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PROGRAM USER'S MANUAL FOR OPTIMIZING THE DESIGN OF A
LIQUID OR GASEOUS PROPELLANT ROCKET ENGINE WITH THE
AUTOMATED COMBUSTOR DESIGN CODE AUTOCOM

R. H. Reichel, D. S. Hague; R. T. Jones, and C. R. Glatt

PART I - DATA INPUT AND OUTPUT WITH A SAMPLE ENGINE TEST CASE

X

1. INTRODUCTION

In designing a liquid or gaseous propellant rocket combustion chamber the
engineer must compromise between characteristics such as performance, stability,
weight, injector complexity, cost, etc. These engine characteristics are not
items which are directly controlled by the designer. Instead, they are compli-
cated functions of the independent design variables available to the designer,
for example, injector hole size, chamber length, etc. To further complicate the
problem, frequently there are several techniques that can be used to predict how
an engine characteristic (such as performance) varies with the independent
design variables. An engine characteristic value computed by any one of these
techniques will be referred to as a specific engine characteristic.

If the engine designer had infinite funds and time available to him, he
could design many combustors with different combinations and permutations of
the various independent design variables. Specific engine characteristics could
then be calculated for each design with all the available techniques if the
designer had the ability to digest his particular application.. The selection
would be made, of necessity, on the basis of weighting factors. These weighting
factors would first be used to define an average combustor characteristic for
each significant engine characteristic such as performance, stability, etc.
These average combustor characteristics would then be weighted into a single
combustor value function or rating which could be used, for example, as a measure
of the payload loss associated with an ideal engine.

With limited funds and time,. the designer can only examine aa few designs,
and, because he is familiar with only a few techniques for calculating the
various characteristics, he uses only this limited set of techniques to test
the acceptability of each design. Using this approach some characteristics
are never determined until after the combustor has been built, tested, and often
found unacceptable. For example, stability characteristics which are partic-
ularly difficult to assess frequently result in an unacceptable engine design.
Usually the designs selected in a project are those that are very similar to
designs that have been successful in the past. As a result, a design of another
group that would be better for a particular application is frequently neglected
or ignored. Similarly, when trouble is encountered with a particular engine
characteristic during the development phase, changes are made to overcome the
particular problem using past experience. An improved engine design probably
could have been obtained by determining which design variable or set of vari-
ables should be used to overcome the problem with the least sacrifice to other
characteristics. '



-The work performed under the present contract was directed to the )
development of a generalized computer program to calculate all the character-.
istics of a given combustor design. The program then uses a perturbation
technique to determine the changes in the design variables that produce .the
greatest 1mprovement in the rating of the combustor design. The program then
follows sequentially the design path that produces the greatest improvement
in the rating to arrive at a combustor design that has the best combination
of all variables. This design is called the optimum combustor design. The
automated combustor design code. which generates the optimum combustor design,
has been given the acronym AUTOCOM. An interim report describing the design
code AUTOCOM was issued earlier, Reference 1-1.

.0

¢

In any optimization situation, the engineer-designer is faced with the
problem of selecting the rattng or value function which is to be minimized. -
In this report the rating of a -design is based on a weighted average of all
the characteristics of a given combustor. Weighting factors are used to obtaln
both average characteristics and a unique combustor rating. The constants,
first allow the designer to introduce his views regarding the importance or
validity of one technique for obtaining a given characteristic versus another
technique for obtaining the same characteristic. For example, if the designer
believes that only one technique is valid for predicting the performance of
a given design, he will assign a unity value to the weighting factor constants
for that specific characteristic, and the constants for all the other perfor-
mance characteristics will be zero. Second, the weighting factor constants
in the equation to obtain a single rating for a given combustor design allow
the designer to introduce the relative importance of different types of
characteristics, for example, stability versus performance. The weighting
factor constants, therefore, give the designer the same control and flexibility
in the computer program as he has in the present "eut-and-try'" system. To
establish a base point for the rating system, a hypothetical ideal combustor
is given a rating of zero. The hypothetical ideal combustor would have one
hundred per cent of theoretical C* performance, infinite damping rate for all
modes of instability, zero pressure drop, zero chamber length, chamber diameter
equal to the throat diameter, etc.

Techniques for obtaining the various specific engine and average combustor
characteristics contained in the AUTOCOM code are outlined in this report.
The code is written in a modular fashion which permits rapid extension of the
combustor characteristic equations. This approach leads to an open ended
engine model capable of future development and extension consistent with the
growth of capability in combustor design analysis.

Deésigns are optimized by nonlinear multivariable search techniques embodied
in an optimization program module. A variety of multivariable search techniques
may be employed to define an optimal design including

a. One-parameter-at-a-time techniques

b. Organized techniques based on the computation of first- or

second-order rating derivatives with respect to the design

variables

c. Randomized techniques




J

Program operation is shown conceptually in Figure 1-1. Fixed engine and
propellant data is input on punched cards together with the free design
variable values. The specific engine characteristics are then computed and
combined through user-specified weighting constants to form the average
combustor characteristics for performance, stability, etc. The average
combustor characteristics are then combined through a second set of user-
specified weighting factors into the combustor rating which measures payload
loss based on an ideal engine. The rated engine free design parameters are
then perturbed in the optimization loop until ‘an optimal design is evolved.

For the user's convenience this document is organized in two parts.
Part I deals with the input data setup, the program outputs, and concludes
with an engine test case. Part II represents the program backup and discusses
the combustor program structure, the programming techniques, and the AUTOCOM
program ardalysis. ' A more detalled master chart of the computer program can

be found in Appendix A. A detailed description of the optimization subprogram -

AESOP is presented in Appendlx B.
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Figure 1-1. Conceptual Layout of the Optimization
Computer Program




2. INPUT DATA SETUP

Figure 2-1 depicts the overall schematic of the AUTOCOM program with the
respective input locations (heavy lines). The input data setup is entered
in nine blocks within the program (two data blocks are optional). The data
input sequence is presented in Figure 2-2.

The input data setup describes a nominal engine ‘design (for input data
listing see Table 4-1, Section 4.1). There are the following nine input data
types for the program:

1. Informative data (title)

2. Weighting factors

3. Independent design variables

4. Fixed (miscellaneous) combustor data

5. Data for root guesses

6. '"Read" and 'write" control

7. Curve-fit data for propellant properties (optional)

8. Optimization data

9. Input for specific engine'charatteristicsl(dptional)

Provisions are made in the coding to consider

Pump-fed or pressure-fed engines

Engines with or without preburners

Various injector element types, e.g.,.-coaxial or non-coaxial
injection, showerhead

Gaseous or liquid prqpellapt state pf propellants

Hypergolic or non-hypergolic pfopellants |

Radial and/or circumferential bafflés

The weighting factors are normally set equal to "1'", and it is at the

discretion of the designer to select his own inputs. (For the derivation of
weighting factor constants see Section 5.5). :
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*
INPUT CONSISTING OF
TITLE FIVE CARD TITLES

*

] INPUT OF COMBUSTOR
CONWGT WEIGHTING FACTORS FOR
SUBROUTINE CMWGTI

INPUT OF DESIGN VARIABLE
CoMDPV VALUES FOR- SUBROUTINE
CMDPVI{ :

. .

- INPUT OF MISCELLANEOUS

COMMIS . COMBUSTOR DATA FOR SUB-
ROUTINE CMMISC

- * INPUT FOR ROOT SELECTING
NLROOT DATA FOR SUBROUTINE
. XROOTS

: * INPUT FOR .LOCAL CHARACTER-
COMIRW ~ ISTIC READ AND WRITE CONTROL
. DATA FOR SUBROUTINE CMIRW

_ ' * INPUT FOR OPTIONAL CURVE- .

OPTIONAL  CRVFIT FIT DATA FOR PROPELLANT

DATA BLOCK PROPERTIES FOR SUBROUTINE °
FITCRV - \ :

1* OPTIMIZATION DATA AND BOUNDARY
IAESOP VALUES FOR THE DESIGN VARIABLES
FOR SUBROUTINE BAESOP

opT CHARACTER —]* OPTIONAL .INPUT FOR EAGH CHARAC-

T10NAL TER, DATA | TERISTIC comMpyTaTioN (suB-

‘DATA BLOCK ROUTINES SECFTI THROUGH SECF32;
: . ROOT MAPPING INSTRUCTIONS. ETC.), .

-

Figure 2-2. Namelist Data Input Sequence -

"



The program coding is arranged in such a way that the subroutines for computing
specific engine characteristics (SECF11 through SECF82) as well as for computing
the combustor rating are only activated if the respective weighting factors
(e.g., AFll, AF12, . . ., AFI, AFII, . . ., ) are not '"zero.'" This permits a
user controlled bypass of undesired specific engine characteristic computations
by choosing the respective weighting factors to be 'zero.'" The average combustor
characteristics modules for performance, stability, etc. will be bypassed if

no computation within their respective specific engine characteristics modules
takes place. Figure 2-3 depicts the schematic of this feature and indicates the
relevant weighting factor inputs.

There are basically two options for applying AUTOCOM to an engine. These
~options, controlled by input data, are

I. point design or analysis

2. 'design optimization
The dlfference between these options is in the number of iterations determined
by data input. For details see Section 2.8.

As mentioned before, it is possible'to analyze selected engine characteristics
by setting, for example, AF26 = 1, and bypassing all other engine characteristics
"(AFXX = 0).

There are provisions made in the AUTOCOM code for the input of characteristic
data; for details see Section 2.9.

The input data deck setup is presented in Figure 2-4. Details regardlng the

individual input steps are treated in the following sections.
2.1 Title

Corresponding to Figure 2-2, the '"title" is the first place where data inputs
have to be executed. A '"title" consisting of five cards provides user selected
information about

1. The computer run number and the engine type to be analyzed

2. The type of run

3. The thrust level

4. The propellant combination

5. Whether or not it is a point design or an optimization run
There is no restriction on the type of information or on the number of card columns

used. There must be five cards in the title; blanks are acceptable. A sample is
presented in Figure 2-5. -
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(ZAF; > 0)

Average Combustor
Characteristics
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Characteristic Data Input

— =

Procedure Input

.;,

¢/. $COMMIS-Engine and Propellant Characteristics Input

., . S & S e

$COMDPV-Design Variables Input

sCOMh'G'l‘-Weighting Factors Constants Input

TITLE Cards (Engine Designation)

{
#/ CDC Control Cards X

Figure 2-4. Deck Set Up with Namelist Names
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ard N - TESP‘CASE — 7

/RUN NO.112  ENGINE TYPE NO.7

Card No.1

‘Figuré 2-5. Sample Arraﬁ;gement of Title Cards
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2.2 Data Input Namelist COMWGT

The equation to obtain average engine characteristics as well as the
rating equation contain weighting factor constants whose values are selected
by the deslgner These weighting factors reflect his view regarding the
importance of '‘each characteristic. In the general program coding_ the values
are chosen to:be "1'" or '0'" depending on whether the subroutine is activated
(""1") or bypassed ("0'"). In the following the specific engine characteristic
weighting factor constants and their definitions are listed. (For derivation
of the weighting factor constants for rating an engine, see Section 5.5).

