enclosure

Approval:

P r ogr a m  O f f i c e  ____________________________________________

p 

Systems Stability and Control
C. H. Borgmeyar

- Fo P5109 1
781411

gn~ - 444

Figure 20, Computer Simulation Change Notice

p.
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APPENDIX A

DEVELOPMEN T OF R U M B L E MODEL EQUAT IONS

1. DEVELOPMENT OF ACOUSTIC EQUATIONS

In this section equations are developed to describe how velocity, pressure and density
at every poin t in the augmentor respond to a combustion disturbance , which is treated as a
heat input to a flowing invicid ideal gas stream. Knowing how these three parameters
(velocity, pressure, density) respond allows calculation of any other parameter needed , such
as mass flowrate or temperature. The first equations to be developed are the three longitu-
dinal wave equations, which are applicable between boundaries and discontinuities. Then
equations for the boundaries and discontinuities are developed. The wave equations plus
the boundary and discontinuity equations are referred to as the “acoustic” equations . The
“combustion ” equations needed to complete the rumble model are developed in paragraph
2 of this appendix.

Symbols used below are defined in the list of symbols. For any section of augmentor
with rigid walls and constant cross-sectional area, such as shown in Figure 21, through which
an invicid fluid (viscosity is zero) is flowing, the one-dimensional momentum , continuity and
energy equations are :

a~T aV _ -0

(1ax ax at

±p a x  p at ax at

For an ideal gas, these equations reduce to the following non-linear wave equations:

1 1 aP 
~
‘ aV 1 1i aP ~ aV i  q

(V+C ) L ‘

~~

--
~

— + + [-~~
-
~j-- + -

~
‘ -

~
j-- ’ = (-)‘ --- l) -

~~~

(V -C) [~~~~~~~~~~
-
~~

- ]  + [ - -
~~

- -

~~~~
-]  = (.

~
, _ l ) -

~- (2 )

[ l a p  -y ap i 1 ’~! ~~~ _ ( _ l ) i
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ p

The wave equations are linearized by the small perturbation substitutions:

P(x ,t) = P(x) + ~P(x ,t)
p(x ,t) ~(x) + Ap(x ,t) (3 1
C(x ,t) = C(x) + ~C(x ,t)
V(x ,t) = V x )  + ~V(x ,t)
q(x ,t) = 4(x) + ~q(x ,t)

Second order terms are neglected in making the substitutions.
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Igniti on End Temp
Plane RiseFan Side

Fan Fan Duct Mixing Begin Temp Exhaust
Discharge ~P/P Loss Plane I Rise Nozzle

~~—Cornbuation —api
Vorbix Hardware Zone I

Core Side
Mixi ng Plane

Turbine
FD 146482Discharge

a2-7Se

Figure 21. Rumble Mod el Stat ion Identification

To simplif y notation , the following substitutions are made which normalize the change
in each variable by its steady-state value :

p. = = ~~ ~~ - = .~~I 
(4)

, p  , q

The linearized version of equations (2 )  becomes:

( V + C )  .~~- [ P+ -y MV] + 
~
{ ~

.+.y r~tv] + ( y — l )  -~-~j ~ = ( y  - I )  -
~~~

- q ’

(V C) -

~~

- [ P _ .y MV’] + -

~~

-
-[ P’ — .v MV] 4 (-y -- 1) -

~~~
-
~~~~~ 

= ( y - - l ) - ~- q’ ( 5)

V L.[ p’ _..
~ -] + 

~~
[ P’~~~p] (~~‘ 

I) -
~~~ ~ =(-y - 1) -

~~
- q

where :

• (1 M2 [ P u — M -- ~ ~‘M + V { .
~~

— + -
~~
- M — M ~ 11 ~ u + M) -

~~~ J
(6)

• ~~~~~~ [ P’ (1+M~~M8) +~~‘N1 + V’~ 
.
~- — - ~- M — M ~ I l  f ( l - M) 1~

~~ — P - -t V’ 
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Taking the Laplace transform with respect to time , wi th zero initial conditions , and
letting subscripts 1 and 2 stand for the upstream and downstream stations respectively
(see Figure 21), the general solution to equations (5) becomes:

~ dx ~ dx

~P2 + ~y M 2V2J e — IP 1~ -~M~V;J + 
( — l )  f -

~~~ Ø~(x ,s) -
~~~

-- e dx

‘~ dx
S

(~y — l )  C 4 - d
= 

~ 
-
~~

- q ( x ,s ) - ~ — e  dx

~- dx dx

JP 2 — y M 2 V ;j e — tP~~~v M i V l  + 
( l ~~~

) f -
~~~ Ød( x ,s) —i-- e dx

(7)
~ dx

(‘y — i) q 
- d

= f — q ( x ,s ) — e  dx
S 0 P  dx

~~dx‘ d v
IP~ 

— -vp~1 e — [ P~—~y p j  + 
~

‘
S

1

~ ~ 
-
~~~

- ~~(x ,s) -
~~~

— e dx

11 dx- 4 k v
(-v —i )  1 4 - d

= j 
-

~~~ q (x ,s) -
~~

--- e dx

In equations (7) the first equation describes downstream running sonic waves of the form
+ -1’M V’, traveling at sonic speed plus through-flow velocity. The second equation de-

scribes upstream ‘vnning sonic waves of the form P’ — M V’, traveling at sonic speed minus
through-flow velocity. The third equation describes entropy waves, P’ — -yp ’, d- .’ii~ting down-
stream at through-flow v2locity.

The entropy waves become more apparent from the expression for the entropy of an
ideal gas :

(8)

The entropy waves are related to temperature by:

‘-yT = S + (~‘—l) P’ (9)

It is through equation (9) that the drifting hot and cold combustion products, or entropy
waves, are accoun ted for in the rumble model. Temperature changes produced as the
entropy waves strike the exhaust nozzle create waves which then travel back upstream at
sonic speed.
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Equations (7) are not useful unti l  the integrals are evaluated , which will require defini-
tions of V(x),  C(X), q(x),  P(x)  and some assumptions that will allow integration of q ‘ (x , s),
1~j .’ (x , s), ~3cj (x , s) and 13E (x , s). To complete the solution , the augmentor is divided into
several “short” sections, each of length I! , for each of which it can be assumed :

d P(x)
dx

d 1’(x)(h ) d = constant

( c )  q ’(x , t )  = q ’( o, t -
~ 

~

q ( x )
(d)  — constantP( x )

‘l’he small static pressure drop in an augmentor j ustifies assumption ( a) ,  A linear temperature
rise is also a good approximation , which justifies assumption (h).  Assumption (c) is the
equation for a “drifting burning particle ” releasing hea t at a constant volumetric rate as it
drifts down the augmentor. A more detailed exp lanation of this assumption will he provided
in part 2 (Development of Combustion Equations). To justify the constant steady-state heat
release rate (~ ), consider the steady-state version of the energy equation (third in equations (2 ) ) .

- - [ l d P  ) d p l 4V I — —  — 
~~~
— i = (“ 1)

L P d x  p dx -i P

With appropriate substitutions, the equation reduces to:

di = (  y~~~ R W dT V d P
P “ y — 1 1 P A dx P dx

- dP diSince — = 0 and — = constant , then
dx dx

4 .y (‘, M , ( i2
-

~~~ 

= constant = —j - ------— 
\ 

-
~~~

— —  1 (10)

[-‘or a “short ” section of length t , the integration of 0 ~ (x , s) in equations ( 7 )  can 1w carried
out as follows:

dx - dx
-

i1~- ( x ,S) —i-- e dx 1~~~~S) 
-~ ~~~

- e dx

(4 d
— e dx

1’ ‘/ 2  dx

_r

~~j  
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Similar treatment allows integration of 
~~ 

(x , s) and 0~ (x , s) in equation (7) .  To determine
how “short” a section must be for the solution to he valid , the resulting rumble model was
ext- r( ’ Is (-ci repeatedly while decreasing the section lengt h (by adding more stations in the
combustion zone). As the section lengt h decreases, the result will rap idly approach an ( ‘xa ( ’t
solution. It was found that section lengths shorter than about 20 inches were unnecessary.

With the above assumptions , equation (7)  hecom~s:

IP ~ yM 2V 2 ’ - IP  + y M V 1 I e  “~ — (~y — l ) ~~- 
~~~~~ [ 

~~ ~s e 

~~ ]

+ (~ 1) 
~ [ 

1 - e S] 
= ( — I )  ~~ q ’ { M , 

[ 

e — e~~~ - 
~~~~~ ]

f M2 [e 
(~~ - T M  - - e r s 1  } 

( 1 1 )

I P ,’ - y M V  - 1P 2 f -y M 2 V2’~e t M  + (-y
- 1) 

~ [ 

1-

[ e ~~ ’~ e t s i
— 4 ) 1) -ii- 
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where by de f in i t ion :

PF = 
(I

’
M2) 

t 1 -M — M~I

R F = ( l - - M~)

VF , = 
~~ 
>

~~~ 
{ 

4 
+ 

~~ 
M — M ~[ I + ( l + M ,) 

~~~] 
}

PF 2 = ( l — l\’1~) I i  — N ’!2 Mfl

R F =  M~2 ( 1 M’)

VF 2 = 
( 1 

{ ÷ + -
~~

-- 
~~~~~ M~~ [ 

1 + ( I  fM 2) j -] }
( 15)

PG -

~ 
f 1- M — - Mfl

R(’- — ( l — M ~)

VG , = ÷ - ~~ M - - M~ [ I + ( 1 - M I  
~~~] 

}
= u — r c i~ 

E l  + M 2 N’I~j

RC - _ _ _ _ _— ( l — M ~)

= 
(I 

1M2) { 4 — f M 2 _ M~[ i + ~i ~~2 i -
~
] 

}

The time constants in equations ( 12)  were evaluated based upon the s t ’u ly - s t a t e
through-flow and sonic speed profiles created by the linear temperature gradient.

V ( x ) = V , [~~+( .~ - — i  ) -
~
-]

______________________________________________ 
( 1  t i

C(x) ~~ , + ( 
T2 —T , 

) ~~~
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j- -n I ‘ ‘ ( 1  T-J l ’ d

1 his ‘ornpk-li-s th e  d ( -v ( - lo l ) md-n t  of the wave , ‘( 1u a t i l ) n s ,

a t e  i i  ( 1 1)  are app lied t hr oug ho t i t  the augmentor between any two stations
* 1  ‘ i  whi t ’h th~-r~ iS lit) ( l l scon t i i i u i ty .  Iii app lying the equations , the general su l  ( S I - r i o t s  I

and 2 art- r i -pla ced by tlu- actual upstream and downstream st a t i :) n  numbers , resp ( -cti v ( - ly ,
ILi ’ l i ’r r ing  to F igur e 21 , t h y  ar ’  app ln-d t ) ( ’ t W - - ’ ) )  S t a t i ( , I ) S  ( I )  — (2 ) ,  ( 2 )  - ( 3 ), ( 1 )  - ( 5 ) ,

( 10 )  and ( 10)  - ( l i t .  Between stationi , ( I )  through 
~~~ 

between stations ( 10) - ( 1 1)
th i - r i ’ is no Ii ,’at addit ion , and so the heat addit ion terms q/P are s~ t to ia -rn . l’hv heat ad-
( l i t t on  t erms (or the combustion zone , stations ( 5)  - ( 10),  an ’ d iscussed ~ l)aragra~)h 2 of th is
a I ) i a-n di x ,

I )e - (  n t  ( u n i t  I - S  occur at the j r i-s sur ( ’ drop locations , stations (2)  and (34, ‘T hesu’ ar(-
mo( lf - l , -d as small lncompr c-ssil) le re sistiv e pressure (Ir oJ)s of ia-rn length, The c olt  m i i i  t v and
‘n er gy eq uations are also a t p lu ’d . R e f e r r ing  to Figure 21, across a pressure drop :

I 2 
[1

“3 
( 1 5)

I - ,  — ‘2
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The equations are linearized and normalized as before to y ield :

P~ - [i -  ( P2 _P l 
~ 

1p, 
( 

P2 -- P s ~) (p~+2V 2)P2 1 ]  ~ P3
( 19)

-t V 2 = + V2

-- = P~ 
—

In applying equations (19) to a given pressure drop, the general subscri pts 2 and 3 ar~ ri--
4 ) l a ( ’ ( I  by the actual upstream and downstream station numbers , respectivel y. For con-
venience in programming, equations (19) were combined with the wave equations ( 11) to
eliminate the need for two stations at each pressure drop. It is the combined equations
which appear in the rumble model listing.

A junction occurs where the core stream and fan stream enter the augmentor and form
( h i -  overal l augmentor stream (stations (3), (3H) and (4) ). Again applying continuity ,
momentum and energy :

W 3 + W $H = W 4

( P -P~\ 
( 

W~J ~f \~P 1 FAN SIft- P 1 FAN SIDE (20)
OR OR

CORE SIDE CORE SIDE

W3T3 + W8H T’dH = W4T.
The linearized and normalized versions been mc:
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[-‘or the Swir l augmentor , the momentum equations at stations (3) - (4 )  and (311) - ( 4 )
are modified to account for the possibility of different pressure drops across the fan and core
swirl vanes. The linearized version of the momentum equations for the Swir l augmentor
becomes:

~~~

. 