PROGRAM VALUE ' _ DESCRIPTION

SYMBOL

AFl1 - Positive number | Weighting factor constant for fuel vaporization
or 0.0 in' the average performance characteristic

equation. If a gas, then AF11=0.

AF12 | Positive number | Weighting factor constant for oxidizer vaporization
or 0.0 "in the average performance characteristic equation.
If a gas, then AF12=0.

AF13 Positive number | Weighting factor constant for C*-efficiency in the
or 0.0 average performance characteristic equation.
AF20 Positive number | Weighting factor constant for the fuel side chugging
or 0.0 in the average combustor stability characteristic
equation.
AF21 Positive number | Weighting factor constant for the oxidizer side
-or 0.0 chugging in the average combustor stability charac-

teristic equation.

AF22 - Positive number | Weighting factor constant for pulsed operation in
or 0.0 the average combustor stability characteristic
equation.
AF23 Positive number Weighting factor constant for non-pulsed operation
or 0.0 1 in the average combustor stability charactersitic
equation.
AF24 Positive number | Weighting factor constant for the fuel stability
or 0.0 decay rate in the average combustor stability

characteristic equation.

AF25 Positive number | Weighting factor constant for the oxidizer stability
or 0.0 i decay rate in the average combustor stability charac-
teristic equation.

‘11
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0.0

PROGRAM | VALUE DESCRIPTION
SYMBOL ‘ -
AF26 Positive number | Weighting factor constant for 1ongitudina1 modes
or 0.0 in the average combustor stablllty characteristic
' equation
AF27 ?ositi?é number | Weighting factor constant for transverse modes
or 0.¢ in the average combustor stability characteristic
equation
AF28 Positivé number | Weighting factor constant for combustion response
or 0.0 and flow response stability in the average combustor
stability characteristic equation
AF29 Positive number | Weighting factor constant for nonlinear stability
' or 0.0 analysis in the average combustor stability charac—
) teristic equation.
AF31 - Positive number | Weighting factor constant for fuel in the average
' or 0.0 pressure drop characteristic equation
AF32 Positive number
or 0.0 Weighting factor constant for oxidizer in the average
pressure drop characteristic equation
AF41 Positive number | Weighting factor constant for fuel and oxidizer
] ’ ~or 0.0 - holes in the average injector complexity character-
‘ istic equation.
AF42 Positive number | Weighting factor constant for the volume of the
or 0.0 oxidizer dome in the average 1n3ector complexity
characteristic equation.
AF43 Positive number Weighting factor constant for the volume of the fuel
or 0.0 dome in the average injector complexity character-
: . istic equation.
AF44 Pbsitivé number | Weighting factor constant for the length of the
. or 0.0 oxidizer holes in the average injector complexity
characteristic equation.
AF45 Positive number | Weighting factor constant for the length of the fuel
or 0.0 holes in the average injector complexity characteristic
equation.
AF46 Weighting factor constant for the injector type in

the average injector complexity characteristic
equation. (At this time, the module SECF46 is not
activated.)

12




]
PROGRAM

VALUE DESCRIPTION

SYMBOL

AFS51 Positive number | Weighting factor constant in the average combustor
or 0.0 length characteristic equation

AF52 Positive number | Weighting factor constant exponential in the average
or 0.0 combustor length characteristic equation '

AF61 Positive number |Weighting factor constant in the average combustor
or 0.0 ~ [ diameter characteristic equation

AF71 Positive number | Weighting factor constant in the average mixture
or 0.0 ratio characteristic equation

AF72 Positive number | Weighting factor constant exponential in the average
or 0.0 mixture ratio characteristic equation

AF81 Positive number | Weighting factor constant in the average baffle
or 0.0 " ] characteristic equation

AF82 Positive number | Weighting factor constant in the average baffle
or 0.0 characteristic equation '

BF71 Greater than or | Weighting factor constant: in the average
Equal to O/F characteristic equation

AFI Positive number | Weighting factor constant of the performance charac-
or 0.0 teristic in the rating equation

AFII Positive number | Weighting factor constant of the stability charac-
or 0.0 teristic in the rating equation

AFIIT | Positive number | Weighting factor constant of the pressure drop
or 0.0 characteristic in the rating equation

AFIV Positive number | Weighting factor constant of the injector complexity
or 0.0 characteristic in the rating equation

AFV Positive number | Weighting factor constant of the chamber length
or 0.0 characteristic in the rating equation

AFVI ~ | Positive number | Weighting factor constant of the chamber diameter
or 0.0 characteristic in the rating equation

AFVII | Positive number | Weighting factor constant of the mixture ratio
or 0.0 characteristic in the rating equation

AFVIII| Positive number | Weighting factor constant of the baffle characteristic
or 0.0 in the rating equation ’

13




PROGRAM VALUE ' DESCRIPTION

SYMBOL

BFI Positive number | Weighting factor constant exponential to the perfor-
or 0.0 mance characteristic in the rating equation

BFII Positive number | Weighting factor constant exponential to the stability
or 0.0 characteristic in the rating equation

BFIII |Positive number | Weighting factor constant exponential to the pressure

or 0.0 . -} drop characteristic in the rating equation

BFIV Positive number | Weighting ‘factor constant exponential to the injector
or 0.0 complexity characteristic in the rating equation

BFV Positive number | Weighting factor constant exponential to the chamber
or 0.0 length characteristic in the rating equation

BFVI Positive number Welghtlng'factor constant exponentlal to the chamber
or 0.0 - '.diameter characteristiCAi“ the rating equation

BFVII |Positive number Welghtlng factor constant exponential to the mixture
or 0.0 ratio- characterlstlc in”the rating equation

BFVIII |Positive number | Weighting factor constant exponential to the baffle

or 0.0 . characterlstlc in the ratlng equation
CFII Positive number - Welghtlng factor constant exponential to the stability

or 0.0 characterlstlc'ln the rating equation

2.3 Data Input Namelist COMDPV

Each specific engine characteristic is a function of the design variables
entering into the combustor design. Basically, there are fourteen design
variables. One of these is not actlvated at thls tlme but is available for
program extension. :

The combustor design variables are listed in the data input namelist
COMDPV, consistent with the sequence coded in the program. Following this
listing is- the "Definition of circumferential and radial baffle arrangement,"”
Figure 2-6.

14




S RADIAL BAFFLES
(BFLRAD = 5)

1 CIRCUNFERENTIAL
. BAFFLE (BELCIR = 1)

Figure 2-6. Definition of a Typical Circumferential
and Radial Baffle Arrangement
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PROGRAM .
SYMROL UNITS VALUE DESCRIPTION
DF in. Positive Minimum diameter of fuel orifices (deter-
N number mines pressure drop of the fuel side of "'i
the injector); see Figure 2-7 oo
DX in. Positive "Minimum diameter of oxidizer orifices
number (determines pressure drop of the oxidizer
side of the injector); see Figure 2-7
NF - Positive Number of fuel orifices
1 integer T
NOX - Positive - Number of oxidizer orifices
integer ‘ :
VOLF in3 Positive Volume of fuel manifold
A number
| VOLX in3 Positive ‘Volume of oxidizer manifold
number .
LF in. Positive Length of fuel orifices; see Figure 2-7
number
{LOX " in. Positive Length of oxidizer orifices; see Figure 2-7
number C LT
- - --- Available for program extension.. .
TLC ©in. Positive Length of combustion chamber (from injector-
number facé to throat area); see Figures 2-8 and 2—11
DC in, Positive Chamber diameter at injecfor face; see
number Figures 2-8 and 2-12
OF - | Positive Propellant mixture ratio (oxidizer/fuel)
number :
BFLRAD r; :4 Pdsifive .,Numbgr_of radial baffles; ,see Figure '2-6
integer or | - . : N : . -
- 0.0
BFLCIR e | Positive Number of circumferentiallbaffles; see
integer or Figure 2-6 '
0.0-

16



e ) 2.4 "Data Input Namelist COMMIS

The ‘'data’input namelist COMMIS contains all miscellaneous inputs which
define the combustor design as well as the propellant characteristics. The
figures found subsequent to the COMMIS listing are as follows:

Figure 2-7° Coaxial injector definition
VFigﬁre Z{QA,‘ Combustor chamber geometry definition
Figure 2-9 . Matrix for the input selection of ETYP, ICOAX,
and INJCMP
Figure 2-10 . Input definitions for pump-fed englne with
51ng1e preburner
Figure 2-11 Input definitions for pump fed englne W1th double
preburners
Figure 2-12 Preburner input parameter definitions
‘| PROGRAM |~ "UNITS | - VALUE ' DESCRIPTION
SYMBOL
ANGIMP degree -0 to 180 Impingement angle of injection
CDF - Positive Discharge coefficient for fuel orifices
. number  |. (product of the veloc1ty coefficient and

.the contraction coefficient). For more
about CDF see Section 4.1 ‘

i CDX - Positive Discharge coefficient for oxidizer orifices
i number 1 (prodqgt of velocity coefficient and the
contraction coefficient). For more about
CDX see Sectlon 4 1 '

| CPF o Btu/ Positive Specific heat, of fugi (condition at
1b-°F number injector exit)

| cpx Btu/ | . Positive Specific heat of oxidizer (condition at
: 1b-°F number - ‘injector exit)

" | CHIF - Positive | Compressibility of the fuel, defined as
‘ number the per cent change in volume produced

‘ o by a per cent change in pressure, 7
_ dv/V

17




PROGRAM UNITS VALUE DESCRIPTION " Lo
SYMBOL : . L
CHIX - Positive Compressibility of the oxidizer, defined
number as the per cent change in volume produced
by a per cent change in pressure
dv/V
CHIX ap/P
DFVEL in.  Positive Exit diameter of the fuel orifices (deter-
number mines fuel injection velocity); see
' ' Figure 2-7 ‘ ’
DF1VEL in. Positive Inner diameter of the fuel ring (serves
number to compute DFVEL); see Figure 2-7
DF2VEL in, Positive Quter diameter of the fuel ring (serves
number to compute DFVEL); see Figure 2-7
DTHRTI in, Positive Combustion chamber throat diameter; see
number Figure 2-8
DXVEL in, Positive Exit diameter of the oxidizer orifices
number (determines oxidizer injection velocity);
see Figure 2-7 .
DX1VEL in, Positive Inner diameter of the oxidizer ring (serves
number to compute- DXVEL); see Figure 2-7
DX2VEL in, Positive Outer diameter of the oxidizer ring‘ o
number (serves to compute DXVEL); see Figure 2-7
D2 in, Positive Combustion chamber diameter at the onset
number _of the converging section; see Figures
.2-8 and 2-12
ETYP - 1,2,3, ?rincipal element type. (Also see Figure 2-9)
or 4 1 = coaxial _—
2. =-unlike impinging
3 = like impinging
4 = showerhead
FLINE in. LE Length of the fuel supply line. In the
present computer program the value
for FLINE is the same as for LF
. 2 DF2*P N : .
FLAREA in ——Z———-NF Cross sectional area of fuel supply line.
' In the present computer program the value
for FLAREA = (DF**2 *PI/4)NF
F28TBS radians | 1.9 Phase angle due to delay in burning

18




VALUE

PROGRAM _ UNITS DESCRIPTION i}
SYMBOL
ICOAX - 0,1, or 2 Coaxial injection indicator (also see
: ) Figure 2-9):
’. 0 = non-coaxial
1 = outer ring is fuel
2 = outer ring is oxidizer
IEQF - 1 or 2 Fuel feed system indicator:
1 = pump-fed system (constant flow)
2 = pressure-fed system (constant pressure)
TEQX - -1 or 2 Oxidizer feed system indicator:
1 = pump-fed system (constant flow)
2 = pressure-fed system (constant pressure)
INJCMP - '0,1,2,3,4 Injector complexity index (see also Figure
or S 2-9):
0 = showerhead injection with rigimesh
1 = showerhead injection (fuel and oxidizer)
2 = concentric tube injection (includes ,
coaxial impingement)
3 = like impingement fuel (or oxidizer)
with showerhead oxidizer (or fuel)
4 = unlike triplet injection
' 5 = pentad injection
ISTATF - lor?2 Fuel state at 1nJector exit:
.. N = gas
= liquid
ISTATX - 1 1or2 " Oxidizer state at 1nJector exit:
. : . . 1 = gas S ;
2 = liquid :
ISTORF- - Oor1l Fuel hypergolic indicator:
: 0 = non-hypergolic
= hypergollc
ISTORX -- 0 or 1 Oxidizer hypergolic indicator:’
0 = non-hypergolic
1 = hypergolic
LAMBDF _Btu/1b . Positive Latent heat of vaporization of’fuel'(for
: 1 number or fuel condition at injector exit). If a
0 - - gas or above critical temperature enter
o noY . .
LAMBDX‘ Btu/lb jPositive e Latent heat of vaporization of oxidizer
number or (for oxidizer condition at injector exit).
0

If a gas or above critical temperature,

~ enter "0"
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PROGRAM UNITS VALUE " DESCRIPTION
SYMBOL
LGSOF in. 2.75 Generalized chamber length to vaporize
50 per cent of fuel (see NASA TR R-67,
Figure 28f)
LG50X in, 2.75 Generalized chamber length to vaporize
50 per cent of oxidizer (see NASA TR
R-67, Figure 28f)
LR - 0orl Liner indicator in A. D. Little corre-
lations (NASA CR-72370):
1 = liner or absorber is present
0 = liner or absorber is not present
L1 in, Positive Length of cylindrical section of the
number or. combustion chamber; see Figures 2.8 and 2-12
0
MOLEF 1b/mole Positive Molecular weight of fuel (for definition
number of input values see Section 7.9.19)
MOLEX 1b/mole Positive Molecular weight of oxidizer (for defi-
number nition of input values, see Section 7.9,19)
MUF 1b/in-sec | Positive Viscosity of liquid or gaseous fuel
number or (condition at injector exit). If a gas
0 or above critical temperature, enter "Q"
MUX 1b/in-sec | Positive Viscosity of liquid or gaseous oxidizer
number or (condition at injector exit). If a gas
0 or above critical temperature, enter ‘0"
NTAUN1 - Present Propellant interaction index. Used for
value is modifying PINTER in subroutine TAUN1
.70
NTAUN3 - Present Propellant interaction index. Used for
value is | modifying PINTER in subroutine TAUN3
.70
PCRITF lb/in2 Positive Critical pressure of fuel. If a gas,
number or PCRITF = 1.0
1.0
PCRITX 1b/in2 Positive Critical pressure of oxidizer. If a gas,
number or PCRITX = 1.0
1.0 ’
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PROGRAM UNITS VALUE DESCRIPTION - R
SYMBOL
PTYP - 1,2,3,4, Propellant type indicator: *
or 5 1 = H2/02
2 = RP1/LOX or JP5A/LOX
3 = N2/H4 - UDMH/N204
4 = Ethanol/LOX
5 = Others
RHOF 1b/in3 Positive Density of fuel (condition at injeptpr
number exit) ) o
NOTE: For an engine arrangement with
preburners, the density of the
gaseous fuel/OX mixture at main
chamber entrance becomes
_ WXPREB ~
RHOFgas = RHOF +[WXPREB+WFPREB(RHOX - RHOF) ]
RHOX lb/in3 Positive Density of oxidizer (condition at injector
number exit) : '
SIGLF 1b/in Positive Surface tension of fuel (cdndition at
number or injector exit). If a gas or above
0 "critical temperature, enter '0"
SIGLX ib/in Positive Surface tension of oxidizer (condition at
number or injector exit). If a gas or above
0 critical temperature, ‘enter '"0'"
TCRF °R Positive Critical temperature of fuel. If a gas
number or or above critical temperature, enter '0"
0
TCRX °R Positive Critical temperature of oxidizer. If a
number or gas or above critical temperature, enter
0 g )
THRUST 1bf Positive Effective thrust for respective engine
number or operating conditions. If a preburner is
; 0 analyzed, enter ''0"
TLOF °R Positive Droplet or gas initial temperature of
number fuel (condition at injector exit) .
TLOX °R Positive Droplet or gas initial temperature of
number of oxidizer (condition at injector exit)
WFCOOQL Ibm/sec Positive Fuel mass flow rate for cooling (separ-
number or ately injected into the combustion
0 chamber upstream of the throat area).

If no cooling flow exists, enter '0'".
See Figures 2-10 and 2-11 for definition
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Figure 2-7. Coaxial Injector Definitions

NOTE: If a8 gaseous propellant (fuel or oxidizer) is injected through

the ring shaped area, the program input consists of computing the equivalent
diameter DF of a circular area. In case that the fuel is on the outside,
DF becomes DFVEL. Therefore, the equivalent diameter is

a’ 2 . 2
DFVELgas ‘ q(D‘FZVEL) (DF1VEL)

For oxidizer on the outside it becomes

= 2. 2
DX\I‘ELgas ‘j(DXZVEL) (DX1VEL)

1f a liquid propellant (fuel or oxidizer) is injected through the same

ring shaped area, the program input has to provide for a good approximation
of the appropriate physical conditions. It is assumed that the liquid sheet
formed by the annulus can be broken up in individual quadratic flow elements
of an area equal to .

pF2vEL - DFIVEL)]? DX2VEL - DX1VEL)] 2
7 and 7

For fuel on the outside, this corresponds to an equivalent diameter of a
circular area of

DFVEL.. = (DF2VEL - DF1VEL)
liqu S ]

and for oxidizer on the outside

DXVEL

o {DX2VEL - DXIVEL)
liqu e .

In addition, the equivalent number of injection holes has to become

TAFE " and NOX

NOFy;qu ®  TDFVELZ
4

. .o
liqu * FHRVEL
4

Here, the total injection areas, TAF and TAX, have to be hand-calculated. It
is ' .

2_ 2
TAF = "“DFWE[“L (OFIVEL)®) , [ mber of injector fuel elements

and 2. 2
. TAX = n(@xzvx-:x.% (DX1VEL)?)

* number of injegtor oxidizer
elements
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Figure 2-8. Combustion Chamber Geometry Definitions
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Figure 2-9. Matrix for the Input Selection of ETYP, ICOAX,
and INJCMP (crossed-out fields mean that no
selection is possible)

23




. Turbines

+ WXPREB

WOX - WXPREB Pc
WFCOOL
Main
Thrust
Chamber
Figufe 2-10. Input Definitions for Figure 2-11. Input Definitions for
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Figure 2-12. Preburner Input Parameter Definitions
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'PROGRAM INPUT | VALUE DESCRIPTION

SYMBOL v
WFPREB lbm/sec |Positive Fuel mass flow rate for preburner. If
number or _ | no preburner arrangement exists, enter
0 "0'', See Figures 2-10 and 2-11 for definition
.an lbm/sec |Positive Total propellant mass flow rate entering
- = |number the combustion chamber. See Figures 2-10

and 2-11 for definition

WXPREB lbm/sec |Positive Oxidizer mass flow rate for preburner. If
' number or no preburner darrangement exists, enter
' 0 "0". See Figures 2-10 and 2-11 for definition
XLINE in. " LOX Length of oxidizer supply line. In the

present computer program the value for

XLINE is the same as for LOX

) . 2% : . . )

XLAREA in2 ‘ QE—ZEE-NOX Cross sectional area of oxidizer supply .
' ' line. 1In the present computer program

the value for XLAREA = (DX**2*PI/4)}NOX

2.5 Data Input Namelist NLROOT

Subroutines SECF20, 21, 26, 27, and 28 compute low and high frequency
combustion stability modes wh1ch require the solution of complex characteristic ;
equation roots. The root finding procedure is assisted by either nominal root
guesses stored in the program code or by root guesses specified by the designer as
inputs in input namelist NLROOT. Root guesses for namelist NLROOT are convenient
for repetitive runs. Previously found roots are used to facilitate the
searching process; i.e., to save computer time. In addition, various kinds
of control statements- are inputs in NLROOT. :

. There are three types of control statements; namely T

1. general control statements

2. control statements for individual subroutines t

3. control statements for root guesses

"These control statements are discussed in the sections to follow.
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2.5.1 General Control Statements. The general statements

ROOTS .FALSE.

ROOTS

.TRUE.

indicate if there are any root guesses stored on tape{ The general statements

IPROOT .FALSE

IPROOT = .TRUE.

are set true if a printout of the root table summary is desired.’

2.5.2 Control Statements for Individual Subroutines.  To determine if root

guesses for the individual subroutine
or if root guesses are used in. input .
statements become

IGRF20. = .FALSE.
IGRF21 =
IGRF26 = .FALSE.
IGRF27 = .FALSE.
IGRF28 =

The maximum number of roots possible
NRF20
NRF21
NRF26
NRF27
NRF28

It is at the user's discretion to sel

The maximum number of trials pos
follows:

NTF20 = NRFXX

NTF21 = NRFXX

.FALSE.

s are stored in the program code (.FALSE.)
data (.TRUE.), the respective. control

(or .TRUE.)