[ 
( P3~ P4) 

] 
P~ = 2 ( P 3 4  )v; + ( P3 P4) ~ -

(22)

[‘3,; - - [I ( ~ p~1) I ~~ = 2 ( ~~~~~~~~~~~ 

~~~ + ( 1’3~ --P 4 ) +~~;

I) ef ini t i on of the upstream and downstream boundary conditions , at the fan and at the noz-
zh ’, r t-s ~ t -ct iv ely ,  will  complete the acoustic equations. rFh t. fan was assumed to he delivering
a t oitsiant mass flowrat ,+ - through the fan 0!) (defined as that portion of ~he fan between tb-
fan sp l i t t e r  and fan t i l ) )  and through the fan II) (defined as that portion of th i- fan between
the centerlin t - and the fan sp l i t ter) ,  It was also assumed that the temperature of the fan dis-
charge flow could he taken as time invarient (also , because of the low Mach number at fan
discharge , total and static t -mperaturvs can he used interchangeably).  To account for the
presence of a core engine , and exp lore any possible attendant interaction with fan duct
at -ou sti t ’s , a s imp le first  order lag representation of the core engine was incorporated into the
rumble model. ‘I’he ~‘or ’ engine was represented as a compressor delivering constant corrected
air flow (correct ed to compressor fact - conditions) into a lumped vo lum i - . Flow out of the
volume exited through a choked turbine to emerge at station (311). ‘I’he resu lting transfer
funct ion  for the core engine is:

\
(2 3)

P 1 t TC ), 4E SI

Wia - r u ’ :

W’3~ = mass f lowr ate itt  station (3H)
= s t a t  i t’  pre ssu re at. the  compressor face

core engine t ime  constant

A di -fault  value of T( ’~) Lt [-’ = .005 is-coi ds is built into the rumble model. A di f fer ent  value
can be input  by the user , and is calculated as the mass of air in the core engine volum i-  di-
vided hy the mas,s flowrat+- nI air through the core engine. Proximity of the fan split  icr to
fan discharge also affects the boundary condition at the fan . Two cases were con sidu ’r ’d and
are bui l t  into the rumble  model (see NF SOP). In the first case , called the ‘‘ proxin ial ’~
sp l i t t u - r  confi guration , the fan splitter is assumed to he so close o fan dis i ’ Iua r gc that no ~‘o ni-
munication can oceti r between the fan duct and the core engirn - across th u fan s p l i t t e r . For
this ~-as - , the bou ndary condition at the fan becomes:

W II I - 0 4 )  1
- - P i  + V (t

‘I ’~ 1-’, - i,, ’ = 0
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In the second case , called the “ r - n i o t 4 - ” splitter configuration , the fan splitter is as-
sumi’d to be suff ic ient ly  remote from fan discharge to allow ~n -r f -ct communication h u - tw i -e t i

h ( a u  duct and the core engine across t b -  fan splitter. For t l t  is case , the boundary condition
h i t  th i— fa r t  hu- -omi-s

[3 =

(2 , 4 V 1’ = —
( 25)

‘I’, ’ = I — p~
’ = 0

an —

(((IF

This comp lt-tt -s the defini t ion of the upstream boundary condition. It is of interest to
note that  entropy waves art - created by sonic wave reflections at the upstream boundary .
Since an entropy perturbation is S’~ P’1 — ‘yp ’

1 ,  and at the boundary p ’1 = P , th u -n
S’1 = (1 — ‘y ) P ’~ - A similar argument will show that entropy waves are also created at the
o (r t-sst i r - drops ( s t a t i o n s  (2 )  and (3) ) . These are automatically accounted for in t h u  rumble
model, but  a r -  of minor importance compared to the entropy waves t ’r t -at a -d in th u - ~-o m-
bustion zone by corn hust ion disturbances.

The downstream boundary condition is based upon the presence of a “short ” nozzl e
just downstream of station (11) ,  for which :

W \ / k ~=~~~( p )  (26 )
A P ,,

where :

[ (p~~~~~
-- i ) ( - -

~~ )I~
P~ 2 ’~

P,4 = P,, /nozzle throat static pressure

[) ~~~~ (_ ~. . ± J _ ) Y  I
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When linearized , the downstream boundary condition becomes:

V,, ’ = -
~~

- (P 11 —p , , ’) + (KNOZ ) p~ ’ 
(27)

where:

[ I + ( ~~i~J)~~ ~~~~~~~~~~~~~
KNOZ =

I I  — M ,, 2 ( 14 y ) I  ( 
~~~

Hj
~~~

)

r ,XL-i-
P 8 

~~ =~ 
P14 ~ — 

y +l  I( i1
~ ~~ L , ~i:i ~ 

2 ( - y—l ) J \ ((

2~ P,4 ~ — 1)

It is also of interest to note that for choked flow ,

p
8_ \  2 /

then KNOZ = 0 and :

V,; = -~-(P 1; -- p,; ) =-~-T ,; (2 8)

so bsti tut ing from equation (16):

v,; =.~L~s,; + 
( y — l )  

P,; (29)

This equation directl y relates how entropy waves , as well as pressure disturbances , striking a
choked nozzle will produce a velocity disturbance.

This completes the acoustic equation development. These equations describe the
response of pressure , velocity and density throughout the augmentor to a disturbance in
combustion. Development of the corresponding combustion equations , which describe how
combustion throughout the augmentor will respond to disturbances in pressure , velocity and
density, is presented in the following section.
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2. DEVELOPMENT OF COMBUSTION EQUATIONS

l)evelopment of the combustion equations for the V-gutter flameholder augmentor is
presented first. Then the combustion equations for Vorbix arid Swirl augnientors are
presented.

For the V-gutter flameholder augmentor tw~ combustion streams, the fan stream and
the core stri-arn , a n -  treated . This is necu-ssary to be able to account for the different  com-
bu stio i i  characteristics of the fan and core streams. The two stru -axns can have different
flameholdt-r di -sig uis  and fuu-I -a ir  ratios as wu - I l  as different flamehokier approach temperatures
and v elua’ i t i i -s , causing th i - two streams to have different  efficiency vs fuel-air ratio charac-
t i-ris i i -s. In addition , the fan stream is preceded by a long fan duct  which  (-an -xh ih i t  lon-
gitudinal resonance at the low frequencies associated with rumble. ‘l’he core stream is pre-
ceded by a short si-ction terminating at turbine discharge , which is much less responsive at
low frequencies .

‘l’hu- basic approach taken for the r -nb le model was to model combustion disturbances
in the fan and cor streams independently, accounting for the individual propert ii-s of each
str , -a m. ‘l ’h.- resulting two combustion disturbances (calculated as volum etri c heat release
rate disturbances) were then simply added to form a single overall disturbance . The overall
distur l) anct ’ was then distributed evenly over the total cross-sectional area of the augmei tor ,
which was taku -r i to consist of a single overall stream with mean mixed !(rol)e rt ii-s. ‘I ’his ap-
proach accounts for the different combustion chara ctu-nstics of the fan and con - streams ,
while avoiding the complexities asso(’iat -( l with a rigorous treatment of the radial as well as
the axial distribution of combustion throughout th i- augmentor.

Ex I s-r i i -nci - with modeling the combustion process as a plane 114-at addition with all
combustion taking place in zero le-ngth , had shown that the r i- suI t i n g predictions of rumble
were sensitive to the axial location chosen for the ~)lan~ . Since combustion actually takes
place over a distancu- of 30 to 60 in chi-s , it was decidt-d that th u - axiall y distributed nature of
the burning should be accoun t - l  fur.  This was ac -n i ip lished by dividing the combustion
zone into a number of axial sections , 4 -a u ’ [ i  of lengt h , as explained in part 1, “Development
of Acoustic Equations ”.

Combustion equations used in the rumble model are based upon an extension of em-
pirical steady-state Iu r o ( 1-~~’~ u th~ C ’tsu-  of t ime variant flow. A schematic of the steady-
state processes is shown in Figure 22. Con sidi - r  first that the augme-ntor contains only the
fan stream. An identical set of equations will exist for the parallel cort - stream. Following
a particl e of air as it rnov u- s through t Iui-  augrni -ntor , thu following steps will occur:

• I’art i .’lt- of air picks up fu -l as it crosses the sprayhar .

• Partic le drif t s at through-flow velocity to the flameholder , station ( 4 ) ,

• Particle is ignited by the flameholder wake as it drifts from the flamu --
holder, to th i - beginning of t h u  combustion zon u- , station (5) (( lef ined as
thu location where th u - bulk fluid temperature begins to rise sharply).

• [‘article drifts and burns from station (5) to the end of the combustion
zorn- , station ( 10) (defined as thu location where bulk fluid temperature
cu ast-s its sharp rise).
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It was th-termined (see equation (10) ) that for a 111)4-ar t emlx-ratur i- gra diu ’ i i t , th u-  si ‘‘ady-
st at i -  volumetric heat re li -ast - rate in the augmentor could li t ’  taken as ind epi-ndn- nt  of axial
posi tion . This implies that  at steady-state a partick- of fut -l -air mix tu re , d r i f t ing  an t I  burn ing
through the combustion zone , has a ‘~nlumetr ic heat r -h-ase rate that is in d epu- nd ent  of ax ia l
position . The rate can he com puted directly from the flowrate , idu -al t eml)4 -ra ture rise , u - f-
fi&-ien cy and corn l)Ust iofl zone volum u - of t l iu-  augmentor, -

(:10)

l”or small perturbations , it was assumed that transientl y the volumetric heat re leasu - rate of a
particle -ould still be taken as independent of axial position , and that equation (30) could hi ’
used to -omput - the rate when W , T1 and i~ are referenced to instantaneous approach con-
ditions. The resulting equation will model combustion as though it behaves in a quasi-steady
manner.  The volumetric heat release rate at all y location in the combustion z o uiu-  wil l  reach
the steady-state ‘alw- corresponding to instantaneous conditions at the flameholder and at
the sprayhar after a ilelay. The delay is the time required to purge the old combustion gases
and refill with new combustion gases trave ling at through-flow velocity. -

!-‘or the fan stream , instantaneous approach conditions are taken to he the instantaneous
conditions at station (3). Because of the large pressure drop in the fu el sprayhar injector ,
changes in fuel flow in response to augmentor pressure at the spraybar are small compared to
changu-s in air flow. Consequently, fuel flow can be considered constant , and the fuel-air ratio
of the par tn ’lu- as it crosses the spraybar is determined by changes in air flow only.

constant
= (31)

A period of time T DC = LSC/V 3 is required for the particle to drift from the spray bar
to the flameholder. Therefore , the fuel-air ratio of the particle when it ru -aches the flame-
holder can he expressed as:

FA (t ) = FA~ ,, (t — r ,~ - )  (32 )

At the ignition plane (flameholder ) the par tic lu- has a “pot u -n ci a l”  volumetric heat relu-ase
rate of:

q, -
~
-
~~

- W 1 T ,. ‘b- (33)

The ideal temperature rise is a function of the fuel-air ratio of the particle (effects of ap-
proach temperature and pressure are negligible). The efficiency is assumed to be a function of

• the fuel-ai r ratio and the approach pressure , temperature and velocity.

T1, -= fcn( FAr) (34 )

= Vfcn (FA ,., P,, T3, V1) (35)
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The total volumetric heat release rate (subscript “T”) is formed by adding the heat release
rates of the fan and core streams:

q,v1 = = Q~ + Q8 = q,-v , + q8 v 1, (4 1)

or , in normalized form :

. r Q u 1 - [ Q 8 1q~ — 

~~ ~~~ j  q + [ ‘-
~~~

— 
j q8 

(42)

Equation (42) computes the instantaneous volumetric heat release rate of a particle of
combined fan stream and core stream fuel-air ratio mixture when the particle reaches the
flameholder. The term “potential” is applied because the particle has not yet been ignited.
The particle is ignited by the flameholder wake as it drifts a distance at velocity V4. The
particle begins releasing the “potential” heat at station (5), as defined by equation (3~ ). To
account for adding the core stream to the augmentor flow (originally only the fan stream was
considered), equation (36) was rewritten to include the heat release of both the core and fan
streams and emerges as:

q(o ,t )  = q~ (t — ~4 / V 4) (43)

Linearized:

q’(o ,t )  = q~ (t -
~ / V 4) ( 4 4 )

Equation (44) simply adds a delay into the system which allows tailoring the axial location
of the beginning of the combustion zone. For convenience in programming the equations ,
this delay is added to the drift delay in the combustion zone ( TE ) to form an overall particle
drift delay from the flameholder.

~, / V. + TE (45)

The particle then releases heat throughout the combustion zone as defined by equation
(37), the linearized version of which is:

q’(x , t ) = q’(o , t — r 5) (46)

Equation (45) was presented in part 1, “Development of Acoustic Equations ”, and
used to evaluate integrals in equation (7). The combustion equations require that the fol-
lowing information about the steady-state operating point:

F Q - 1 F Q~ 1 F FA aT 1 [ FA ~n 1
L Q, J’ L Qt J ‘ L T ;uFA -I (‘ , H 

- L ,
~ 

uFA ~1 (‘.H

[ Pa , , ] [ T a , , ] [ V a ~
I — —  I , I  — —  I , and i — —
L 

~ 
aP J (‘ .11 L 

~ 
uT ~i (‘, H L 

~ 
;uV r , i-t

I -
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The heat release rate ratios 
~~~~~~~~~~~~~ 

and are computed in the program from conditions
known about each augmentor stream:

Qc (BPR T ‘tu)
Qt (BPR T .  ‘it’) -( (T ,4 ‘h i )

( 17)
— 

(Ti ,4 ti,,)
— 

(BP R ‘l’~- ~- ) 1 ( ‘l’~, ‘tu )

l-’A aT. ] 
-The partial derivative terms [~~

-—  

5
~~1~~] are computed in the program from a

C, H
subroutine curvefit of the ideal temperature rise curve. A graphical definition of the term is
supplied in Figure 23. The partial derivative terms involving efficiency art ’ computed in tlii-
flanieholder combustion model and supp lied directly to the rumble model. Alte rnatel y,
( lu -v may l) e computed from empirical data and he input l)y the user. ‘l ilt ’ gr aphit -al defini-
t ion of t (-rn is is similar to that of Figure 23.

4200 
Steady State 1 T /-I—Curve 

1rangent
Operating Point ~~~~~~~~ Pt ,

4000 ——— 
? aT i

aFA
__

u

~~

l

l:: ~~
%
:~~~

_ 
_  _  _  

N
!36 0 0_ _ _  _ _ _

3400 - — _ _ _  _ _ _  _ _ _  _ _ _

0
f~~~x !1~LL i i aFA

3200 —t 10.063 
~ ~

oo~ - 3800. 1~ 0 269 
-

I 
~ 

3900. 0.068 - 0.056J
3000 _.__ II I I I

0.040 0.048 0.056 0.064 0.072 0.080 0.088 0.096
Fuel -Air Ratio FO ~~~~~

7S3ItO

~ 2-1IS

l-i gur u ’ 23 Ideal 7e,nperaturt ’ Rise /e r  (‘inn/ant !‘ressurc- ~‘ombustion of
Ilydrocurho,, l ie ’! ’

68

— I,.-

-5-- ~~—-~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ - _ _ _ _ _ _ _ _  —



This completes the combustion equation development for the V-gutter flameholder
model. All of the above equations apply to the Vorbix and Swirl augmentors except as
noted below.

For the Vorbix and Swirl augmentors, independent heat release rates for the fan and
core streams cannot be identified because of the flow mixing. In addition , the effects of
pilot fuel-air ratio on augmentor combustion efficiency must be accounted for. Equation
(3) is again applied , but on an overall basis only.

q~ = W4T,~ (4 8)

The overall fuel-air ratio is computed from total mixed air flow at station (4).

FA = 
constant , (4 9)

The overall ideal temperature rise is a function of overall fuel-air ratio. The efficiency is as-
sumed to be a function of overal l fuel-air ratio , pilot fuel-air ratio and pressure at station (4).

T1 = fch(FA ) (50)
fch(FA ,FAP,P4) (51 )

Then for the Vorbix and Swirl augmentors, the instantaneous “potential ” volumetric heat
release rate of a particle of mixture when the particle reaches station (4)  is:

I [ F A  aT ] F FA a~q~ = 1— L~ I~~~A ~I 
— L~~~~~J] W4

(52 )

+ [~~! a~ ] FAP’ + [ P a ~ ] ~
.

~p aFAP i~ aP

Equation (52) app lies to both the Vorhix and Swirl augmentors , and is equivalent to
equation (42)  for the V-gutter augmentor. The Vorbix and Swirl augmentors differ in pilot
location. The Swirl has the pi’ot at fan duct exit , so u,hat air flow through the Swirl pilot i.s
proportional to fan duct exit flow , W3. The Vorbix has the pilot near midspan , radially, cnd
slightly aft of stations (3) and (3H), so that air flow through the Vorhix pilot is proportional
to total flow , W 4. Then , since fuel flow into both pilots is constant:

Swirl: FAP’ = — W~ ( 53)Vorhj x : FAP’ = — W4’

For convenience in programming, W 4 can he replaced by:

W4 = W 3 W,~
I BPR 1 I 1 (54

- L i ~ BPR J Wa f 
[ 

~ + BPR] W 311
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Substituting (53) and (54) into (52):

Swirl: q~ = 1— [ FA ..~L 1 r ~~~~~~~~ ~ 
BPR \ / .! ~~~. 

a~ )} ~T~ aFA J — L ~ aFA ] /\ 1 -* BPR) ~~ ~ aFA P

+{( l~~~~[ 

FA a1~~ ] 
- [ ~~~~~~~~~~ )(  1 + BPR )} w~T a FA i L it ;uFA J

+ [  ~~~~~~~~~~~~~ 

(55)

L 
~ 

j )

Vorbix: qi ~ [ FA aT 1 
— ~ ~~~Ll [ FAP ~~ 

1 ‘~ HPR 
)} ~1~ ~~~~~~~~ L ~ ~uFA ] - 

L ~ aFAP] )( i ~ BPR

+ {( l [ FA aT 1 [ j ~~~~_~~_~ I~ ~~~~~ a72 
I BPR )} W 38- 

T aFA i L aFA J — L ~u FAP

[ (56)
[

Equations (55) and (56) replace equation (42). All other combustion equations are
identical to those developed for the V-gutter ulameholder augmentor. The partial derivatives
in equations (55) and (56) must be computed from empirical data and he input by the user.

\
This completes development of the combustion equations. For the solution technique ,

based upon applying the Nyquist criterion to the open loop transfer function (OLTF), the
OLTF is formed by renaming ~~ to qj ~ in equation (44) and by renaming q’j ’ to iii

equations (42),  (55) and (56).
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APPEND IX B

DEVELOPMENT OF FLAMEHOLDER COMBUSTION MODEL EQUATIONS

1. DEVELOPMENT OF THE FAN DUCT COMBUSTION EQUATIONS

‘l’he equations which are used in t h -  fan duct combustion anal ysis are highlighted in
th i s  section. The reader is referred to the AFAPL TR-78-24 (Contract F336 11-76-C-2023)
for full details of the analytical development.

The program utilizes the input to set-up and analyze each streamtuhe as a separate
u - n t i t y .  The results are stored for final summation at the completion of the fan duct analysis .

‘[‘he flow field is first developed from the input :

i . (57)

V M 5/~Wi~ (58)

W N/I’ (59)

m, = p~V~W (60)

The streamtube width has been set from the flameholder width and the blockage ratio.
Note that  the streamtube is assumed to he 1-in, deep. The total flowrates are thus per uni t
depth. If true total flowrates are desired , the number of streamtubes of each ~Y 

e must he
su -t to reflect the total true depth of that type. For example , if 5 streamtuhes , of 4 inches
depth each , art ’ input  as one type , then set the input  number  of this type equal to 20.

To account for the removal of air from the streamtube for liner cooling, the input fuel-
air ratio is adjusted by:

FA )
~~ife~ t u ve 

= FA ) 
~~~ 1 — WCOOL ( I + BPR ) (61)

This increases the fuel-air ratio to reflect the air removal when:

WCOOL = nu ,,, ,,~ / m.- ,~ ,. (62)

RF ’R m ,,, ,  /m ‘ ‘ ‘ r ’ -  
i ’~t

r ui ,.~ ~~~ m, , ,  m r ,, r ~ ( ( ‘ -i

Then
m , m~ ( [- ‘A i ,. . ,. 465 )
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This is required since fuel-air ratios are usual ly based on th e total fan duct air flowrates. If
true values are known or if no cooling air is used , set W( ’04’)L = 0.0. Refe r to Figure 24
for details.

Core * /7 a

L:{:: _ c
~~~~~~~ _t~

_2
~
i

Fan Duct

Cooling Flow —’ L iner — ~ ’~~

BPR = W ouc t /Wcore WCOOL = Wcooiing /W TotaI

Fi) 146484
783110
b12 - 790

I”igure 24, I.ocation of a ( ‘ire S’Irewntube in a i’urbnJàn l:’ngine Auginc ’nior

The injection subroutine divides the fuel into 5 droplet size groups which represent t h u
drop let size vs . volume distribution. ‘I’he curv e used is for a variable area p intle injection.
‘l ilt- sizes used are:

Group ~ ( ‘Oi ’i ’rP d Mean Value
1 0—20 d .
2 20—40 (13 )
3 40-60 d ,,,
4 60-80 d 7,,
5 80-1 (X ) d,~

The curve is a function of the injection pressure drop where:

= PFSR — Ps 4 66 )

Any fl ash vaporization is evaluated from the fuel enthal py chart assuming adiabatic injection ,
i t - , .  2~[ 1 0

H , = fcn (PFSR , TFSR) (( ‘7 )

i-I , = fcn ( ‘ vaporized , Ps) (68)
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The drop let vaporization and acceleration are evaluated by a small time step integration
between the sprayring and flameholder. The equations are:

dV, 3 Cd ~ a
= -~- -~-- -— ( V. — V,)’ (69 )

for acceleration , and:

. ( P1 ‘~ (70)
m vl,)O,lged = KA. P. ~fl k — r~ I

K -  N U DV MW (7 1)
- R d , T.

(72)
N 4 2 + 0.6 p~ I /2  Pr°’

for vaporization.

‘The evaluation of the liquid temperature follows:

h r = kN 4/d , (73)

(74)

Z (75 )
ez — I

z = Cp~ mu/ar k d , N 4 (76)

= q — m ~~A (77)

dT, 
_ _ _ _

dt 
— 

m , Cp, (7 8)

4 ( d , ’\ 8  (79)m 1 = p~-~- r \ ~~~
)

= 
p~ d ,i ( V ; — V , (80)

This procedure is done for each size group until the flameholder is reached and the net
fraction vaporized is evaluated.

~1t = I — ( -
~

)m 1 I t  P’ H

‘l ’he imp ingement of li quid fuel into the flameholder is evaluated by use of a term 
~~ 

where :

— 
rn 1,. ( 82)

~~
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This evaluates the percentage of the liquid fuel exposed to the flameholder which actually
collects into its surface. The evaluation procedure is done for each size droplet group by a
correlation of 02 vs. flameholder size , apex angle , flow velocity and droplet diameter. The
correlation is based on evaluations performed by droplet trajectory analysis using the poten-
tial flow field aerodynamics. The total impingement flowrate is thus :

a (83)
= -;~~~:: ri’i(i) I3~( i )

or:

- (84)

The liquid film vaporization rate is evaluated from the equations for the surface film vapor-
ization caused by heat transfer from the flameholder wake. The surface is broken into ten
elements and the vaporization and li quid temperature rise in each is calculated from:

in,. = C1 A,P,,(n ( PI P,.) (85)

c - 
NU DV MW (86)

R~~~X T a
(87)

N 4 = 0.33 ~~~~~ Pr °’33

(88)
P,. = fcn (T~

q = rn r~ C~ ~T, + x ( N~ ~~~ ) P, A, 1,, ( 
~~~~ ) (89)

= h~ A, (T — TF ,H ) (90)

h1 = N 4~ 
_-

~~
_ (91)

~~~ = 0.99 R,°’~ P~°~” (92 )

The solution procedure for 03 breaks the flameholder surface into 10 equally spaced incre-
ments. The length of each is:

1 N/2
L~ X = -

~~
jj - sin (a/2) (93)

The fuel collected by the surface is equally divided into the 10 elements on each face of
the flameholder:

- - 1m~(i ) = -
~~~~~

- 
~~~ 

(1 — ~ ) I m 1 (94)

74



Equations 29 to 36 are used for element i = 1 on the surface with ii~ ~ 
= ri~ (i) and the fuel

c C

temperature is assumed to be the same as the droplet liquid temperature at the flameholder.
The fraction vaporized is calculated and the li quid temperature use evaluated. The procedure
is repeated using fuel properties evaluated at:

1’. (U = T ( i ) ~, .~T( i) (95)

‘Ib is  procedure continues until convergence , i.e., ~ TQ varies less than 1% between passes. Into
the next element . i = 2, the flowrate is set equal to the unvaporized portion of the i = 1 flow
and the collection fraction i t- r  equation (94).

m ( 2 )  = m , 12 )  + m . ( I H  — m~( I )  (96)

I’his flowrate init ial  temperature is set equal to the mass average of the exit temperature
from i 1 and the lr I t  l iqu id  - o l l t - t ’t ion temperature :

ai ,~ 2) I I r T L ( l )  - m~( l I J  ‘T’,~( l )
- - (97)m r ( l )  — m ~( l )

The solution p r )  -dur e - is separated until all 10 segments are finished. The vaporized flow-
rate is the sum of all 10 in both sides of the flameholder:

- - 2 - 
~~... m~( i )  (98)

The fractive vaporized , 0 3~ is:

m .  m~, - (99)
m. (1 — ~~) I d2 in 1

All of the vaporized fuel is assumed to enter the recirculation zone.

From these equations , 133 is a function of the wake temperature. The temperature is a
function of the wake fuel-air ratio and recirculation rate. Since 03 strongly influences the
wake fuel-air ratio , the solution for wake composition and efficiency becomes a curve inter-
section procedure.

First we define the recirculation and wake kinetics equations and then the solution
procedure.

a. Recirculation

The wake recirculation flowrate coefficient is defined as:

K = mr /I ’ m, (100)

= p ,  V, N K 1 (101)

For mass transfer across the recirculation zone boundaries and a homogeneous wake :

m~ = 
P,. Vo (102)
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The wake volume is evaluated as a function of blockage , apex angle , and flow Ma( ’h number
from literature references as shown in the flameholder Final Report , AFAP L TR-78-24. From
this:

= (‘. (L/D)(B/D)N2 1103)

~\ e  set :

rV ,
N ( 104)

V ), p, V~m~ = 
( 105)

Thus:

= 
p, V,C~( L/D)(B/D)N

and

K = C~(L/D)(B/D)(r
’ J 1  

(106)

By curve fits of LI D , BID and r ‘ vs. a , N , Va, and Ta , we find the recirculation rate K 1.

b. Wake Reaction Kinetics

The wake reaction is assumed to be a single step, second order reactive controlled
as follows:

din k , ~~~~, 
e~~

’1
— 

~~~~~ 

= ‘
~j~~ X ~ T” °-8 (10~ )

For a well stirred reactor (wake is assumed to behave as one):

A k’ 1\ -C/T
_______ — ~m , , e (108)

VOP 
— 

R~yt Xo Xr

For the assumed single-step reaction process postulated here , th e react ion mass balance is
(for propane fuel):

~C3H8 + 50~ + 5mN~ —. 3ytCO z + 4ytH2O +
(u~—y F ) C3H, + 5(1 — y~)O2 + 5mN 2 (109)

.-\ls o, a linear efficiency vs. temperature function is assumed:

T = T, + ~~TId~, (110)

From these equations , the stirred reactor loading capability may be written as:

A 
— 

k(m+1) [5( 1_y ~) J 1L ~~
_ y e]~~1e _ d/ T i + ,~ T) 

(111)
V,, Pn — 

R~y4 5(m+ 1) + ~ + yd” [T , + e~ T1” °’6
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Based on comparison of predicted results with available stirred reactor data , we use the fol-
lowing values for this reaction :

n: for 4 ,<1, n = ~~
for 4,> !, n = 2/~

a: a = n / 2
C: C = E/R , see Figure 25

This yields:

A 
— 

1.29 X 10~ ( m +1 ) [ 5 ( 1—y 6 )j 9  ( Ø — y e )~~e t T i + .~TJ ( 112)
VOP~ 

— (0.08206)29 yt ( 5(m+ 1)  + 4, + ye I2~ IT ~ t~ TI

for lean mixtures.