.FAtsg, (or .TRUE.)

(or .TRUE.)

(or .TRUE.)
(or .TRUE.)

to be solved is indicated as follows:

20

20 .

20

"

10

10

ect any smaller number of roots.

sible for each root is indicated as

* NTFXX < 20

* NTFXX < 20
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- " 'NTF26

= NRFXX * NTFXX < 20 .
NTF27 = NREXX * NTEXX < 20
NTF28 = NRFXX * NTFXX < 20

Here, too, it is up to the judgment of the user, possibly to reduce the numbér
of trials for a given root.

The szarch range for decay rate in the root f1nd1ng is indicated by the
statements

' ALRN27

30_ e

ALRN28 =300 .
Other range definitions (for SECF20, 21, 26) are built in the program code and;
therefore, cannot be varied. < R

In subroutine SECF27 the maximum number of modes of the oscillation
constant, 8, , is coded in the program; therefore,

NF27 = 10

In subroutine SECF28 the max1mum number of Bessel arguments, m, is coded in the
program; therefore, .

NB28 = 10

Note that if baffles ‘are present the program will dutomatically determine NF27
and NB28.

\

2.5.3 Control Statements for Root Guesses. A typical root guess in data
input NLROOT has the form

G R F 27 ' * R (1, 2) = . ,
\___v / \_“‘V""—/ .

: v l

guess root ’ ) L ) +

subroutine SECF27

" real part I
of the root *——
SRS E L first
frequency
second
root
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Corresponding

GRF27I(1, 2) = . . . .., - -

.imagiﬂary part
of the root

The following Tables 2-1 to 2-4 list the root guesses for subroutines
SECF20, 21, 26, 27, and 28, respectively, stored in the program code as, well
as the sequence for the data 1nput namellst NLROOT. e

2.6 Data Input Namelist COMIRW

During the construction of the computer program it became necéssary to,
have the option "writing out" (IRWXX = 1) the results of a selected subroutine
(DBFXX or BPAL namelist), to '"read in" (IRWXX = 2) specific data; or by setting
IRWXX = 0 to ignore "writing out" and "read in". Subroutines SECF11l through
SECF82 can be controlled in this way as well as several other subroutines.

Table 2-5 depicts the options for IRWXX contained in the program code. For
more details about '"writing out' and ''read in'" see Section 2.9.

" 2.7 Data Input Namelist CRVFIT

The curve fitting capability in the computer code is necessary because
the four: parameters

H

Iép" specific impulse

specific heat ratio

K =
M = molecular weight of exhaust gas
T; = temperature in combustion chamber

are, for optimization purposes, quantities as a function of the mixture‘ratio
O/F. For point design, however, the listed parameters are fixed input values.
Therefore, two possibilities for data input are considered:

1. Use of data stored in program. The input is

$CRVFIT
$

2. Use of fixed input values for point design if
the relationship of the four propellant param- .
eters as a function of O/F is not available.
The input cards are then
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REAL

IMAGINARY

NAME
IN
PROGRAM

ROOT GUESS
STORED IN
PROGRAM

NAME
IN
PROGRAM

ROOT GUESS
STORED IN
PROGRAM*

GRF20R (1) -1.0 GRF20I(1) 0.0

PIFAC=w*FAC, FAC=0.25;

gg GRF20R(2) -1.0 GRF201(2) /T
gf GRF20R (3) -1.0 GRF20I(3) T

25 |crarca) -1.0 GRF201(4) "

® | erF20r(5) -1.0 GRF201(5) -

fg GRF21R(11) -1.0. ' GRF211(11) 0.0
gé .GRF21R(12) -1.0 GRF21I(12) -n)? s
gé GRF2IR(13) -1.0 | GRF211(13) v
§§ GRF21R(14) -1.0 GRF211 (14) W

% GRF21R(15) -1.0 GRF21I(15) -
oD GRF26R(1) -0.0101 ' GRF26I(1). PIFAC
,§ E-g_i GRF26R(2) -0.0101 GRF261(2) -PIFAC )
g § GRF26R (3) -0.0101 GRF261(3) PIFAC
® 2‘?,‘ GRF26R(4) -0.0101 GRF261(4) -PIFAC

|

Eg GRF26R(11) 0.0101 GRF261(11) PIFAC
:E: ‘; GRF26R(12) 0.0101 . GRF261(12) -PIFAC
g% GRF26R(13) 0.0101 GRF261(13) PIFAC
":’E GRF26R (14) 0.0101 GRF261 (14) -PIFAC '

@ ..

*T= TAU/Og; w=0.001;

TABLE 2-1. Root Guesses for Subroutines SECF20, SECF21,
and SECF26
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REAL IMAGINARY
Mode of Name Root Guess Namo ! | Root Guess
w Oscillation in Stored in in Stored in
3§ Constant. . Progran Program - Program Program *
£ .
= s GRF27R(1,1) GRF271(1,1) /
- . ) i/t
GE v to -0.0101 to 85,0
g 1.84129 GRF27R(1,4) _ GRF27I(1,4)
—5
o= S, - GRF27R(2,1) GRF271(2,1) | =/t
g% () to -0.0101 to .
B 3.0543 GRF27R(2,4) GRF271(2,4) |
Z.
- [ - GRF27R(3,1) A GRF27I(3,1) | tu/x
5 vh(3) to 0.0101 N to Son(s) b
Eg 3.8317 - GRF27R(3,4) GRF271(3,4) ) :
aa S, e @RF2R(4,1) | - . GRF27I(4,1) |- tn/t
: é = vh(4) . to 0.0101 X to t.svh(d)
o |82 7.0156 GRF27R(4,4) |- GRF271(4,4)
L) .
Svh(5)" GRF27R(5,1) GRF271(5,1) | #m/t
. to - 0.0101 " to. Ss)
. 5.3313 GRF27R(S ,4) GRF271(S,4)
3 ~
Q
2 Svhgg)® GRF27R(6,1) . * . GRF27I(6,1) {.*m/t.
8 (6 " to 0.0101 to S06)
Z 8.5263 GRF27R(6,4) GRF27I(6,4) |-~ "
svh(7)“ GRF27R(7,1) .. | GRF271(7,1) | tw/v. -
to T 0.0101 to +S heT
,6.7060 GRF27R(7,4) * . GRF271(7,4) vh(7}
3 —
= Svn(1)® GRE27R(1,11) . GRF27I(1,11) | tm/t
GE _ to - | o0.0101 to - Suncy
2% 1.84129 GRF27R(1;14) GRF27I(1,14)
2 .
2
g Seh(2)" GRF27R(1,11) GRF27I(2,11) | tm/t
ba gl R to 0.0101 T to tsvh(z)
8o 3.0543 GRF27R(2,14) GRF271(2,14)
£ : . : :
- s = GRF27R(3,11) GRF27I(3,11) | #mw/t
g2 vh(3) to | o0.0101 to 5.
< | 5% 3.8317 GRF27R(3,14) GRF271(3,14) vh(3),
] -
o Y Suh (4" GRF27R(4,11) . GRF271(4,11) | #n/v
- | &3 ] 0.0101 to 5 ca)
o 7.0156 GRF27R(4,14) GRF271(4,14)
= L
° Sungs)® GRF27R(S,11) GRF27I(5,11) | *m/x
- to 0.0101 to ] s
. 5.331 GRF27R (5, 14) <+ | “GRF27I(s, 14) vh(5)
3 .
Q
g . Sen 0" GRF27R(6,11) GRF271(6,11) | #n/t
a ( to 0.0101 to . 55, o
2 8.5263 GRF27R(6,14) GRF271(6,14) | - ¥P(6)
= : : .
Sun(7)" GRF27R(7,11) GRF27I(7,11) | tu/t
- to 0.0101" to b2)
6.7070 GRF27R(7,14) GRF271(7,14) vh(7)

* T o TAUN1, TAUN2, or TAUN3

TABLE 2-2. Root Guesses for Subroutine SECF27
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REAL IMAGINARY
] Bessel Nemo R‘qot Guess "Name Root Guess
FREQ. Argument " in ‘Stored in in Stored in
A MODE (W) Program Progranm*® " Program Progran**
w GRF28R(1,1) Ry, GRF28I(1,1) | *(uy)
._5. "1' . a L _t(wx‘AUl)
7S . to 1 to £ (W) +2,)
:s 1.8412 o : (o, +34w,; )
2 GRF28R(1,9) | ~ Ry GRF28I (1,4) | #(w;+4w,)
@ GRF28R(2,1) R,y GRF281(2,1) | “(wy)
g8 w,= ) ' : + (g +du,)
8a. a to ! to 2 (wy+20w,)
& 3.0543 . H * (wg+380;)
GRF28R(2,4) Ry 10 GRF281(2,4) | 2(w,+dtw;)
v .
- = GRF28R(3,1) Ry GRF28I(3,1) | #£(uw,y)
- & W = ’ ’ 2 (wy +duwy)
e 3 ' 3 +oUy
b =1 to ! to - 2wy +28u,)
£} gs 4.2q12 : " 2{wy +3A,)
& 2 GRF28R(3,4) Ry, 10 GRF28I(3,4)" | 2(w,+48u,)
o GRF28R(4,1) | R,1 GRF281(4,1) | #(w,) .
5= 8= 1 2(w, +Aw,)
& t- to ! < to +(uy, +280,)
oE ] 3.8317 . ! , +(wy +30u0)
GRF28R(4,4) Ruts GRF281(4,4) | #*(w,+4bw,)
-l
Z GRF28R(S,1) ' GRF281(5.1) | (u)
a W, o ’ tw’ +8w )
H ] .
E to i to :(w:.sz,s)
7] 0.0 ] » a +{iog +3403)
& GRFZBR(S,4) Rs, 10 GRF281(5,4) | *(ws+ddus)
@ . GRF28R(1,11) R, GRF28I(1,11) § +(w;)
a ,
wl @, = *(w, +4uw, )
Eg t - to . E to . . ~2(w:*§:1(1“)
=3 1.8412 i +(wy +340)
2 GRF28R(1,14) R}, 1o GRF28I(1,14) | #(uy+dduy)
.58 GRF28R(2,11) Ry, GRF281(2,11) | #(w,)
&3 Wy s ! s +(w, vbw,)
=37 . to ) to t(wzozAuz)
1 3 3.0543 . | *(w,+30u,)
. g GRF28R(2,14) Ry 10 GRF281(2,14) | 2(w +dtw,)
« 2
o T
- 3 ) GRF28R(3,11) Rs 1 GRF28I(3,11) | #(w,)
-~ | =8 0,= H : | 2wy +hw,)
a =31 - to ! . to *(wy+28u,)
— ._3 4.2012 h +(wy+380,)
-1 2 .GRF28R(3,14) Ra 10 GRF281(3,14) | #(wy+ttw,)
= .
o GRF28R(4,11) R, , GRE28T(4,11) | 2 (w,)
2% L= " 2w, +bw,)
=8 to ' to 2 (wy +28us,).
] 3.8317 N * (W, +3L65,)
: GRF2BR(4,14) LA GRF281(4,14) | 3 (uueate)
-
-3 GRF28R(5,11) R, , GRF28I(5,11) | +(uw,)
g wga Vv ‘ +(wg +buwg)
B to 1 to t (wg +2Lus)
g 0.0 , ! * (wg +3Lug)
g GRF28R(5,14) Rs 10 GRF281(S,14) | #(ws+bius)