34,00(1 — —  — — — — —  _____ —

4, = 0.4
— — — — .4, = O.5 _

30,000 — ___ — 
= 0 6 —

26,000 _ _ — — = 0.7 
—

— — —
uJ~’0

22 ,000 ~~~Øl~~~~’F’

0 
— —

14,000 — — ___ 
~~~~~ 

_______ —

Equivalence Ratio— — —  — — — I I I

200 400 600 800 1000 1200
T inlet - °K 

FO 134094
781705
h i - 883

I- igure 25. ~‘ariatio1z in Activa t ion Energ,’ Wit!, Inlet Temperature and
I:’quii ’alence Ratio

The kinetics solution proceeds by successive iteration between e = .999 and 0.70 to f in d
the wake efficiency where :

A 
= 

K 1 I ’ m, (113)
V,, P2

at a given fuel-air ratio in the wake.
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The solution procedure for the wake composition and reaction efficiency proceeds
as follows:

(1) The wake temperature is varied in steps from 1000° F to 5000° F and
calculated at each wake.

(2) The wake fuei-ai r ratio is varied from 0.02 to 0.20 and the wake
temperature calculated at each fuel-air ratio.

The results of (1) are used in the wake fuel-air ratio equation :

FA)Wake = FA)101,~ { 
~~~ 

+ ~~~ 
- 

~,) 
(114)

This results in two curves, which define the wake fuel-air ratio vs. wake temperature and
wake temperature vs. wake fuel-air ratio. A solution technique looks for the intersection of
these curves , if it exists. This then defines the stable wake composition solution.

The fan duct gutter wakes may he supplied with hot gases from an external (to the wake)
source such as a pilot region , see Figure 26. If this occurs , the external thermal source is as-
sunned to effectively increase the inlet temperature of the recirculated air-fuel flowrate , i .e., :

i-h ; = K , ,, V, F + th ezt (115)

— 
T, K 1p , V, I’ + ‘T,,,~ ~~~— 

rh~ ( 116)

~~~~~~~~~~~~~ Core Flamehold er
Gutter

Core Flow — 
Hot Flow into Fan Gutter

Sets WEXT and TEXT -

Fan Flow —~~

Fan FIow—~ Fan Duct Flameho lder
Gutter

F O 1454$9
783 110

512-795

Figure 26. External /lea f A ddition to Fan Duct Gutters

_  - - _  

78 

_



The program then analyzes the behavior at these new conditions as if they were input.

After the wake has been analyzed, the turbulent flame penetration into the free-stream
is analyzed.

The turbulent flame propagation into the unreacted free-stream is initiated in the
shear layers of the wake. The model used relates the local turbulent flame speed to the local
aerothermodynamic conditions and performs a finite diffe rence integration of the flame
front penetration starting in the wake and proceeding to the exhaust nozzle.

For the purposes of current analysis , the following assumptions were made:

• Uniform air flow profiles

• Uniform fuel-air ratio

• Incompressible acceleration of free air velocity by the flameholder
blockage with no induced profile

• Known wake size and reaction efficiency

• Two-dimensional ducted flame.

The schematic of the situation which is analyzed is shown in Figure 27.

The approach flo w, at known levels of pressure, temperature , velocity and fuel-air ratio ,
is accelerated by the blockage of the flameholder to velocity U , where :

(1-1’)

Where:
U = Velocity at flameholder tip
V, = Approach velocity
I’ = Blockage ratio.

At this point , Station 1, an induced turbulence level is calculated from:

rr / 
~ 

\~
) 1i~0 =[~~’Cd F + ~~ ~~

-)
~~~~ ~

-
~
-]

This equation relates the turbulence intensity, 
~~ 

to the blockage ratio and the flameholder
zero blockage drag coefficient , Cd.
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At this location, the turbulent flam e velocity calculations are initiated . The equation
used for the local flame speed is the Karlovitz equation:

St = S~ + (2t1 S~~~

Where:

St — Turbulent flame speed , ft/sec
S~ -

~~ Laminar flame speed , ft/sec
ii RMS turbulence velocity, ft/sec.

The value of u ‘is:

u = (117)

Additionally, the turbulent flame speed initial value is related to the degree of initiation
of the flame speed initial value is related to the degree of initiation of the flame front by the
wake by the following:

St’ = St X e~~ (118)

This generates an effective turbulent flame speed which completely fills the depth of
the duct and propagates at the same transverse rate as the full flame speed which does not
fill the duct . This arises from the fact that th e ineffi ciencies of the wake reaction generate
localized regions where flame front ignition does not occur. This use of a reduced value ef-
fective flame speed accounts for this in a two-dimensional model.

The initial value for the augmentor efficiency is the wake reaction level on a mass
weighted basis , expressed as an equation this is:

= 
~~ 

.!& (119)

Where:

-
~~ Initial efficiency

Wake efficiency
Wake mass flowrate

rn , Total duct flowrate.

The type of flame utilized in this model is a zero thickness flame which separates a
region of unreacted propellants from a region of completely reacted products. From this
setup, the average local augmentor efficiency is simply the ratio of the transverse flame
penetration , ~ y, to the duct width , w.

To be consistent , the transverse location of the flame front at the initial calculation
station is taken to be:

= 

~ ,, . ( 120)
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This value is assigned to the fi rst axial station. This is assumed to occur halfway down
the lengt h of the recirculation zone. From visual observations of wake stabilized flames ,
this is the approximate location of transverse flame initiation.

From this location down stream to the exhaust nozzle , the flame front transverse loca-
tion is calculated by a finite difference integration of the local flame speed. Several axial
profiles arc introduced as the integration proceeds. These are:

(1) The turbulence intensity is decayed from the value generated at the
af t flameholdor lip at a rate inversely proportional to the square root
of axial distance over an effective jet length. The final value is set at
the initial turbulence level. The effective jet length is set at 10 L u )
where the D is the open area distance between adjacent flameholders.

( 2) The velocity of the unreacted fuel-air mixture is retained at the level
generated at the flameholder lip. Measured pro files f rom several
ducted flame test rigs support this assumption.

(3) A term is introduced which relates the local flame speed to the local
average duct combustion efficiency, peaking at 50%. This treats the
counteracting influences of reduced heat loss as efficiency increases
and reduces the free oxygen concentration. Local rates which roughly
follow a sine wave function have been reported from duct data.

An additional term is added to account for the reduction in flame speed of a fuel spray
(-ompared to a premixed flame. This term relates the ratio of effective flame speed to pre-
mixed laminar flame speed. I t account s for the complicated interactions during flame
spreading in an evaporating spray in a simp lified man ner. The ef f ec t  of the liquid droplet
dia meter is shown in Figure 28. The droplet diameter utilized in the analysis will be the
mean diameter as it exists at the flameholder trailing edge. -

80 
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I-igure 28. I-lame Speed for Monodisperse Tetralin Spray
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Analysis of the terms utilized for evaluation of the laminar flame speed term , S~ , has
resulted in the following:

S , = S ( ~~) ( T . )l.
e 

~~ 
) 8  (121

Where:

S . = laminar flame speed at 1 atm and 540°
4, = equivalence ratio

Tft = air temperature , °F
= oxygen mole fraction.

The influence of pressure is indeterminate at this time and has been incorporated as
for subatmospheric data and no influence for pressures above 1 atmosphere.

The finite difference solution uses 1 in. increments in axial length as the stepping vari-
able. This sets a time interval :

= 0 0833/V. ( 122)

The transverse flame penetration distance is thus:

= St ~ t = y( i+1)  — y ( i )  (123)

where St is evaluated at the conditions of x = x(i).

The stepping procedure terminates when either:

(1) x (i + 1) = augmentor length

(2) y ( i + 1) w.

The first defines t~c at t’~e exhaust nozzle , the second defines 100% before the nozzle.
This defines one fan streamtube. The exit temperature is thus:

Te*( i) = ‘J’~(~) + ,~ ( i) .~ J’1( i) (124)

= fcn (T ft ( i ) ,  FA(j) ~.iie~tiv. .).

This represents the actual combustion efficiency based on the true fuel-air ratio in the
streamtube.

For multi -streamtube cases, the ex it and inlet conditions are mass averaged usin g the
general equation :

~~. m ( i )  Z(i)
2 =  . (125)

~~. m ( i )
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The average input fuel-air ratio and average inlet temperature combine to yield the
average ideal temperature rise. The average inlet and exit temperatures yield the average
actual temperature use. Thus:

- 
= ~~~T~~r i ~~~~ i ( 126)

~ I

This is the chemical efficiency. The thermal exit efficiency assumes that the augmentor liner
cooling air flow is inc luded in the average exit temperature:

~~.._ rn(i ) ‘l ’ ., ( i )  ~4- m . ,  1,
IL  = _ (127)

I 
~~~ ~ ~~

‘I’his reduces the average exit temperature and yields the lower value for thermal com-
bustive efficiency. This value for reflects the average exit temperature based on the
average input  fuel-air ratio and based on total fan duct air flow and fuel flow .

Before executioi. of the core streamtube analyses , the influence coefficients which are
required are evaluated. These are of the form :

-
~~~

-- 
~~~

- = ( 128)

Where:

A = V~, p~, T0, and FA.

They are calculated from a 1% change in the variables and the linear form:

~ A ‘72 — 
- 

(A -4- A 2 1 ( 129)
~ A2 — A 1 (171 + 172

Where :

A. = 1.01 A ,. (131i)

The value of is obtained by execution of the analysis at all the same input as i~~ , except
A1 is replaced with A2. Thus , the analysis is done once for base and four more times for
the Z factors.

- 84



2 . D E V E L O P M E N T  OF THE CORE S T R E A M  COMBUSTION EQUATIONS

The same basic analysis procedure as accomplished in the duct is used in the core with
several major operational differences :

a. There is no cooling air removal from the core streamtubes. Thus ,
the input fuel-ai r ratios are used in the analysis.

b. The droplet vaporiz at ion rate is so rapid that the fuel exists only
as a vapor after a couple of inches from the spraybar . This removes
the requirement to solve for the wake compositive since it is the
same as the input fuel-air ratio.

c. The wake reaction efficiency is solved directly at the input fuel-air
ratio and recirculation rates which are calculated the same as the
fan duct.

d. There is no drop let size effect in the turbulent flame speed model.
The rapid droplet vaporiza tion results in gaseous phase tur bulen t
flame penetration.

The solution for a core streamtube proceeds as follows:

( 1) The set-up equations are the same as the fan streamtubes.

( 2) The recirculation coefficient , K 1, is calculated the same way as
done in the fan stream. ‘I’his generates the value of A/V Ø P2 re-
quired for the k ine t i c s  solution.

(3) The wake reaction ki m- t i .  solution is performed at the same
value of fuel-air ratio as input  for the streamtube.

(4) The turbulent  flame penetration solution is the same as for
the fan stream except that the droplet correction term is
absent. The equation introduces a value fo r the oxygen
concentrat ion , 

~ o
2

This value is less than the fan duct due to the removal of oxygen by the mainhurner
combustion process. This vitiation yields:

FA)mB
= U •L I  L’A~1.10101
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‘l ’he analysis produces a value of ri~, for each streamtuhe, i , by the same equation as used in
the fan :

= (132)

where- Y ( i )  is the penetration distance transverse to the flow and w( i )  is the streamtuhe width.

‘l’he exit temperature calculation is different from the fan duct due to the vitiation of
the approach air flow and the temperature removal in the turbi ne between the main corn-
hustor and the augmentor inlet.

The ideal temperature rise for each streamtube is evaluated by generating a fictitious
main combustor inlet temperature. The procedure is as follows :

( 1) For known main burner FA and streamtube inlet temperature , Ta( i) ,
a ficti t ious ~ T is read from a curve as in Figure 29.

200( I I 1
Afterburner _Inlet _Temperature °F-..- 500 1000 1500 2000 2500

190C 

~~ ~~~~~4 : 
_ _

~~~~1600

_ _  __~~~~1500

_ _  7 7 9 7/ /
__

~~~~ 140C

_  

1 

_

-

.012 .014 .016 .018 .020 .022 .024 .026 .028 .030
FO 14~49OMain Burn er Fuel-Air Ratio 7$.3l10

b12-796

l ”igure 29. I- ictitious i’epnperat ure Rice vs ,tla,n Burner Fuel-Air Ratio
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(2) A fictitious main burner inlet temperature is calculated :

T~m8( i) = T,(i) — 
~T71~,(i) ( 133)

(3) An overall fuel-air ratio is calculated :

FA,.,, (i) = FA)mB + FA (i) (134)

(4) With FA = (FA) oa (i) and T = TmB (i) , the overall effective
temperature rise is read from the ideal temperature rise curve.

( 5)  The streamtube exit temperature is:

Tex ( i) = .~T (i) + TmB (~) (135)

(6) The streamtube net ideal temperature rise is thus:

~T (i) = Tex (~) — Ta(j ) ( 136)

‘l his value is calculated for each streamtuhe and used exactl y as the ideal ~ T curve is
used in the fan streams. The streamtube exit temperature is:

T,., ~.0 ~(i) = T~(i) + 77,. .XT;(i) (137)

The inlet temperatures and fuel-air ratios are mass averaged as is the exit temperature ,
using equation (125).

The overall core efficiency is calculated from steps (1) to ( 6 )  using average inl et con-
ditions to yield the average ideal ~ ‘l and equations 137) and ( 1 ~~~ for th e average exit
tern l)erature :

= ‘T’eitt — ‘T’~ (138)

- 
— __________ (139)

‘7,. -

The influence coefficients are shown in equations (128) to ( 132) arc evaluated as ~va~
done in the fan.
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APPENDIX C
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PRA lI l WHITNEY AIkt.RAFT DIV I SiON yEN 12/07/78 PA GE SEkIAI.
CSG.PaPd ?~ T 10.0 1L.3~ .Ci 0 tL2b~.