* &, = random number between 0 and -0.001 )
oo :

s w/2n

TABLE 2-3. Root Guesses for Subroutine SECF28
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SNLROOT -
RNOTS=,TRUE . s ‘
ROOTS=,FALSE.
1PROOT=.TRUE s
NRF20=3sNTF20=3.NRF2]1= 3.Nrr21=3.
NRF26=5:NTF26=5,

NQF26=3)NTF26=3,
NQF28=2,NTF28=2,
NF27=7, N928=5,
NRF27=3sNTF27=3,
1GPF20=,FALSE.s
IGRF20=.TPUE .y
IGRF21=.FALSE.
1GRF21=.TRUE. s’ ] P
16PF26%.FALSE. s T
I1GRF26=,TRUE . »
IGRF27=.TRLE «»
1GRF27=.FALSE.
1GPF2R=.FALSE .y .
IGRF28=.TRUE . » , y
o ALAN28=10,0s ALRN27=15.00 Sl
ALRN2R=10,0s ALRN27=100.0,

-6.8726986~02
-6 TR3433F=02 '
~6.8B726498E-02,

GRF2AR1(S5:1)
GRF28R (5+2)
GRF281 (52}
%

GRF20R(1) = .16369, .16399,
GRF201(1) = -,43481, ,63481,

GRF2IR(1) = 2.026219E-02+ 2.026219E-02, —.850782.
GRF211(1) = 4833296, -.833296+ 2.48576s
GRF26R(1) = =,37925 .
GRF261(1) = -7,83507E-08

GRF26R(2) = =.33717, ,
GRF261(2) = 3.2757,. :
GRF26R(3) = =-,37969,

GRF261(3) = 1.27032E-07,

GRF26R14) = =.33456,

GRF261(4) = 3,2786

GRF26R(11) = =,37924s

GRF261(11) = =7.83507E-08,

GRF26R(12) = =.33717s g
GRF261(12) = 3.2757s

"GRF26R(13) = =.37969

GRF261(13). = 1.27032E-07,

GRF26R(14) = =.33456s

GRF261{14) = 3.2786,

GRF2BR(1+1) = 1.61195,

“GRF2RT(1,1) = =.145074,

GRF2AR(1+2) = =1.61195,

GRF281(1,2) = =.145074»

GRF28R(2+1) = 2.66034y

GRF28I(2,1) = -.,22988%

GRF28R(2+2) = =2.66034y

GRF28112+2) = -,229889+

GRF28R(3+1) = 3.,66597,

GRF2BI(3+1) = =.43242) .

GRF28R(3+2) = =3.66597s

GRF2BI(3,2) = =,43242,

GRF2AR(&s1) = 3.33687,

GRF28I(4e1) = =,36992,

GRF2BR{492) = =3.33687»

GRF2RI(4+2) = =.349924

GPF2AR(Ss1) = 6.783433E~02, :

TABLE 2-4. Samﬁle for Control Cards for Data
Input Namelist NLROOT
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IRWXX SUBROUT INE NAMELIST

OPT IONS © NAME" NAME
IRWACW = 0, 1  ACWAVE 'DBACW

" IRWFLO = 0, 1 FLORES DBFLO
IRWFRP = 0, 1, 2 -'FRPRQP DBFRP
IRWL50 = 0, 1 _ LFIFTY DBLS0
IRWNLS = 0, 1, 2 - NLSTAB DBNLS

IRWPAL = 0, 1 - ; POSTAL BPAL
IRWTAU = 0, 1 © TAUN DBTAU
IRWVAP = 0, 1, 2 VAPRIZ' DBVAP
IRWIL =0, 1, 2 © SECF11 DBF11

| \4 v

IRW82 =0, 1, 2 | SECRs2 DBF82

TABLE 2-5. Options for IRWXX Control Switch Contained in the

Program Code
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$CRVFIT
NPISP=0 _
NPK=0, :
NPMOLW=0, T
NPT1=0 '
PCISP(1)=.
PCK(1) = . .
PCMOLW(1)=. .
PCT1(1)=.

The program symbols “ar¥e described in the list at the end of:'Séction”2:7.

2.7.1 How to Store New Propellant Data. If optimization runs have. to be
performed, the ‘relationship of the four quantities of Isps k, M, ‘and T; -as”
function of the mixture ratio O/F has to be stored in the program. For- this -
purpose, subprogram FITCRV usés four pertinent propellant polynomial
expressions. The independent variable of these polynom1a1 functions is the :
mixture ratio O/F. (For more details see Section 6.6.3). ' The polynomial -
coefficients must be supplied by the designer either directly or. indirectly
by specification of the curves- in tabular form. For-a new propellant combi-:
nation, the sample data deck is as follows: :

$CRVFIT

XFIT=0F;, OF2 . . . OFNpPTS
YFIT=ISPy, ISP; . . . ISPnprg
NPTS=10,

KPOLY=2,

KIND=1,

ICRVFT=1, .
LOOP=. TRUE. ' R
$ )

$CRVFIT o ‘

XFIT=0F;, OFy . . . OFNPTS

YFIT=K1, K2 . . . KNPTS

NPTS=10, . T
KPOLY=2, R
KIND=1, o S '
ICRVFT=2, .

LOOP=.TRUE. B
$CRVFIT

XFIT=0Fy, OF2 . « . OFNPTS

YFIT=M;, M2 . . MNPTS

NPTS=10,

KPOLY=2, o v

KIND=1,: = ) :

ICRVFT=3, :

LOOP = .TRUE. < o R

- Continued -
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$CRVFIT

XFIT=0F, ,OF OF
sUb 45000 NPTS
YFIT—Tli,le ..... TINpPTS
NPTS=10,
KPOLY=2,
KIND=1,
ICRVFT=4,
LOOP=,FALSE.
$
'PROGRAM_
SYMBOL ... DESCRIPTION
ICRVFT . =1, fit I sp to O/F; =2, fit k to 0/1=
=3, fit M to O/F ..=4, fit T1 to O/F
IOUT .- "toutput;polynomlal:Valuegfét inpﬁt'points .
.IPNAMLé " |  causes to print out the nameiisff
JPOLY Number of leading polyﬁomial zero coefficients
KIND Kind of fit:
' = 1 for LINX, LINY
) = 2 for LOXG, LINY .
= 3 for LINX, LOGY )
= 4 for LOGX, LOGY:
KPOLY Degree of approximating polynomial
LOOP Logical variable 1nd1cat1ng to loop back for the
next case
LWGHT Weight switch:
= 0 for WEIGHT(I) = 1.0
= 1 for WEIGHT(I) = DATA
NPISP Polynomial degree of the specific_i’mpuls,e,..lS ;Aas a
function of the mixture ratio O/F P
NPK Polynomial degree of the.specific heat ratlo k as a
function of the mixture ratlo O/F
~ NPMOLW Polynomial degree of the molecular weight of the combustion
gas, M, as a function of the mixture ratio O/F - -
NPTS Number of points on original curve
NPT1 Polynomial degree of the combustion temperature,‘Tl,
as a function of the mixture ratio O/F
{continued)
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' PROGRAM

SYMBOL ' DESCRIPTION

PCISP Input polynomial coefficient for specific
impulse, IsP : - S

PCK Input polynomial coefficient for specific ,
heat ratio, k

PCMOLW - Input polynomial coefficient for the molecular:
weight of the combustion gas; M R o

PCT1 Input polynomial coefficient for combustion
temperature, T1

WEIGHT Weighting matrix to be applied to the raw data

XFIT - X values ‘

YFIT Y values e

2.8 Data Input .Namelist IAESOP
In the present program code there are 14 design variables which are input
data in namelist COMDPV. They are set in subroutine CMBDPV in the following
sequence: ST S : '

© ALPHA(1)
11

DF- = .
NF . = "(3) i
NOX = "(4)
VOLF = m(5)
VOLX = "(6)
LF = "
(7)
LOX = "(8)
(available) = "(9)
.. LC - = " (10)
pC = "o(11)
OF = moo(12) -
BFLRAD = "o(13)
BFLCIR = "o(14) :

For a deck setup, the boundaries (low and high) for these variables have to
be determined and are inputs in IAESOP in the following manner:

ALPHA(1) B ¢ )
ALPLO(1) = ...y vuuy vun, .., > (14)
ALPHI(L) = ..., ..., vu., ..., > (14)

[/ I ]
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In addition, the number of iterations for the optimization loop“has to
be an input such as

MAXJJJ = 10
: . t .
for ten iterations or in case of a point design

MAXJJJ = O

Table 2-6 depicts an input sample for IAESOP. A description of the program :
symbols is given in the following-list. More details about the optimization -
program AESOP and its.application-are presented .in Appendix B.

$IAESOP

NALFPHA=14,

NFUNC = 15,

IREPET=20»

LUFIN=2s ITFIN=0,

NUMOPT=2y METHOP(1)=10+2>s

MAXRRS=S

" MAXRRS=4,

IPGAIN=1,

IPSRCH=1s IPACYC=ls IPFCYC=]l,
MAXJJJ ly -
MAXJJJ 29
MAXJJJ = Oy ’
ALPLO(1)= .020s «020s 100.9 100es 100000e9 1000009 +0509 « 050,
"ALPLO(9)= 04es 10e¢s 70es 243989 7e9 lao
ALPHA(1)= 1959 +242s 2000.9s 2000e9 1000009 100000e9s 2.09 Se0»
ALPHA(9)= 04y 5049 4.y 23283 Te9 loy
ALPHI(1)= .50y 1409 10.0E+069 10.0E+06s 100000+ 10000049 1249 18,9
ALPHI(9)= 0 o9 15009 140.9 24398s 7es lev

¥
TABLE 2-6. Input Sample for IAESOP

PROGRAM SYMBOL o DESCRIPTION

ALPHA; The nominal parameter values

ALPHI; . Upper»bounds on each parameter search range

ALPLO; ) | Lower bounds on each parameter search range

IPACYC Will cause print out of the control parameter values
at the end of each optimization cycle

IPFCYC : Will cause print out of the function values at the
end of each optimization cycle (continued)
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PROGRAM SYMBOL . DESCRIPTION

IPGAIN Will cause print out of the function and control parameter
values after each evaluation in which there was a galn
in performance

IPSRCH Will cause print out of the function and -control param-
eter values at .the end of each search o -

IREPET s " The maximum number of times the search sequence (optimi-
: ' ’ zation’ cycle) def1ned in METHOP w111 be utlllzed

ITFIN 4 | Controls content of final summary report.
LUFIN . | Tape or disk unit used to store the convergence hlstorles
: of ‘the function and control parameter values:for tabular

'llstlng at the end of the optlmlzatlon process N

MAXJJJ ’ A 'The max1mum number of 1terat10ns

MAXRRS ' o ~ The maximum number of random rays, one or, two 51ded
investigated each time the optimization cycle
requests a random ray search

METHpPi ' " | The search sequence'by numericfidentification
NALPHA The number of parameters available for optlmlzatlon .
NFUNC The total number of functions belng def1ned and

computed  in the system’ modél: s

NUMOPT - The number of optimization techniques to be employed

2.9 Data Input Namelist for‘Characterietic Data

The use of the data input namelist for characteristic data allows the
designer to treat several program modules essentially in an 1ndependent
fashion. By this it is possible to investigate the influence of selected
parameters on the results of the respective module. Section 2.6 described
the method for using the control switch for '"reading in" characteristic data
by setting IRWXX 2. By doing this the data can be read in as follows:

$
DBXX

: - §
A list of each DBXX namelist avallable in the program with a descrlptlon
of the namelist variables follows: . . . . . ... . - : -
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3. PROGRAM OUTPUT

The present program coding provides the print out of.seven summary
tables with parameter descriptions controlled by the following subroutines:

1.

Subroutine OUTAEC, "Average Engine Characteristics,"
Table 3-1 ‘

Subroutine OUTFDV, '"Final Values of the Design Variables,"
Table 3-2 ’

Subroutine OUTGEP, "General Ehgine Parameters,'" Table
3-3 . . . A

Subroutine OUTSCC, "Specific Combustor Characteristics,"
Table 3-4 . ] A

Subroutine OUTSRS, "Stability'Root:Summary," Table 3-5

Subroutine OUTWAC, "Weighting Factors in Average
Characteristics,'" Table 3-6 . . .. e

Subroutine OUTWTR, '"Weighting'Factors in Rating Equation,' .
Table 3-7 - .

B

*

3.1 Data to Regulate Program Output

The print out of the seven summary tables is automatically.regulated .
with each run. Other informative print outs are activated when using the
control switch for ''read in" and "print out' IRWXX = 1 or 2,(see Sections
2.6 and 2.9). ‘
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NUMRER 4YY ENGINE TYPE NO,}
TEST CAaSE
THRUST = 15000 POUND
02 7/ H2 PROPELLANT
CHECK OUT RUN

AVERAGE ENGINE CHARACTERISTICS s - 4 RATING COMPONENT
PERFORMANCE CHARACTERISTIC . FI°= =~ = «463970 69,5955
STARILITY CHARACTERISTIC FIt = +=37.4853 4471949
PRESSURE DRNP CHARACTERISTIC ) Fl11 = 71.4208 1.45876
INJECTOR COMPLEXITY CHARACTERISTIC FIvV = 8.,87860 3.11377
LENGTH CHARACTERISTIC Fv = 2.18288 . . 1.73.002
CHAMBER DIAMETER CHARACTERISTIC ) .FVI = 2.00000 . 140.000
CHAMBER MIXYURE RATIO CH;PACTﬁRISTIC FVIl = 4.000000E~-03 1.7595525'07
COMBUSTOR BAFFLE CHARACTERISTIC FVIIT =

0. o'.
BRBBOUDHDEDOUBUDIHDOD
COMBUSTOR RATING = 391.920
¢h¢oaéeonooﬂeoooqaoo '

TABLE 3-1. Typical Printout for Average .Engine
' Characteristics (Subroutine OUTAEC)

NUMBER 4YY ENGINE TYPE NO.1
TEST CASE .
THRUST = 15000 POUND
02 / H2 PROPELLANT
CHECK QUT RUN

FINAL VALUES OF THE DESIGN VARIABLES

DIAMETER OF FUEL ORIFICES OF . = 129200 ° .
DIAMETER OF OXIDIZER ORFICES DX = B8,400000E-02 - v
NUMRER OF FUEL ORIFICES NF s 216,000
NUMRER OF OXIDI1ZER ORFICES NOX = 2164000

- VOLUME OF FUEL MANIFOLD VOLF = 10,0000
VOLUME OF OXIDIZER MANIFOLD . VOLX = 10,0000
LEMGTH OF FUEL ORIFICES _ - LF . = 6,000000E-02
LEMGTH OF OXIDIZER ORFICES ) .LOX = ,400000
ELEMENT TYPE ETYP = 1.00000
LENGTH OF CHAMBER LC = 11,2200
CHAMBER DIAMETER oc = 10.2800
MIXTURE RATIO (OXIDIZER/FUEL) oF =  5,05990
RADIAL BAFFLES BFLRAD = 0,
‘CIRCUMFERENTIAL BAFFLES BFLCIR = 0.

PO OREEEE00ToRNOOINDIOOON IBOON
FINAL COMBUSTOR RATING = 391.920

SROOCBIPGOIBBIVEINDININIENDENQNS

TABLE 3-2, Typical Printout for Final Values of
the Design Variables (Subroutine OUTFDV)
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NUMBER: 4YY ENGINE TYPE NO,1
TEST CASE
THRUST = 15000 POUND
02 7 H2 PROPELLANT
, CHECK OUT. RUN
. GENERAL ENGINE PARAMETERS
COMRUSTOR THRUST FORCE
PROPELLANT SPECIFIC IMPULSE
CHAMBER PRESSURE AT INJECTOR HEAD '
TOTAL PROPELLANT FLOW RATE
FUEL WEIGHT FLOW RATE"
OXIDIZER WEIGHT FLOW RATE
COMBUSTION TEMPERATURE IN CHAMAER
RATIO OF SPECIFIC HEAT OF COMBUSTION GAS
GAS CONSTANT OF COMBUSTION GAS
IDEAL THRUST COEFFICiEN{(l;
ACOUSTICAL LENGTH OF CHAMBER
MOLECULAR WEIGHT OF COMBUSTION GAS
MEAN RESIDENCE TIME OF GAS IN CHAMBER
SPEED OF SOUND IN CHAMBER .
COMBUSTION CHAMBER MACH NUMBER
INJECTOR PRESSURE DROP FOR FUEL
INJECTO% PRESSURE DROP FOR OXIDIZER
COMBUSTION CHAMBER VOLUME
AVERAGE VELOCITY OF GASES IN CHAMRER
FUEL INJECTIUN VELOCITY
OXIDIZER INJECTION VELOCITY
TOTAL AREA OF FUEL INJECTOR ORIFICES
TOTAL AREA OF OXIDIZER INJECTOR ORIFICES
CHAMBER LENGTH TO VAPORIZE 50 PER=-CENT OF FUEL
CHAMBER LENGTH TO VAPORIZE 50 PER-CENT- OF OXIDIZER

BAFFLE LENGTH BASED ON LARGEST LSO

THRYUST
1P
PCI

wT

WF

woXxX
TCOMB
SPHEAT
RGAS
CFINEL

LOUM

MOLWT
THETAG
cs

MC

DELPF

DELPX

Ve

VELC
VFUEL
vOXID
TAF

“TAX

LSFUEL
LSOXID
BAFLEN

]

n

]

15000.0
4664840
372.817
33.7200
5.56445
281556
5764491
1.24900
127.131
1.93901
8.81574
1241450
8.568235E-04
$5123,3
.201078
R2.9046G
48,4575
681.565
13094,9
13013.0
339,511
2.83184
1.19702

0.
649491

1.29898

TABLE 3-3. Typical Printout for General Engine Parameters

(Subroutine OUTGEP)
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NUMBRER 4YY ENGINE " TYPE NO.1
TEST CASE
THRUST = 15000 POUND
02 / H2 PROPELLANT
CHECK OUT RUN

SPECIFIC COMBUSTOR CHARACTERISTICS ;
PER CENT MASS FUEL VAPORIZED . TF11
PER CENT MaSS OF OXIDIZER VAPORIZED . F12
Ce EFFICIENCY MIXING MODEL : F13
Ce EFFICIENCY PULSED COMBUSTORS Fla
c® EFFICIENCY NON-PULSED COMBUSTORS - - © F15
FUFL SYSTEW CHUGGING DECAY RATE T - " F20
0ZIDIZER SYSTEM CHUGGING DECAY RATE ‘ N £
PULSED INSTABILITY CHARACTERISTIC F22
NON-PULSED INSTABILITY CHARACTERISTIC F23
DYKEMA FUEL STABILITY DECAY RATE F24
DYKEMA OXIDIZER STABILITY DECAY RATE F25
STABILITY LONGITUDINAL TIME LAG -~ . F26
STABILITY TRANSVERSE TIME LAG ~. . F27
STABILITY LRC RESPONSE FUNCTION o _ Fa8
STABILITY PRIEM LINEAR ANALYSIS F29
FUEL PRESSURE DROP CHARACTERISTIC F31
OXIDIZER PRESSURE DROP CHARACTERISTIC F3z -
FUEL PLUS OXIDIZER HOLES CHARACTERISTIC Fal -
OXIDIZER DOME VOLUME CHARACTERISTIC - Fa2
FUEL DOME VOLUME CHARACTERISTIC . Fa3 .,
OXIDIZER HOLE LENGTH CHARACTERISTIC Fob-"
FUEL HOLE LENGTH CHARACTERISTIC ) : S Fes
INJECTOR TYPE COMPLEXITY CHARACTERISTIC . . Fes
INJECTOR LENGTH CHARACTERISTIC' L t _ Fs1
CHAMBER DIAMETER ‘CHARACTERISTIC ~ . F61
MIXTURE RATIO CHARACTERISTIC B T
RADIAL RAFFLES o - 3
CIRCUMFERENTIAL BAFFLES . ' . F82

0.
99.8845
100.000
91,3821
73.7667

~13004.4

-259.892

-37.4853

0.

0.
-99.9432
-6182.25
-413.671
-356.492
~160.494

82.9049
4844525
aél.ooo
10.0000 .
1d,ooon
400000
6.000000€-02
00
2.18283
2.00000
5.05950 .
0.