C DATA SET 828UbETA3 AT LEVEL . 001 as 01- 12/07/78 £33
SUbMOUT ANt bETA3 00001

C PUI~P0SE EVALUATES VAPL.NILATLUN OF COLLECTED FUEL WiTH ASSUMED WAP.t 000CZ
C TEMPEKATUNE 0o0o~
C IINAILAL WAIP E TEMP • ~000 a 00004

COMMON /t.LNPT/1-flW,Pi-SIh,1-S,Ti-5M,.LIUEL, VA,TA,XF,TAU,ALPHA,FAM 00005
X,A L,EPS,Cut-P4,i-ANMb , ~SIkM,WEAT,1EXl 0000e.
CoMMON /0I1-UT/ U1A,M0OTi-,$UIi-i.U,MDTPVO,BEIAl,b2,DL 4~,)

’,bI(5), 01,007
XTLF(b I,MDIFC,it1,PSi,1LFEX,bS,IW , 

- 
ETAPPI 0000b

A,ULUIS),biE,U$OUT,bIJC,M1VU,LIUOUIU,Y,SL,EPS0,V,X0,EPSAO,ETAO 0(’GCy
A,STL ,A1(iO0),EPSX IOU),5jA(LQCI,ETA( 1Q(J),NSTE1-,IAEI-F 000iO

CUMMUN /MA S~~/ KHUA,MUA,AUUCI,I’ i,LOC, 1-p~~TMl’ ,biT ,P~M,TF0,DLFtSI 00011
)I ,bE iA~ IS) ,EIAW ,MUIi-L1 ,TLC, MaJ4JIi-~~I S),1-A IcW,ST bAK ,1-A RE
CUMMUI’i /LMVS/ CMVMUAt~~~),CkV~ MI,41,U~vLAMI2~~),CkVPVI24) OOCuL 3

A , I .kV5L I~~b) ,CMVPIC Li0), 1kJP4I2b.A,,L.MVrsLI~ o) (i/AC,...
A,CKVLi-11/bl,LKVi-l(2b1,CKVYTk(44),L.NVSLEI1b),I..MVLV1-I1*),LNVTSPII6I C,0(,~ f~

LAT ENNAL 83(11102 ,b3U1.1UI 0C.OAb
CLJMM (JP. /CIIwLIT1/ 0P.IUDI ooCil
CoMMO N /(jWuI / UMUL,TA,1LL , lA ~~LL, b Ct.C~Ab
M E AL MDLd t. ,MUA,M1JlVi ,IlM,MUTI-h. 0’~C A ’,
MAI) — .IL~ 4s 000•0
N .2 i 000 . / I
DX • 1-PffiIMP / 12 . *N4SIPI I A L 1 - P I A *M A D J )  C~00~~A
(1*5 • •Ub~ 3 * LIX 00015
LIV 1cM /1.55 * NPIUA ) O0O~4
MOOTC • MDI1-C / 2. 000~ 5
UMUOIt.. • Moult. / N 01J0~ 6
WN(J • 0.558 4 1 KMUA * VA • I-PIWTMP / MUA l4~~.b OU0~ 7
U*,L)LuT • Ics / I-P,WIMP • WNLJ * (1W — 0 110.) * 0*5 000~8
U*,ULuTU • iC .  * UpJUU I 0002’,

C CuNVE IS tIlL SAME 1-UN .11-4 ANt) .11-5 4l(’0~0
CALL (ANbAM (CNVLAM ,A, 1LC,0.0,1AIJLI.,,lSf 0O0~ i
ii- IDwOuT .0!. IDMUQIC * IAULC)ibu (U 100 0CI0,~
UMULJTA = OMDOIt. 0f.pU.,5
MO ’I Vl • 0.0 flC (i3..
ILl • TIC 000,5
.1 • 1 000 ,6

At ANti • .0./3b 4 IKIIUA 4 .1 $ UA • V* / MUA)*~~.0 000~ 7
8 • .U*3o 4 L.A • ITA+4b4 . 1/111(40 • UV • 1-S * 11*5) U00~ b
(HA L (P.1001 / IDNUO1 A * .,5) • IU

C. CUN vI is lilt SAME Ft..K .11-4 AND JI’S
CALL UNbM LMVLAM,L ,TLl , (J .0 ,TL,4~,15l (40(141
IMX~ • 5b6b.IIi. ,111 .AD7 — ALU(AI1 -5*hl.—E API—LAWUOT*b /TLAM)l)I—460 . 000..i
lAM • THAi 0CI0~~Il- (1)4 11.. .iJ. T M A A ) I X M  • 1IPX2 000’...
TA L  • III.
P*.i ~ 0vC~ o0 CA LL PPLbULAt lA L,TAM,b. IL iWUi ,o~~OVIUt,IcJ, iLPEA,INLIE,lEi1I 4’ C,O..l
1P’hit i. .1,1. (,IGO 1U 1(101. Q(C4e
L~.uUT $ • (lfl0u1A* .~~~*I lUi -EX lLl p
u~~vuIi. • 0110(1 — 00115 0C C 0
L,ML)T V • Ui.,UL1i. / IAULC 01.0)1
ILl • (ILPEA*I1,M$jpulj — uMulv ) + TIC * DMULATL ) / vC1.~~~
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FRA i l 1. i.PiAiP.L Y A A MCICA 1-I tIAVISAuN V E M  12/0 ,/1b PAI,t SENLA L
CSG.P*Pt 4S~ 10.0 11.33.02 7 02116 4

C uA Ii 511 b.OU8M*l 1 LEV E L Gui A S (.1- L~~/07/76 t33
C. (A lA 51 1  bAbU)P’UME-LL *1 t.~~V c L  (AOl AS UP 0*/~~7/ ?o 00001
C U A I A  5L1 b4~.b bMA i *1 LEV E L 01)1 AS OF 12/t~~/71
C bMAI 00003

SUDP’ L,U IANI  014*1 INP, No,Nk ,bANu,IER K I 0004,4
1.LlPPl~t . t A* i b  O AP,IC 00005
UA MCNSLL. N O W N U I A )  0(1006

C b..NU ,‘iislA U L L L M 1 -U S L I A U N  00007
C. ONL Y i,i L 8ANU ELEHEN(S or ‘h it M,.TM A A  aNt SIUNLI) IA. (Mt ANIc A Y OANU.0U008
C lil t ELEM EN TS A W L S ILK LLJ  MUM LV  IhUW SUCII (nA t lIl t UIAOUNAL t:l..E14E14150C’009
C. 1-01(14 A LULUMN. 00010
C Tnt ~u r,.u MAl~UX  * iS [‘ELUPIPUStu 11(10 LII It.UWE, At’i~ 01 - P EW 1 N A A N ~~~i.*000k1
(A t n t  t . .EMtP. lS  UI- Inc uCi.(AMPL5EU MA Iki~ LIp *KE SlOWE D IN TAil SAME *1(00042
I. bANU 1(nkMc Int LIIMOLP.P’L ELEMINT ) La i- I AWE ASSUMLU To eL 1. 00013
I. SvbMLlUTINt SOLOA N liSt) lIlt M A I p c A X  FUIIM LU TO ~U LVI I-UK A, ~~A ticP 4 ,hP40C.0~ 4
C COLu MN VELILjN b. 000*5
C VJ. W AAEL L PACIAUNA KY 1-UM APc (,I.IMLN I L A S T  (ItOlo
C. NP • Nb. 1.1- Su1-t’t,.uAA bUNa.LS API ~*Nu M A I K i X  0(.(.i7
C No - ‘C .  1* SUOL.1A1,UPIMLS 1A. b~~NL’ N A I W A X  00018
C NW NU. UI- M L,Ii) APt bAPit) M4T.cAA 000AV
C. 8APIu I A I =  AI4W*Y C1jp .IAL(4iP,U m t  8AN LI CL L M E N I )  Lii- h i t  LANU MA IKAX. Vu 0~~0

N,. • NP + Nb + A 000~~1
AL) • No . 00012
lit L~ NI * NM 00C,~ 3

35 CLJN I INUE 0C0~ 4
CA LL C A L l  BA NUILUI ,  4.,..) I Ou0~~5
00 t O  WI

30 CuNIlNOL 00027
Ct.. i C C  I A ,Nb 0CCt~~8
U it~ + A •IP.C—A. 000./V
I f I L  .ul. NELl 1,1. 1... zi( 00O~ C)
8APIUILI • 8APPUILI / OAP4UIAOD Gt.0.31
.1 U 000~ 2
P. - A u
(‘U 400 11-1 , 141- uG(1~~4
ii- I P.r .c~~~. C. I UU 10 ~0C4

U 4 • A 000.,b

AAN IP(jI — 0AP,j4.a~ — 0*1(01 11 * OA NUIWI  000~ b
ICC LUNILNU L OcsO V
~OL C ..P.IINu~ 0(040
~ 1C U’,JNlL. .Ut  0C0..1

LI L L u S N I .  (JUOM2
ir  t h u  .1.1. M,LI t.U to

91p9 P .11.1(1. 0CC .’.
40 •“ i I t  tU~~4 i I  au
$1 A u W M . . l i z ln ULAL,u.,&,. E LIrMLN1 N~.,s 1.., ‘ A S  A LP-li 001(1(41, tANU MATMAA0.p0..o

a •‘LUUMrLa$aILUPi  ,,UP ,.buIhILu • I iaGO .,f
LcI .M — A O C t 4 0
(41. IL ~~~
cPIti 0o0 ,0
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FRAil A . WPII1NLY ALKI..P4AF U O AVASlu N yEW 12/07/lb PAGE SENIAL
CSG.PaN ’157 10.0 li .3~~.GA 0~~1~~~’~

C 1*1* Sti b2bDb~~U I4U1 *1 LEVEL 001 A S UI- 1 2 / C l / l b  ~~~
FUNCTION b3Uf..U21A1 000UI
COMMO N /CL NP T / fnW,PI-Sic,Ps,T I-Sic,J I-OEL,V* ,1M,AF,IA U,ALPP,A, pA N ,XL , UCOu2

A EPS,CUI-n,rAKM8 000I~,COMMON /L~~U!/ UMUI.JTA ,I LA , 1A ULL,0 04,0,....
b3 UwUl • IUMULiTA • .1.5) • I X T LII • IAU1.L • 1. / 0 * A LUOIPS/IP) /A (C’s

A — tX Pl l i .1 )7  — 1.600.01. / IA + ..OU.))I) OC Ca. b
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F R A I l  A. W A I I I N L ’Y A1I ’,.W..l - I L 1 * 4~,LLut4 Vtic .2/Li/Sb P’A’ Ii l SLp’ A~~,.
1L.L ~~~~~~~~~~ IC ’ 0~~1 c6 ’,

C ,.*1,. SL I  t-~~bL.(_ l’tLP. •I L 1 4 tL  1,U1 AS 1.1’ 1~~/ ( 7/ I t i  tLi

~,LAA..~U U u A N t  Lr~LLr. U b O ~,A
LUM P,./( / PLL U/  I1 IL ~~, 55 1  ILL

1.UNd’IUP. / P’LAI4IPI/ aL.-naC4i~~L 5 ,  M L P A 1 A A l ( A C U I I  P ’ A L S I L ’ C ) l ,  I-APIII(.&), J1.U’.i
• A~$W L I A L C , ,  I-i ~~~~~~~~~ ~~~~lA UIJJ, .Sn I . u C 5,  N 5 L( L C U 1P , P l S n ( AQI j 5,  0~~0 i a .
• rI-~. i c t j~~C l ,  IAUL I.,l,U), IA U M I A ( (u i ,  I L A I ( . O C l ,  l e - SKIA C ’C i , (JCC L, 1.
* 10*_ I L O U) ,  T U A I I I C L I ,  ~tAtl1 ,.(,, A L LI1IJOI , A LMIL LO) , NIL, PITrI
LUMMUP. /1 (MULAP,/ 01-N , u1-LS, 01-u , 01-n, u1-r.S, uPS, t1-SL, L1-SPi, t(*, OLO’ ..i
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 040Cc
• 1 - K N oL , P S 1 ., I~~r 1 , t L I- , L L r L , L A P - n , L E l - 1 - , L t 1 - , L L P L . , L t P I l , L t l L ,
* L E l n , Z t V s _  ,LtVi l,TLL.ic t ,W LLUL O~~Ct 0

UUMMUP. /AUL, A Pi/ .IP- L,LL, NAUCUP, P.CUPILP, NFSU.-, NPWrific , P.1-1(t~ TP-
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(

2 1 .0 9 8 5 - 0 9 5 5-  —8 , 9.bi2A8olt — 9, 4.75:3984/1 —9~ 1.30317/ Sc —o , 00~~ø b
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1 I.9II~( l915 5- 0, / .9034:30,,. t4~~ ,.9 1,~~5d,,. 0, 7.99113244, C., C’~~3a.o
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.14,5, 5-414,
586 Ii, = 1L*(A/ 5-kC,J**L~ - CC, ,,.,
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605,. 1)0 oa.u .j’-i,II 0”40:3
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X5- a *55 * 5-11114. 001=1
i-A  = 5-5 - • 111U4.u (‘6.143

27 LUNTIN 4.5- 06.144
CU 10 31 00143

49 *1)0 a ,, OC1/6
5 - A ”  ALUGIC (P-k5.P’A4.)
1~- 1 5-A .11. C-i ADs) a — ,~~

, (.0128
115-AL = 5-A + 5-UI) 0Cl 9
14- = ‘- .4(’

XI- ,.,, = 44.. •* NI-AL OCl il

5-55*1 = ICC • * 15-AL 6.1,5)2
1(5- iN ‘- .4  * 5-4-A s. CCI33
1)5-LA ALL (.ICIIMAX ) “MLuC,14.(5 -551555 0(134
Ou 30 1 = 1, ‘. 0~~i3S
15-LU = 5 - 5 - 5 - A L I A S  * 5-S-As,
4.ALL 11011b11((A,-,-” .4,.C (,A5-LU,1,.0,4) 00i~~/

3C 5-F- Ii- ‘ 4.94.15-5- OClj8
51 LUNIlNUt 00135-

CALL SYMbOLS ~ ,6,, .4.,,.L~.,5-I1l4.,G.0,io5 001—0
14- )4-M5-’P-AL .5-5- . 0.5 AMP - I-A 4, = I. C’Cl’.I

C AMP -uP- a 1. 5 5 1 0 1 -  5)1- *5-15 s,MLtLS
11- (AMP-UP- .5- 1,. ‘5 .  I bu IL, ~3~~0
(‘0 313- I a 1~~’.
V5-I’s,l 1 I a 11*551-2(1) • UMP’I’ML

3 A 5 ’ v A I ~ l 1 1 S a * M F - 1 2 ( , L I 05.146
1411111 a 0.

= 3.11 • AMPF’*4. (-1146
01194 AbS(YeMlN — 5 ,4 5 - A l )  0(1449
5- 1 5-KM a C,
i,~, IS,~ ~4e 0013-1

C AMI’u1’ = 0. 35-1 UP AXIS LAOLL$ CC1’,2
3~~( i’L’U .s 00133

A a 1*1114.14. (4-5-F- FALl 0115’.
Al’ Is. .11. 1- ) AOU = — .5 00153

= 1I’I A ISs +AUU)

9411 155  a — 1. 1 - + 415-ruM 0043-/
V /MAX = 2.6 + 4165 -5- 001~~8
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5 - R A I l  5. Wr,1(N~~5, #15 -4.5 -A S-I 01,13110’. 5 - 5 - 4 1  i // L i/ s b  (‘5,01
C5(, ,S - c 5 5 i 5 l  iL. ” 11.33.5.4 7’.