0.

TABLE 3-4. Typical Printout for Specific Combustor Characterlstlcs

. (Subroutine OUTSCC)
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NUMAER 4YY ENGINE TYPE NO.1
TEST CasE
THRUST = 15000 POUND
02 7/ H2 PROPELLANT
CHECK QUT RUN
WEIGHT ING FACTORS IN AVERAGE CHARACTERISTICS

CONSTANTS I[N PERFORMANCE CHARACTERISTIC

CONSTANTS IN ENGINE STABILITY CHARACTERISTICS

CONSTENTS IN PRESSURE DROP CHARACTERISTICS

CONSTANTS IN THE INJECTOR COMPLEXITY CHARACTERISTICS

CONSTANTS [N THE ENGINE LENGTH CHARACTERISTICS

CONSTANTS IN THE COMBUSTOR DIAMETER CHARACTERISTICS

CONSTANTS IN THE MIXTURE WATIO CHARACTERISTICS

CONSTANTS IN THE BAFFEL CHARACTERISTICS

AF11
AFY2
af13
AFla

AF15

AF20
AF2}
AF22
AF23
AF 24
AF25
AF26
AF27
AF 2R
AF29

AF33}
AF32

AF4)
AF42
AF43
AF 44

' AFS)

AFS2

AF61
AF62
AF63

AF7}
AF72

_AF8)
AF82

TABLE 3-6. Typical Printout for Weighting Factors

Average Characteristics (Subroutine OUTWAC)

NUMBER &Y ENGINE TYPE NO.1
TEST CASE
THRUST = 15000 POUND
02 / H2 PROPELLANT
CHECK QUT RuUN

WEIGHTING FACTORS IM RATING EQUATION
EXPONENTIAL ON PERFORMANCE CHARACTERISTICS
CONSTANTS OF STABILITY CHARACTERISTICS
CONSTANTS OF THE PRESSURE DROP CHARACTERISTIC
CONSTANTS OF THE INJECTOR COMPLEXITY CHARACTERISTIC
CONSTANTS OF THE CHAMBER LENGTH CHARACTERISTIC
CONSTANTS OF THE CHAMBER DIAMETER CHARACTERISTIC

CONSTANTS GF THE MIXTURE RaTIO CHARACTERISTIC

CONSTANTS IN THE BAFFEL CHARACTERISTICS

AFI

AFIY
BFIT

CFIl

AFIT11
BFIII

AF1V
BFIv

- AFV

BFV_

AFVI
BFVI

AFVIT
BFVII

AFVIII
BFVIII

TABLE 3-7. Typical Printout for Weighting Factors
Rating Equation (Subroutine OUTWTR)

64

woaTe w e

in

nn

wn o

i

" u

[
100000
1.00000

1.000000E~02
1,000000E-02

1.00000
1.00000
1.00000
0.
0.
1.00000
1.00000
1.00000
1.00000
1.00000

2.,00000
1.00000

9.000000E-03
125000
«125000
5.62500

1.00000
1,00000

1.00000
1.000060
0. -

4.00000
2.00000

0.
0.

B

156,000
200.000
100000

6.900000E-0¢
1.8€000

3.950000E=02
2.00000

40,5000
186000

. 35.0000

2000060

£6.0000.
1.16C00

C.
0.




4.  ENGINE TEST CASE

NOTE:
The following engine test-run has been performed
in the later part of 1971. Program modifications
have been implemented since. Therefore, the print-
outs do not show these modifications; however, the
numerical results would still be unchanged with the
éxception of Subroutines SECF14 and SECF15 (computes
c*-efficiency based on A.D.Little, Reference 7-4)
which have been eliminated in the new AUTOCOM
version at the request of NASA’s technical monitor.

4.1 Data Input for Test Case

t

A 15,000-1bf-thrust LH;/LO, pump-fed rocket engine has been selected
for demonstration of the AUTOCOM program. Combustor design variables for
this engine -(with no baffles present) are: -

1. Fuel Orifice“Diameter © .195 inches 0.D., .145 inches
I.D. (.129 inches diameter
: g equivalent hole)
OX Orifice AP Diameter 084 inches

2.

3. Number of Fuel Elements _ 216

4. Number of OX Elements . 216

5. Vol. of Fuel Manifold 10 in3

6. Vol. of OX Manifold " 10 in3

7. Length of Fuel Orifices . .06 inches

8. Length of OX Orifices ’ .40 inches

9. Length of Combustion Chamber 11.22 inches .
10. Diameter of Combustion Chamber 10.28 inches

11. Propellant Mixture Ratio 5.06 1bm OX/1bm Fuel

Other pertinent but fixed design parameters include:

Propellants ; Hydrogen and LOX

Element Type . Concentric Tube (Hydrogen on outside)
OX Orifice Velocity Diameter .11 inches :

Element Impingement Angle 0 degrees

Total Propellant Flow R 33.72 1bm/sec

Thrust ‘ 15000 1bf

LOX Temperature : Boiling
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Temperéture . 349° R
Throat Diameter . L 5.14 inches

This engine runs at the following measured conditions:

Fuel Injection AP o " 83.1 psi

LOX Injection AP 48.3 psi
C*-Efficiency - . 98.6 per cent
Isp . 444 1bf-sec/1bm.. .
Combustion Chamber Pressure

(injector face, static) . 396.4 psi

These running conditions were used to check the nominal engine description
in the cg?bustor synthesis and to determine the discharge coeff1c1ents CDF
and CDX

The listing of the deck setup for input data is shown in Table 4-1.

*) For-.an engine for which analytical or test results are'évaiiéble
APFUEL .and APOX can be used to calculate the discharge coefficient
for the or1f1ces Using Equations(7-67) and (7- 70)from Sectlon 7.3,
Part 2:- ‘ )

| WINJF 1
CDF = ——
.“%F_NF 2gRHOF APFUEL
and
WINJX
CDX =

2 A - ;
JI%& NOX V2gRHOX APOX

‘For definition of symbols see Sections 2.3 and 2.4
.(g = gravitational acceleration).
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JENGINE TrPE NO.1 \

|TE§T CASE
THRUST = 15000 POUND!

P> 102 7 Wz PROPELLANT

SCOVSNGT

AF1 = 150..
AFIL = 2004
AFIIL =
LFlv = L0335 °
LFY = 40.5
AFV] = 35..
AFVI] = 6640
BFI = 1.0
QFll = 0 [

AFIII = leRe

8Fly = 2 Oy . - -

BPFV = 1.R0y
RFV] = 2.0
RFVIL = 1.16¢
CCFIT = o1
AF.1} = 0.9
hF12=0.1
AF12 = 1oy
AF13=0e9
£F13 = 1.
AFl6=0409
AF14 = L,01,
AF15=0,0
AF 15 = .01,
AF206=0.»
AFP0 = 1.
AFZ21=0es
AF2]1 = 1l
LF22=0.
LFR2 = lev
AF23=040
AF24 = 0.9
LF25=00s
. RE2S = 1.
&F 2620,

Lt
i

1 AF26 = lew .

TAF27 = Oey

BFR27 = low

LF20=0e
AF2A = leo
AF2Q=Q.
AF29 = laeo
AF31=0a40
aF31 = 2.9
AF32=0.9

= .06069¢

|0PTxuszTxo~ BUN l

-
-
-
-
-
-
-
-
-
-
-
-
-
-
:
-
-
[
ol
-
-
-
-
-
-~
[
-
[d
-
-
-~
-
-
-
-
-
-
-
-
-
-,
-
-
-
-
-
-
.-
-
-
-
-
-
-
"
-
-
-
-
-
-
-»
-
-
-~
-
-
~
[
-~
-
-
é?
-
-
~
:
E
-~

3

AFR|~
AF&} = ,009
AF42=°-9
AF62 = o125
AF4L3=0. -
AF43 = ,125s.
AFLG=0.
AF&G = S,625¢
AFLS=0., ’
AF&LS = 4,160
AF46=0. B
AFS1=0.. .
AFSY = Leo T
AF52=044
AFS2 = Yoy .
BFALI=0es -
AFAY = lo9-
AFH2=049 .
AFA2 = T, o
AFT1=0.s.
BFT) = 4.0,
AFT2=040 ’
AFT2 = 2.0
BF71=0.»
BF7)] = 5.06,

%
sComDPY
DF = 41292«
DX = +0R4,
NF = 216.»
NOX = 216.0
VOLF = 10.e
VOLX = 10,
LF = 06«
LOX = .40
LC = 11.22.
104 10.25,
oF 50644
€ -
’COVMIS
B THRUST .= 1S5000.v:
WY = 33 T2 ‘
WFCOOL = 0,0%
WFPPER = 0.0e .|
WXPPES = (.
LY = 4.0 .
OTHRTI = 5,14,
DFVEL = .1292y
s DXVEL = 1109
ANGIMP=0.04
CNF=.6732,
CNX=.60S.
LASOX=2?,75.
L6SGF=2,75.
RF1=0.0.
RF2=0.%,
LR = 0.
CPF=1.97,
CPX=,610.
RHOF = ,003151
TLOF = 34Y..
RHOX & 0406
-SIGLX=,0000653
YUX = 00021
TLOX = 252,

‘lilllll

TABLE 4-1. Complete Listing of the Deck Set Up
for Input Data of Sample Engine (continued)
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MOLEX=32.04

LA4ADNX = 38,0

TCUX=27R.64

CHIF = ,40,

FLINE = (06,

FLAREA = 2,74y

CHIX = W04y

XUINE = o640

YLEREA = 1,19y

ETYP = 1.

PTIYP =1,

JC0AX = ).

INJCWP = 2,

1EOF=].

IEQx=1.

ISTATF=1

ISTATX=2

1STOMF=0.