U i - L Y €  = 5-5-3(945 -IN — Y~~5-aX~ 06.1,’,
UU , 41 ,  I a 1,4 OGlofl
YA P -L (1 )  = YssM 1’ (la • = 15-KM 04)15,1

3/I Y,- I-’~~~j 5 = A M P - I l l )  OCuo2 -

3~~ CU55II 11UI
5- 1 13. • 4.4.115- — .1,3 OOIo’.
[10 ~Z 1 ‘- 1,’. 01 103
LMcL N055 b t1. (— .51,5 -V,.L7 ,5,A1-,.I1),0.(.,3I

j~ P-V = (‘9 • L ’VLLV2 CIlol
5-V a 0. * 4.UN5- 1,019,8
4.1*1,. SYM4.0LI .7(, 5-Y+ .3-,.~~55 , YAPI ,9P3.,b S 01)14.9
Y t-)u5-.M 4 . ,., 05.-h o
.5’ 4 jNbKM .5- I,j, 0 5 (,1~ (U 3’.s~ 011/1

A I l S  0 0 1/ 2
Y,~4 UM  a 94(1) 00113
CU jjl 1”. ,55 P55 00114
4 4 -  5 1 (4 1 )  .4.1. (‘5-5- 5- 111 5 4.o 15.) Sj o  O C i s S
5- -45 -M 1F-. = 1 ( 1 )  C 0 i l ~
91105-55 = Y2s1) 001/7

3~’( 4.055 111105- (‘0178
15’ s 5,410415- .5-se . (.0 I 9NUKM = 1.0
4.411 35,5-bUL l — .10, P-Y+l .0/, , L’* , IUIINU5-M -‘I ‘- ,~~C.C, 10 ) 0OloC
4.01(1) 5-UMAT Usjiol
uu1 i~~ a = I-Ui-Pal O01o2
UUII3, ‘- 5-s,M*j 0(11o3

C 4.5-LL 5-15-4.4.0 5 VNUp~M , i- i, ‘., UuT, FuMA I I O UI5-4
4 . 5 - L I  SYMbOL I — . 7 ,F Y + 3 . 4 / ,. 1’., UUI,5,P0.G, 11 5 0(183

340 4.UN)I11Ut 5)615-b
L s .L L  SYM bO L( ’ .i, V . i , . 07 , 5 1 1 1L1 , S A . ,70 )  01111!
Do *‘. 4 = 1,3 06188
1 1 1 1 1 1 ” N A M L L ( l G , 1 1  001c9

34 5 5 , 5 1 )  a NAM 5-~~IiC,1) 00190
C A L L  SYM8UL (— .7,’,.r ,.c,,,r’.l,o..-s ,IrS 00196
CALL SYMbU LI— .7,0.S,..,7,N4 ,5.-,’,,lO) 00192

C I’ L(,IT (‘1111113 it’. 1-4,1*35- ANOLI 5-S 5’pç 5-j,~ ‘LOT 01193
IS. * LUN5- 00154

SoAL Y 1 = o. * 4.UN5- 001’,S
S~, A L V a  4- 4 4 .  * 4.0(5-5-
UI,, 1C~ a L ,  NP -IS U0197
Y 1 5 5 , w  a (91(15 — 115-INS * ISCALY1 / 06191)
1 1’ ti-ruIwU l’ .5-’.. 1- .) (.11 10 ‘*4) 0(199

a (5 - I l )  — 5-M INI • (5s.ALX / OtLI) 0u2o0
4.0 10 ~~ 0(26- 1

al LU11FLNu. 110202
1(116.1 (ALU4.40I1I15..((l) — ALU4.1OIX5 -1N+.001 )) • (SCALX/I)5-LX) SAC/Ill

‘*3-  4.se1111 11(,lt 00204
1- I , S N L W  .4.1. 4.. .041, 5- 115-5- . oT .  5 0 4 - 1 5 - )  Cu Iu 100
C A LL 395-8UL ( 1 ( 1 - 4 5 - 5 5 , 9 1 1 1 5 - 5 5 ,  .0/),0,SJ.0, 15

1110 4.0551115 -I,,. 0025.7
a iL.+ 4.1,115- 06.25.-b

CAL L S’L01 (1.4., T ,’JI 4 ) 4 . 4 4 ) 9

4’LLe F P-U11115 UN AM P-IllUOt VS 5-415-’. 5-15,1 O0~~l0
uP- I s.MI’UI’ .5- 5.5 , 6.. S 9111415- = ALO4.1(IY4sLSKM ) 00211
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PRAI1  5. WN1(Nt ’V A1M1, I5 .AF I  015-ISIUN 5- Evs 1 2 / 0 7/ 5 8  P*(.5- Sk5-1A 1.
CSG . AN157 10.0 41.33.02  7s 021/69

Cu 110 1 = 1, 555’IS 002 42
15’ lAM P-LiP- .5-4. .  5) .)  1,1,1 ii, 4113 , 00413
14 115 -W a S’VIlI) /YP ’.uKM — Y 25 - 1 t~S * ( 3 CA LY I  / DcL 12  ) 0021’.
4.u Ii, 9.7 0021,5

105 CUNTIN Ub
—1,0 (50/ti
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I~~.C 11.33.12 7~ 0:4265-
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a 5-4. • 1 4.0006

900I (l,,J 5 uMS’ OCC ’*
\I,~4.I 4 l 1 , J ) a 11 OvOuO
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a I 0(,Cl4
1” (1. 13.’) *5 .1~~5- N 0001,
1)4. 50 (¼ 1.3 04.016

a 1 4.15-145 - 5 00011
ILYH~~(4,) 0CCA8
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ICa0.6 5-LIMMA T I4A ,A4,A 1 ,/A ,A2 ,’/’,A’.,A1,1 5-,A4,0013,65 000.,2
1 1 000:3
j a l  0G0~~4
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P5-A l l  I. .s’-’11N1’I *15-4.5-A FT 015-151011 VIM 12/0 //78 P5-Cl S5-5- IAL
C SC.4’A55 1~,’1 10.0 11.33.02 71 041:89

4. £ial* SIT SI ÔUP41N1SV A l LIVtL 001 AS US- 12/01/70 5-33
C UA1u 3 5 - 1  4)4805-4111 ISV Al LIVIL 0/2 AS US- 03/20/70 0000-1,
C L,ala 3d b/bui’KNlSV Al LEVII. 018 AS 1) )’ 01/30/78 0000/

SU6 UU1I115 - (‘4111135 - ISYi -l1,,SYM /,SVM3 ,A5 -P ,5-1,4.U ,CUMAXI 000i’,3
COMMON /*uClN/ .JF~Ls., NAI,ap,,UP, 5-4.05-05-, NP-SUP, 5- 5 -5- 5 - 154, NPMNIF 000(54
005-MUM / 5 - 1041/ 1 1( 1 5 - ,  S l I r L I ,  issAMI1, 5-45 -5 -2 ,  ~1 00005
1)15-5 -113 1011 NAMc1I2O ,lI, NAMIII:0 ,3) , $1 I T L 5 - ( 1 9 I ,  TITL II/OS, 0005.8
.3155151 ), SIN/Il), 595 -3( 15 , VU l,ull(4 ,435, V0UT:14,43), CU5’I 4I 0000?
OA TA 1 , .j / t, I /, CuP / 4*0. / 000u8
IP’ %t’IP-54N15-.t1.0) (¼tI05-11 OuOU9.
VUU11 (I,jS = A MP- 0C040 -

5-OU T / I  ~~~~ a 5-1 0(011
1 5- IJ .5 - 5.,.1 ) CL IP - I ll a (,U (20012

a + 0C0.~~3
Ir (.5.01.44) 1 a I * 1 000:4
1’- (4.U.4.t.LUMAX .1*110.1.4.1.441 4.11 10 14. 000&5
II- 11.61.441 .5 = 1
IF (1.L L .’.) K5- 1u 11 000il

4C 15’ INA0SOJP.t4..j.AND.N4.UMU5-.tQ.1.shND,Ni-- 511P .5-5.5.1I W41118 (6,101415 OCO1I
15’ (N5-00U (’.t4..1.ANU.NLUMUI’.CW.i. ANO .NS-SUP .1’..:) WK1T5 - Is -.,1011S 000i’*
1 INAIJ4.4.P’ .5-W ./.AN0.NLU5-4.1-.,.se. I.AN0.N5’SuP-,5-,.i.45 . .MITt  I b , L 0 A � S  5)00/0
14-  4111.11115)5- .€5...L,ANU.11005-u1-.L’..I.k110.NI-SUP.1’../ S w k115- (6,101,3) 00041
Ii - 411AU001’,tw.l,4111,.114.UMUP-.Ew.4.ANO.NF5UP.tw.1) wM L T5 - (0,40445 000/2
15’ INAU4.OP.1O.3.ANU.N4.UM0,’,14..i.AND .NI-SLIP .5-w./5 WK1TI 10,101,55 O”0:3
1” (NaoLiOY.I4..1.ANO.N4.UMU5-.5-W.2.ANO.N5-SL#.14..15 W41I11 (o,1OLbS 0C0~~’.
II’ NA USAOP- ,5-4..1.A11U.114.UMUP-.t~I.2.AND.NS-5U5- .5-wi/S vs 1T 5-  ( 6 , 1 0 1 7 5  115)0/,
..-‘lT l tc,,jOOIS $1, 5)1111, l4.UP(L5,L 1,45
UU ~O l’s 4- ),,‘..i 000 1

sO .14111,. (6,15)005 ( 3 9 5 5 4 5 1 ¼ ) ,  395-24,5.5, S Y M 3 I K I ,  ‘IOO :o
* 5VU U 11494 ,5¼I, VuU1/(5’.,5¼5,N 1,45 5 06029

IOseu (‘4.5-5-al (1X,2s.4,25-,u4,b5-,b4.43.b) 05.030
1OC i 5-05-5-5,1 I1A, ’RU5-bLt ’,/,1X,11,19A4,/,2s,,X,’S-5-iO,JUIN4.Y a~~ , F 0 . /,  00031

• ‘ rltMl,.’,3X , 5’5-5-’.lj,.114.Y ~~~~~~~~~~~ 51tKlZ~~,3A ,~~P-k5-52utN4. ’I 
1 , 0 3(3 , .

* ‘0 . 4 . ’ P15-NIL ’,SX, 5-59t1413 C 644.Y ‘~~S-9,•~~,l P*aTL’ ,/,
* IA, I~A 5-AM1 t 41 10 NU .’,1A, ’4.A IN’ ,55-,’Pn A55- Atl4.Li’,L1(,’4.A1N’,SX , ,

~4.034
* 1’ r ( A S E  A N4.L5 - ,b5- ,’4.A 1N ,5X , ’5-IIA SL *5-bLL ’ ,65- ,~~i,AlN’ , 5 5- ,  0 ’0j ~
* ~ i-’~~A 56 A I5-L.LE’S - 0(039,

I = , CCC,,?
.5 u 0C-C38
DL, .35 .  ha  a I, ., 4.4.035
4,4. 1 1,1 ~~ = 1,’.I OoC-U
v001141l,,5J5 = 6.. 000’.L

1,1’ 5-001:411,1.,) = 0.
04. 11 (2 ~~ • 5,.. 000..3

1 5-C ~~4.P-((¼4SI a C. 04.044
1010 l ’u” M ’ . I  I1,11, ’KU MbLI PIUOtL 551145 VIcOulIts. rLAML,IULUI5- 1*U4.5- INIU5- A NUC( ( ’.b

• PR 4.X1(MATc P’LLJ 5- S 5 - L 1 I 1 E I~ uSIN,,, tM (’IisILAs, 4.U5-bUSl1it) ()A1,.’,//) 04.049,
10,1 5-u*5-*I (I’11, ’5-UMb ,.5- 5-005-I wIll’, V4-t4.sJlI1,c t’LAMIr r-(ULObSc A5)1,MtNTUM A5-L*)(’(-’.?

• 5-5-5- 4.15 - P-,.UW 35 -11 (15- 41 1131114. LMP-IPII4.AL 4.UMDUSI IU11 u A ( A ’ , / / s
101: - “5 -A l (Ip,1, KUM6L5 - 5-0011 ~~11,i VUMb IX AL,GM5-N1U41 a.11D P5-Ij A IMA JS, (‘,.~~~006..,’,

• 3(’~~1 l l t 4 1  uS APs4. 5- 5- 5- 15- 101 *1 LUMOUS1 IU4I L A I A ’ ,//) 11(3-0
1013 5-05-5-Al l 1 ~~1, ’kUMb,,t MUOII W I J 4 5  5-UIcOIX AUUMINIUR ~NC 41LMUIc 5-105* 35’C(l=~~ I
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— -  _ __ _,

~~~~~~~~ 165 

- 
~~~~

_
_ i .~~ 

- -: - - ~~ 
~~~~~~~~~
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10~~s 5-i)~~55Al l5 -n1 ,’PsUMtfLc MUOLL WIT ., 3-5*1411 A04.MLN(U5- 5,110 ~ 5-Mui5 - 5- LUW srLO(03)
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P5 -A n  ~ ..- . 5 - i l  A 1 ( - , .,aF S r i l islUl, 5- Las u // ( J /,’7l1 P, 01 3 4 . 4 1 1 5 - 1
10.0 14.33 ,02 e~0 041/09

C, ,
~l 55- 1 bcoi,u P5-*L aS 115- 5- 5. (25)1 5-3 05- 1 /07/1d 133

C 3 5 - I s .  35- I 4 . / 5 4 . 5 - 5 - A L  Al IdyLL 1101 *5 of- 0 7 / 13/ i c ,  ~l (’0411
E0NL I k ,~f - ~‘ V A L  ( 4 . 4 . 5 -, A ,  5 - ,  £ I ~ 1 5 - )  0I’Of- �

C 5 - V = L  5-L,.’f N i - M I a L  15-5-4.4.1 *11011 5-5-4.1.415 -5- 014.5’. 5914 00003
4, SAM5 -  A S 5 - IV A I  4.5-4.15-1 m I s  5-415)5)41*5- IS A I-UN4.T ILJC~ Subi’~~cJI,,K*M OUCu’,
4. ,,, r 15 Ir.t LL -1( ’5 ’1o1111l A5 -~~’.Y, w,iL ssl C,u5-41 ./J 15 1515- 4.5)5-Vt 0OCCs
C 1, - , 5 - l 1 5 - I L s . I I O N  s.N0 4.4.5-IA —N) *5-1 IrsI LIMII5,05-OK5-1, ANO 04.00~
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O L 13 1155- D L ) ’ 1 4 5 , t N l  VA41IsuO L I 0(010
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C c. .4 15 O S C I A T E K  1,iA11 5- MA X .  00013
C 5• 5- 15 1155 1,-iAN V 5-IN. 00014
C -‘.. 5- 13. 4 . 5 4 5 - 5 - 1 1 4 1  1455- N V 5-AX.
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t~ PA4 ~W 4 A P ~w ‘ (LA Uu0.~9
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FAR M • A
C 6(4kv) ~S TH SAME Fuk .,P4 AND ~~~~ OC1C7

CALL UNbAR ITRJP’., ),PARN, IA, 011-i, 131 00108
ETAw • lT W — T A )/ D T P I  06109
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C SO L oMPs 010(1
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Lit’ 1(10 I~~1,Pwt 00011
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4.. 14. WhIul A PIAS bEEN SuI.~~l!lUI8u I-Us. 1, A LUMME NT (.AAU PNp~~O0C0~ oC Ili E E i.,LjAlAbN A N)) LUIII1AINS list A IJUA L Api*LYII~~AI. EWuAlluts. 01.0,7
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IlL) • bANOIjU—! ) 0604o

C UP • L I A I )  006.7
UP • A I 0 . 1 )
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C.SIa.PANI31 10.0 i1..2.~.Ls2 104 U11269

C LIA 1A S E T  B18t)TEMNIS *1 LEVEL 01.1 A) LIP 1~ /Ol/7b 033
C I)A1 A 314 1 CISLTEMKIS *1 LEVEL 001 AS Li )- 00/13/lb 000t.i

Sub KUulINO TEMRLS h EMP, I-A, (‘PSi, 0)i..1, AL1IV )
C TstiSO L,ENEKAL JEMPEKAT uKE A L S O  PKUC,RAM DEUc 009) CIC0C.,
C MuCIFIEL. LISO(’77 TU LAIIcA PLJLAIE TO INLET TEM PORATUII ES LESS 011.1 ’.
C Ts.AIs .01. UEL, A~~NP.jNE 4. 10 I-stIP,.1 OkkUIc 1105 5*1,0 000i’5

OAMtNSLUN (.kV1 416),ItC t 5),PA4 3l,YI2) 006014
(1*1* PA/.333,l.,3.333,11..,20./
0*1R ItC/i,bl,4,514,24L,33€/ 0~~0rb
EWUIVALONI.) (LKVI1),IItVL1Ihlfl ,4C.IcV48I),Cs.VO11II Il,ILKV ILS8 ) 0O0~s9

1, C KV 1 . L s 4 l) ) , IC A V I C4 I ) , 1 R V 0 14 ( L I ) , IC I CV I 3 3 2 ) , C KV O A D I 1 ) )  000iC
DIMENSION CVQ l1I?o) DCC II
14001VALENI.E IIRVO1II 1), 1(10114 1)) 01.012
DIMENSION CVOL SI7a) 000A3
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UA MENSIUN C901’.47o1 OCCAs
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LIATA 19011 / 4p1 , 4,, , O.499~1V9V9 E-C1, 1..89VV9P000—0.. 000ij

A , G.400(i0000t 04, 0.iiV’,V’,9Vb Ii’., 0.2 999990 1J1, U.4001CU0C’E Cii 01(11
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A, (I.11522i0,t O4,~~L.i0t~ lL?iCE 0.,—0.2 ,0554710 03, 0.59006444) .  o~ OCC,.2i
Xp 0.llbdOlboE (i1,—0.iP.2I.0b...t GL, — C.179C18410 ~‘i, 0.’,5170318t 04 0(10.2.2
A , 0.351963840 0.2, 0.149~.?4C i). U’., O.8,,9999o0—0l, 0.500(161.00). 01 1.1.0.,’.

*, C.l~~’.iE5llO I 1 , —4 J . 5 ’, I C 7 I L 4 E  Ut, O .IAIILL100—0I,—O.14444,4’.O Di C(C.2
X , —u.3109313t,E Ol, —U .iSb I’ , s .SDO 1... , 0.9jNCSo4Cc. 01, 0.311C1Lb~~t 01 C.uC. 6
A , 0.372911d5) .  U., Ij.b.SGboAIo U A , C.IUV1.16C30 U1, 0.901350330 01 00030
A~ O.VSpjit,/I3E U.,—I-.t.5.b.IIE (LA, U.4~~b55iC’4E 0A,—0.iSdL*o000 0). OO0~~t.
A , — C. 5341.14650 04, (‘.Eb2I,~i-,s). 04, —G.9,9.203b1t 01, 0.7126131314 0(1 000.79

IjIMENSIUN C1.4i11 ~~) 00041
).LIUIVAL ENL.OIC.R V C I 1 I  fV),11.tlhi)) 000.1
UATA 1.1.1.1 / —4,.1t.9SiSi4e 01, 0.85i39943t 01,—0.3?314049E 0~ 006.3

A , —O.592t.3ii9L 03, C.3IMU9IO1E 0’. 00044
Al 000’.S

C PLO IK II1i 01-— .23woD POMP KISESPL I P./A, 114) (‘0—1 .0 S.ii . 0. J I’SCCQ4b
UIMcPISIUN CRVLi i I  14..) 000’.1
D A T A  LItV O12 / 4,1 , 4,-s , 0.499W 9to9t—LiI, 0.6999999814—01 OC6’.b

A , 1..’.0000000E 03, U.i.V999’ølt 04, 0.299999990—O1, 0.3001.000Cc 0). 1.10,9
A, 6.604,000000 ui,—lj.139,9,99E Ut, 0.1I1i11100—0t,—0.1 ’.444444c Cit u0050
A, (1.1140,44910 O~ , 0.23598010t 0t,—0 .41317434t 04, 0.309351630 01 00051
X p —O. 73557).IL 04, 6.113131084. &i,—0.14fi38443t 01, 0.954911600 01 000Si
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PRATT i. wIsITNi.y A IKL.RAFT CIVISION VON 12/00/76 PabO S EALA s.
CSG.PaN757 IC.0 11.33.02 103 011269

A , 0.14~~V2587E 03, (i.A10~~bab1E 1.4, 0.619999990—01, 0.50000 0000 (it 00053
A,  0.b~4999990 0,,0.2e7,99990 UI, 0.llillilOE Oi, 0.1444444414 01 0005’.
A,—0.551948740 06, 0.131104.84. Cl, 0.211606800 01, 0.161983470 Oi 0(1055
*, C.1b4bo1O5E 01,—0.2604811 .,o 02, 0.1.22336440 04, 0.193819010 Oi 01.056
A,—U .313921500 02,—(L126.1.277O 03, G.2i.o~~587~~E 01, 0.b’,4’..2b200 0). 000 1
A , 1.’.1.3594~~6E Ci,—0.182d9059E 6.2, C.63I.i4.880 03, 0.56515026t 01 01.0,14
A , -1..0b’.4Obb~~E C1, 0.1714414,j0 1.1,0.29.34 ”AoE 02,-0.32201e42E 0~ 00039
X 0.2~.1.3o3,E (.4, (1.899999900—01, 0.5000001 ‘0 01, 0.71’.i8570c Oi 000oO
A,— (.b’,�05l13E 01, 0 .A11i1A1UL — 04,—U.14444’.44L 01,—0.13709o80) 0. 01.061
A , 1..141/1,20E Oi, 0.141919370 (.4, 0.439o02140 s~2,—0.5B78141oE 04 OrOt.i
A , 0.3.2511’.iiE 04,-6.1’.73636.,1 Oi, (1.214.208740 01: 0.953844.00 Ci 000o3
A,~~ ..l 5’.)jEb9t 0.2, U.SbbdlOCOo Ot,—(..863150321 01,—0 .51047144114 04 OUOa4 4
A , 1..115..S’.e.1k (13,—G .430o3109c Cii, 0.15290.060 G1, Ci.21108501t-00 00065
A, 0.8135156.0 01,—U.424300434. (,i,—0.54147444E (.3, 0.3tiil43c o (,4 000oa
Al 06061

C (‘10 I-styLi D)-—.,SVbt. 1011)’ itISt P-l)-/A, lii) P(’ .2.333 S.pi. 0. JF5VC0O8
LAMlISISI UN CIlVC 1~~I bsl 000o9
CA IA ~.V1.A.7 / 411 411 , 0.’.’,9%99990—(12, 0.899999980—C l 01010

A~ 0.40006001.0 03, 6.2i9V9999O 04, 0 .2999999,o—01,  0.30000000t 01 OUC h
A , 0.8001C000t 1..,—0.L.2999999E 01, 0..Lt11li10E—0i,—O.1444’.4~p’.t Oi (10011
A, 0.22it1.09~~E 01, 1..4O7~ b46LE ui,—0.463o39290 0t,—0.14951586E 01 00673
A,—C .137t8’.4114 Cl, 0.113.30374. 0.2, 0.lv.245611E—00, 0.1OSVbOLlt 02 00074
A ,—6.143c,19t.jt 03, 0.110i544)E 0., 0.6 1999 5990 01, 0.500000000 fl1 00015
z, 0.o249Y999E 0i, — U . i b?’.999,4. 01, C .LAAIII101—0.,—0.1444’...440 01 000io
P., C.4.~bt.bbbbE—04,, 0.1615,60914 Oi,—0 .814t4i3(eE 00, 0.189..bld10 Ui 00007
A , 6.1019330914 0t, —0.i~~6630C,’ ,~ 04,  0.1lbc0Go~,c 0 2 ,  0.143745594. (ii 00048
A ,0.Slug(i95jE 6.,—0.iu.b09lq~0 U,, 0.~~b0o69llE 01, 0.114194580 01 00019
A, C.,i’,oSi t~~E 04, — I- .143907090 03, 0.bLiO2oSlE (13 , 0.533601.990 01 01001)
A , 4’ .311149b140 u1,—(~.it.32 bifl54. 04,—C .1E8t98511 Oi, —0.i94V..)8., 14 Oi 000al
A ,  ( .4 . .i17.,51. ). C’., C.899999960—01, 6.599999990 01, 0.7142b510t 04 00084
7- , ( .54.O5 ll,t 61, (.111,,ij100—04,—1..1’.444’.4’.( 01, D.137.~4976E Ci 00083
A , ...5503515u0 0i,—Ci.3V5~~ø34o~ 04,—C.315984180 02, 0.208149810 01 01.084
A , O.3~~bc .l93E 01, C..4’,9.5446o 01, Ci.407619900 1.4,—G.1530491.t 03 000oS
A, L..70453~).jE 1)2,-U.i1.49190,E 0L,—L’.1l9044ib0 02, 0.’.?7335010 Oi 000ob
A, ‘.l’L AbVb 02,—O.1 06,341.p14 Ci, fl .44497j,914 01, (-.846829280 00 000.~l
A , — C . 1 1 3 7 7 4 190 0.,— 1..~~50 f ø i o I~ 04, 0.15115’.ihE 0.2,—0.929993340 02 0(088
A /  OC-009
U iiitPaSIlN 11.1.44 4) 00090
E.~UI VU L L N L 1 4 I C A V 1 . 1 3 I  17),I-UC,h1)l 00C~~1
0*1* I-ti., / — 0. o ’. 5 h 3 . 2 9 u E  1.0, U.2’,1773�So 01, 0.40’.ljlVSlo 01 01.094

A ,—0.o~~.LQ jb1 t ,,1.,—u.468921910 GL,—0.4920500?O 03, 0.319104810 04 00093
11/ 00094

C PLO 1MV 14 Uf—.23960 10111’ K1SESP- I I-/A, IT2) (‘0— 10.0 S.p,. 0. J(’500095
CtM.~PsLiurs Cit9Ut,h 91) 01.094.,
UA I A  I-Vu -. / 411 411 O.49’,9999VE-02, 0 .899 i’VV 9t iE—C1  0009!
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P.

P*A1 1 1. WrIIINOY AIKI.RAF T O1VISIUN VON 12/07/78 PAGE SERIAL
CS6.PAPI7S7 10.0 11.33.02 ~07 011269

00159
140 F F *LM V / 18500.0 OOloO

00 240 1 - 1.2 001~~1Al . P. • 1 — 00162
AP, PC Ip 1I 001o3
9411 — (‘VA). II.RV IIUS) , F, 7, 2, 11) 0011.4
II- 110 .NE.1) 1,0 10 420 001o5
Yll ) • 941 * F / .005 001e0

220 CONTiNUE 001o7
OELT .IYII)—Y (1))*IIP—PA Is— 1I)/1I’A IIu )—PAIp—lI)( • VIII 0(111.6

C IA1$aPU .AV I(JN TO INLET T~ $PERA1UKOS LOSS 1Mm ‘.00 016 ((ANIlINE 00109
1F(TOMP .LT. 400.1004.) — UILT.11.—1.440-4*ITOMP—400.b) 00170

C ENRUR MESSAGE 0 (1141
IFIIE .00. 0)60 TO 604. 00112
00 TUI600,400,c.00,4(1CJ,000,.CJ0,400,400),jE 00113

400 Wk11146,500)1E,TEMP ,FA 001 (4
50(1 FORMAIIT2 ,’UPPEK LIMIT UN I-taI~~/A1R (.09) uk INLET TEMP 42200 K) .4*0(175

AS EX).0000D IN StibA. lEMstjS — IE,1~~NI’, ) -A~~’, 00116
YTl00,II,T1lU,)-14j.I,TjiO,(-l0.4~ 0014?

600 RETURN 001 (8
END 001 ,9
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I,

P R A T T  4. W I- IITNEY A LRIRA FT DA V I S I U N  V O N  12 /01 /78  P A GO  S O K 1 AL
CSG.PAN7S 7 • 10.0 11.3i.02 100

C DATA SoT B28UILDEA I- A ! LEVEL 001 AS UF 12/07/lb 03.2
C DATA Sti 81801NPU1 A l LEV IL 013 AS uF (1/23/18 OC’CO1

Su8RUUT1NE TADEAL I)-A,FAV, )-,1,A LI-,V, 0000i
A ull,UTIP,DT11,)-A1 ,1)-,LII - ( 000(3

C IDEAL ThMP RISE (011) VS. fuLL/Al )- (I-A l , (,CC(4
C ACLL.UNTIN(, ,-UR VIT iAT E D fOOL/AIR IFA V ) COCoS
C. F tNU b-II -TICIOUS INLET TEMP tip- ) 11111111 V IELUS UTJ P ’I—li- A T  I -AV 000uo

— C .  (‘0011
Du 1000 j~~1,10 

0( Or , 8
IF 

- 
— T—UTL P C1.CL.9

C A L L  TEMRI  SI1I- ,I -A V , P , I J T A P ,  AL (IV) 00010
1A • T I - +DTAP 000il
1 I-4A85 (TA—1) .114. 5.)GL. Tu 1005 0C012

1000 I-UNTINUO 0.~013
WAIIEIO ,1001 )

1001 . - U R M AT ( J 4 , ’C(JNV(R(,ENCE fA ILURL AUOMENILjI( LULAL 1 EMPIRAIUNE sd 58 ’ I 00005
W RITOIO,100I )1F,FAV ,P,DIIP,ALr,V,TA OCCio

lOUi 1-URMAT II2 , ‘T (-,(-AV, I’,Dl i1’,ALhV,TA~~’ ,130,bE15.5)
1003 (-Al • (-AV +I1 .+I-AV)*)-A 0001(1

CALL IEMK1S (Tf,P-A 1 ,(‘,UTAl ,XLi-.V) Or0 19
DII • U( I T — O T i P  OLO IC

C D LES S PA N T IAL Li)- IUEAL TEMP RISE wIll- . (-001/AIR (LTI- ) Ore,1
I- A l • AMAX1 (FA 1 .Cu02,0.) CCOil
CALL IEMkIS1II- ,A I  ,1’,UTi ( ,XLMV ( 01.043
FAi I-Al..002 1,0014
CAL L TEM l- c15llf,p- A 2,(-,D1 I2,XLMV ) 000.3
ill- — 1. 000.0
1 1-tO l l .01.0.1111- — I-A/UII*,O1I2---UTII)/ (FA2—FA 1) I1.+I-AV I OC(11
(-( TU NA
END
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4.

FR A Il I. wr,llN,.Y AikI-KA I-l DIVISION 90K 12101/76 PAlE SLIIIAL
CSG.PAN751 1(’.fT i1.3i.C2 109 021169

C LIA1A S ET 8I8UUN14AIs Al LEVOL 001 AS UI- 14/07/78 143.2
SU6ROU1INE UN6ARII ,1A,XIN ,YIN,LL ,P.A) 00001

CNAM E UNLAR(I,tP.,XIN ,YIN,4.,.cP,) 00011
COME MA RCh 4,1 961 REV IS D 1,62 000o3
CI’URI’US€ TO INI4.Ic1’L,LA1O A UNI VA RIA IL uR BAV A K IA T E  1A818. 00014
005*01 (p.O AA1,UMENTS IN i psO LIS) ARE UE1-INtU *5 FULLUWS’- 000(5
C I •N..ME UI- IPIL A RRAY WIIII-I1 CONTAINS m o  (AbLE VALULS . 00000
C 1k ‘LL MENI U)- TnE AP$..Y AT ,IPiLCr, 1 ,-it TAbLE STARTS . IF YLJLJ rIAV14000YO
C uIiL9 (‘NE TAbL E IN Tri o ARRAY, AK LN . 000~~b
C A I/. INULI’OP.(JONT VA tt I ’.bLL IN Tr,t A—S(NSt . 000 9
C Y1N~ 1NLIEPES ’.OEtsI V ARIAbLE IN IPIt V—5O).$o. II- 1~~L (AbLE IS A 000 1(1
C UtSIV A IcIA 1L , ( l ioN YiN IS L4.AO. CCCII
C IL “IJEPENULNI V A R IA b L E .  0CC-i l
4. P1, •UI-)- 14010 1P4011*IU,c.
C =1 NURMAL OVAL OA TIUN .
C. •l (irs- UN A MIps. 000iS
C =2 0Ff UN ,. MAA .  000 jô
C ‘-3 Li- I- UN V MIA. 0061!
C ‘--. (il-I- UN A MA N. APIU V wIN.
C 5 UI- I- UP. A MAA . AND ‘p sIN. 00019
C ‘-o (il- I- UN V MAX . 0(0.0
C. =1 LI-I- UN A MIN. *P.U 9 MAP.. 000.1
C -b Ui-I- UP’. ~ MAX. ANU V MAX. c O..
C • ,.14SS I,iAP. 0, 14b,.t Sol Us’ IIRONI,. 0C0~~3
I. 1I- EITPILI’ VAR IA b L E IS ui- I- in,. TAbL E , UPIIIA .. 1111,. RolUiffi ( I-IL (I((’,.
C IUI’NLR V .MLU O. (nIS AM 1’1IES 1,-sAl uNtiA ,~ W I LL NU1 E X T R A P O L A T E  000.5
4. AN.) L)ULS Mli i RoCU6Mllo ~NV OI SI-Uf’.tINUI I1t~~.
C ln t lAbL I MOIST 60 Sol oh- A s ,-ULLUw S A LL NUMbERS A RE IN )-LUATIP’&.OCC .I
C (‘UINI MUOt. 000.8
C. i t i P s  -LOl-VO ts~~.
C 11111.11 ‘MX . Mu. uf A V A L U E S .  000iO
C (t * P ~•.) ‘-NY. No. UI- V VAL LJIS. tIN UMLVA .cIA TE 5*11.0 LERU.) 000ii
4. ttIr ..i ‘-A V*LL.4., IN NSI-LNL’INO. CiPUIM. OC0ii
4. I tIP++ I ‘-V VALUE S IN AS~~LMt)l NU ((MUIR. 000.2.7
C I 1 ~~P.**( •1 VALUES . PoT 1,-itS ,.N (-ULLUWINU URULI1.— Ltt ,kI ,sltL ,1), 00(1,’.
I- Lt~~,i)—— t%I ,MY),L,I ,,),LI4 ,4I———L )2,NV)——- —l IP ’ 4A,1l,
C / I r d A , , , — — — A ( N A , N , ( .  I-OR 0IWA sdLA IL UNLY . 000io
5. 1?’l TriO P1491500 UNO,R (nOPE IS m l  U1’i1UI’. UI- uSINI, A I-INS ) , SLI-UO (0.i(
C InARu CRULPI )NT4.MPULATIUF ’. LvUA IILIIII . IU luSt IIILS OPIIUN (‘UI In,~ 000.714
I- U4.ol .LL All (-LUAIIMO, POINT .24.JI,00N 1,1.,) *50 IIIIS.1). II- I.iA~ NUM0(uO,9
C 15 (.MEA IL$s m A N  3.5.,, lriEN (~~0 A SSLJMIIUJN IS MADo ThA I Ir,IS 15 (p(TQ0..)
C MUPPLLR UI- A i S .  IrilS M EAN S I.i*T IA OLES lI-iA ) WLR ( 501 UP I-List T n t  000’.l
C UN0A,~ LAN 1414 0510 IN I s-IL ROVISO D OUlTION . 1,-soS 1,10 ,tLVISEU 8*bL000,Z
C 01 ‘iS rULLUMS . 0C0..~
C i( 1l’~( =LLM~~t Mu. 000’.’.
C. 1 l,sd.1) 0t0str’- 1)5- AN 1LNI .’ULAlIUN . 000.3
C i I . ~~.2(.NX . NI.. UI- A VALUES. 000’.o
C ~ To. 000’,?
I- t,UI . wHEN (JulMi, Al . N— t M  LJ,.ostlt IN (OstPULA ltur,, YOU MuSt I~AVt *100048
C. 114*5) A* . (‘UINTS. N - 1, i, OR .2. OCO’.9

LIM INSIUP (0~M~ L ( 2 I  0(050
UIM NS1I,M T I  A l  1 A ( o J  ,IIO),A(( I 0(Csl

C. ———  — — — — -  MAR..,, 4, 1901 — —— — — 00052

H
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PR A 11 I, wrIIINLY ALKC.114F1 01V1SLUI-. VLsI 12/07/70 P’A0 l  SO R IA L
CSb.PAN,57 10.0 11.3.7.02 110

C ——— — ————  MUOiI -iEU l/0,~
(0 UU QUAUI(AIIL ANU LINEAR 1MIORPUCA ILUP. AL~~o (005’.

l u
1,51.
sl Y C, 0(10,1

II .- IP. ’l 300,0’
P. 3 ((Os,

i i -  p I (1 1 ( — .j.) lU~L ,S (’i,~~C.
700 II- (IIiI,+(. 6(-~~ j t j 5 1(’ .  OuOol
704 II- IT I I I I I.I lC ~~, 1(1c. , (C 1 00(10.7

703 Ps I 00( 5.4

~ U lu 10 4

~lC.o I~. I
107 N.~~ 1 L UI.r1
7(11 11 II .1
70i MI N ‘I

uL 54.-i L 11,11 C , ( l 0
is - I P I L l  + o. ) oC,bC,51 00011

= —1 (‘004~
IL = 0. 0(043

1.5.. to 9999 000/4
51 NA ((1) * .5 0 r O i ~

I) ITIL .L) • Ii. ) ~~~~~~~~~~
52 NY = C O O , ?

(.5., 10 53 (iCC lo

50 MY • I IL’A I • .~~ 00079
53 LUM1II’SUE (iOOIoU

= .., (1(0511
• I- 000u2

XA = A IM CCOoi
VT . ViM 000(14

it • I1*z (1(1085
u MXi .Ii .1
IfI XX (tJlIl3Oi ,300 , L0

400 iso 3(1 .j 41, .j . 000bb
II- I A A TIJ)) 31-4,.214, 114

30~ C0Ps11 h01 00090

309 Ps. •
i i  — iti.) 00091

306 A X I  31-N 0’)O~~3

(‘5.. 10 C) Oo-C ’ ,’.
301 kP - i

AA 11j11 00096
305. J A I  “ 01 0(1091

oO 10 3(15 0(098

30’. Is- I~~—j l — i )  .S C . i , . 2 0 0 , 3 (J i 00099

301 II- ij— J2 .20.2,308,309 OClIsO
303 j A l  • J—N 4 00101
30 Cuts(INUL 001’2

A I M I  • XX 00103
I.- INV I 1500, isOC, ,IjOL 00104

1500 Ut, 1599 t 1,Nt 00105
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C.

FRAU C. sup, )TNtY AIR5..MAF1 DIVISION 12/07/18 PA(.t SERIAL
CS(,.PAP./57 10.0 11.33.02 &11 0~ 12*’~

A tO P  — T4,pX1) 00106
LV j)t1 • NA 0C107
V i Ol “ lILY) OClOts

1599 0*1 • OXI.1 00109
I — 1 0(1110
oU lu 5’. 00111

3000 01 • .II?t’.A 00112
01 — .id *PSY 00113
II-I V Y—1IJ1l )SIL,316,401 00114

401 00 314 ,i”j1,j~ 00115
IF 4YY—IIjl ) 31’.,3L’.,~~~~ 00116

312 CUNTINUE 00117
319 slY • 6 001,18

Yr • 1IJ~~) 001i9

~ 1b .IY1 — Jl—N 001~~C
(.0 TU 315 OC1I1

311 slY 3 (10112
TV — 1t~~1) 001~~3

31* ~ Vi  — 01 001~~’.
ot., TO 315 COILS

314 II- ij—j1 1) ,li,,1*,,1I 00126
311 IF t~~—o2) 313,.2kb,319 0CL~ 7
313 jYl • j—52 001~ e
315 5.UNIINUE 00149

= o*1 001,0
LY — ~ Y 1 * NY*IJA .— II—I ( 00131
LVI — LI 00132

00 309’s. 0—1 ,51 00133
Al L ) — 1(.jA~~) 0(1~ ’.
IlL) • JI LY1) 001~~S
LY1 LY1I4IY 00136

309, JA ..X2+t 0CA~~1
I — C 0l1~~b

00 (U 5’. 00139
309o VII I  — .2 001’.0

LU 4’.(I( 1 1 , N 00141
LI. • LY+i 00142
1(2* 1) — ... 0C.1’.3

131) 4CSt. MM .-1,M. - 001.4
VII ’1 ) — Y(1 .1) • I4LY IP*? .IMMI 0(11.5

405( Lvi = LY1+NY 001’.a
4405.. LONIIPIUL O c t . ?

UU 4199 o”I,NA 001.8
A l L )  “ 1IJY i ) 001.9

‘.19’, .,v 1 = ..~~1.I 00150
)IL NI — IV 00151
I” 1 0(1 2

54 (. - i . 001,53
AII’ I*~~I — X I I I  0(154

— ,(. I
1)0 5. ..“i,Nl

*13 .11 ‘-* 10.1) — XLs I 001,1
— Ai p si — A t O P  00156
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PRA TT ~ WML1NEY A IRCRAFT DIVISION VEIl 12/07/18 PAC E SERIAL
CSG.l’AN7S1 10.0 L1.33.02 Ale 041269

IF I TPA ..1 ) 51,58,57 0015.9
58 II • V (0) OU160

X l i ) — 0. - 001*1
XI.) — C. 0CI.ol
* 13 )  • 0. 001*~
XI..) — 0. COb ’.
*10) • 1.0
00 lOs 59

57 D • 0 * TP AL1 0(11*1
(,U 10 4711,712,113) ,N 0(11*8

711 P.40) = TPAL1/A (J+1) 00109
0(1 TO 55 001 IC

711 P.40) —T PALA 00171
(‘U TO 55 0014.

713 XLI ) • IXIJ+2)—XI0 ))*TPAL1 00173
55 CONTiNuE 00 144

A l l) • AIN+ 2)
Li • 0. 05.14~

00 56 .J~ 1,N1 00177
*10) 0,IAIO)*AIJ+1)* AI~~)) OC tib

ZL Zl • y(j)* *10) C.C1/9
So CONTINUE OisloO
59 IF (I) 3C98,30’,8,9999 0(181
9499 1.1, — l5.P,+I¼~

RETURN - 0 A o~
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5.

FRAil C. PIMZ1NEY A1lsC..ICAF1 0*915105 VEst 12/07/lb PAC,t. $ERaAI.
CSG.Pwh757 10.0 11.33.01 1,13 041409
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SINS-vT P,oUMUP~~1 MMU0U5’~~l, Nl-SU5’~-l, ,jt-ULL 1, NPstNTst I, C0C5b
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