1SToRX=n.
PCHFC(1)=4®(a00
PCRF (11=4%0.9,
PCRX(1)=42G.00
MUF=0,3595=6,
Lenr0F=192.0,y
SIALF=0.01
TCPF=5Q,S,

LAMF12=192,

F23TB8S=1.9.
NTLUNI=.45,

NTAUNI=.Ty GRF24P (2421 =-3.294%35
s GRF2411(341)=.2735C4+"
SNLPOOT GRFPAR (391324 ,3R T35,
19#03T=. TRUE, GRF2AJ(3421=.273462,
NRF 2023 NTF20= 3sNRF2) = 3,Nrrz;=3. GRFPAR[242) £~4, 337320 |
NPF 26253 NTF26=5, GRFPRI(441)=.275405,,
NOF26=4NTF2623,y GRFZER(641)=4,03222,.
NRFPP=2sRTF2d22y GRF2R1(4+2)2,275353,
NF27=7. N228=5y - GRFPAR(6+2)==4.063220
NRFPT=3.MTF27=3, GRF2AT(S91).2.07846499
ROOTS=.TRUE . GRF2HR(S+11=,027462R,
ROOTS=.FALSE s GRF2RI(G+2) 50214693
162F20=2,FALSE .y GRF2AR(52)==,027623
IGHF21=.FALSE. 3 -
Y6NF2A= FALSE - _SCOMIR™ :
IGHF?T=  FaLSS H TRwll=1.
16PF2a=,FrLLSE, H IRW1I1=0.
TGRF23=.T005,, = TRa12=1,
JGRF21=.TPUE .y = 19412=0. -
IGRFPA=.TRUE . - 1RW13=1.
1GHF 272 .TRUF .y H 1RW1=0.
165F23=,TPUE. . H TRY4=1,
RCUT23710.C0 - IRv16=9.
RCUT27=10.00 = 1991521,
ALFNZ921G.0s ALANZ27=100.04 - 1C215=0,
ALRN2A=10,0e ALRN27=15.00 = IAw20=i,
GOF 20k (]1)=~ ,/4R8512.~11.3752+~11.3752¢ - TRW?3=0.
GRF2OT(1120.+=1743742+13.755620 - IRE21=1, .
GRF2IM(1)==,2253164=.2753)4 '-H00095~ H 1Rw21=0, :
GRF2IT()I=1.595774~1.59877+~3.9804125-09, = 1RW?P2=1.
GRFPEN(1)2=.345095.=22181344~0210)4)0=e 855227, - !Rwaf:a.
GRF2AT(1)=9.049275E-0812.994314-2.994324-2,8358126~07, = .
- - -
- - -
- - - -
= - -
- - -
- a..
~ R 3 AU . N . - - - .
H : B =
R TTTITT I I I Lo L L L LT TR T A L] i

., .
et

TABLE 4-1. (continued)
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GRF27I(1+1)=1.

4129

GRF2TR(142)=54a0 -
GRF271(1+2)=-1. 541291
GRF27TR(2+1)=.03699,

GRF271(2+11=3.0

535,

GRF2TR(P+21=.0329774

GRF2TI(2+2)=-3.
GRF27R (3411044
GRF271(3,11=3,
GUF2TR(342) =04+
GRF271(3,2)=-3
GRF27R(441)=.0)
GPF2TI(441157.9
GHF2TR(L42)=.01
GRF2TT4e2) =T

GPF271(R.11=5.

£535.

232,
632

LY}
15y
L)

’

flée”
GRF2TR(S+11=-,913549s

2634,

:

GRF2TR(5.2)==,3%130hKby

GWF271(5.2)==-5,
GRFP2TR(A]1)I=0.0

29306y

GRF2T1(he11=K,526y .-

GRF2TA(6e2)=De 0
GRE2TI(he2)==d.

S26

GRF2TR(7T+11=-,2595,
GRF2TI(T+1)=6.90184,
GRF2TR(7+2)==4,2095.
GRF271(742)=-6.F0184s
GRFPRI(1+1)=.134834,

GRF2AR(1+1}=1.7

bRERs

GRF2ARI(1+2)=.136024, -
GRF2HR(1+2)=-1.74K61

GRFPAT(P+11=.276302y

GRFREG(2411=3.2C¢33%¢ °

GRF2AT(2+2)=427626G 4"

3



G

IR423=0, h B - ALPHAIII =, 1211140712154 269,257 4249.257¢15.5488+10.3573
IRWZ24z=} ALPHA(T)IR, 06652649 .3T755111.60+9.87075,7.04071+4.95740
IPwr6=9. B = MAXJJII = O,
IRw2S=], - s
1]+ 25=0+ = 0000000006060009900000
IAW26=2. - fom 00000000060000009C03C0
1Rv2R=1, H .
TRYPA=0. =
IRwP7=2. :
IPa?7=1s T m
1Pu27200 =
IPr2azly :
I#R2H=00 e
IR42G=] : *
IR¥29=0+ . . %,
IRWI)=1. - A
1Pw31=n, - f'
JRWIP=], - "o
IRW3I?=D. ‘%
IR=4]=1, ¢'
1PWal=0, . (X
IRW42=1 Ce Q;
MIY I I (X
IFWLA=] *,
TR¥6320,
IRW44=]) v
IRv4L=0 . s
IRwaS=le | ) .
IN4S=0 .
IRw4s=1.
1RY46=0.
IRWSI=1.
JRUS =0,
IRWAY=] o
1R«A1=04
IRYT1=1a
IR%T71=),
IRVvaP= 1'
13WVaL=Cy
IQuPaL=Yy
13vPLL=0y
))rL50=lv
IQVLG‘
IVHOOT «TRUE .o
XPMXSC=.TRUE.v
b3
$C9VFIT
IPNaML=,FLLSE.s
$
‘IAL‘SQD .
NALPHAS]2, t
IREPET=20s -
LU In=2. JTFIN=C,
NUROPTZ2, NETHO® (112942
MAYRRS=S, . R
MAXRWIZH, 7
I86ATN21, B
IosKCH=1e IPACYC=1s IPFCYC=]e =
MAXJJS = 2 . R =
MAXJSJI=20, | =
MaxJJ1=30 -
MaxJJI=55. -
MLXJJI=163 ’ : ..
AL"'LO(])—.'1'37'.3"1v1620'16?.'7 S1754.0454.39549R, 4297 1.3, 790 - = -~
=
-
-
-
-
-
[ -

AL“HXll)-.l()lsv.105-?70.1270-02?.401/ 590075v4513 0114004+12.8605.0599,
-

-

-

- %

- M .

hllllllIlllllllllllllllllllllllllllllllllllllllllllllIlllllllllllllll
BN e ey

A ¢

TABLE 4-1. (End)
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4.2 Data Output for Test Case

Computed running conditions for this engine from the AUTOCOM code were

Fuel Injection AP 82.9 psi

LOX Injection AP o 48.5 psi

C* Efficiency o A see Table 4-3

Isp - 444.8 1bf sec/1bm

Chamber pressure (injector o
face, static) 372.8 psi

It is assumed that the low chamber pressure computed results from the
ratio of specific heats employed for the propellant combination (Y = 1.2505)
and the combustion temperature (To = 5722°R). A more completé set of
computed eng1ne running condltlons is presented 1n Table 4-2.

4.2.1 Specific Combustor Characteristics: 'Specific combustor charac-
teristics for the nominal engine are presented.in Table 4-3. -The average
engine characteristics resulting from the selected. specific combustor charac-
teristics are shown in Table 4-4. The rating value resulting from the
selected average engine characteristic welghtlng factors 15 also presented
in Table 4. 4

It should be noted that the specific combustor stability characteristic
consumes almost all the computational time.required .for the. evaluation of

a combustor. .This is due to the time consuming complex characteristic
equation ‘solutions required for chugging (F20 and F21), longitudinal time

lag stability ana1y51s (F26), transverse time lag stability ana1y51s (F27)
and the Lewis response function stability analysis (F28). Table 4-5 presents
a summary of the characteristic stability equation roots for the nominal
engine. The least stable root is obtained from the ‘transverse time lag
analysis (F27) using a value of Sy, = 3.0543. :

4.2.2 Stability Roots Some d1ff1culty was 1n1t1a11y experienced in
computing the nominal engine stability characteristics for the time lag
analyses. The AUTOCOM program assumes a value of the Reardon interaction
index, n, of 0.5 for the longitudinal time lag analyses and 1.0 for the
transverse time lag analysis. With these interaction index values, the
nominal engine was found to be slightly unstable in two of the transverse
modes, Table 4-6. A sensitivity study on the effect of interaction index
value was undertaken. As a result, an interaction index value of 0.90 was
subsequently utilized in all transverse time lag analyses and an inter-
action index value of 0.45 was used for -the. longitudinal:analysis. These
values were used to. obtain the time lag analysis roots shown in Table 4-5.
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NiHHFR 316 ENGINE TYPE NOG) .
Te.ST Cesf
TosUsT = 135000 POUND
O¢ /7 n? P<OPELLANT
CPTIMIZATION wUn

GENEQRAL ENGING PaRAVETERS

COMUSTOR THRPUST FORCE THRUST =
POOPELLANT SPECIFIC [MPULSE ’ Tase =
CHBVRER PPESSURE AT INJECTOR HEAD Pcl =
TOTAL PCOPELLANT FLOW RATE _ A oW =,
FUEL WETGHT FLOW RATE ' - wF. =
OXITZER WEIGHT FLOW RATE o Wox =
COMIUSTION TEMPERATURE IN CHAMAEK ’ Tcoms =

. RATIO OF SPECIFIC WEAT OF COMAUSTION GAS SPHEAT =
... GAS CONSTENT OF COMRUSTION GAS (ft.1b./1b.OR) - _ RGAS =
IDEAL THPUST COEFFICIENT o " CFIDEL =
ACOUSTICAL LENGTH OF CHAMRER - : . LouM =
VOLECULER wEIGHT” OF COMBUSTION 645 ' MOLWT =
VEAN RESIDENCE TIME OF GAS [N CHAMAER THETAG =

. SPEED OF SOUMD JN CHAMBER/ L - e =
COMRUSTION CHAMAER MACH MUWRER S . mc =

- TINJECTOR PRESSURE DROP FOR FUEL : - - DELPF ' =
"1 INJECTO® PRESSUPE DROP FOR OXIDIZER 7 DELPX =
COMAUSTION CHAMHER VOLUME I o ve o =
AVERAGE VELOCITY OF GASES IN CHAMBER ' &ELc =
FUEL INJFCTION VELOCITY : : L VFUEL =
OXINTZER INJECTION VELOCITY ‘ < . VOXID =
TOTAL ACEA OF FUEL INJECTO? ORIFICES TAF =

" YOTAL AUEA OF OXINIZER INJECTOR ORIFICES _ e TAX o=
. CHAYRER LENGTH TO VAPORIZE S0 PER-CENT OF FUEL . | LsFueL*s
" CHAMRER LENGTH TO VAPORIZE 50 PER-CENT OF o;;bxzea L LsoxIp =

* Fuel in a gaseous state

TABLE 4-2. Nominal Engine Running Conditions
(Dimensions are in in.,1lb., sec,
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1560040
446 B4l
372.765
.33.7200
S5.56445
28_. 1556
S764,.,91
1.264944

127.127 .

. 1493928 - .

8.81576
12,1453
B.567267E-04 .
65133,9
1201068 -
82,9049
48,4525
681,565
13096.4
1301300
339.511
2.83184
1219702
0.

+636932

OR)




NUMPFR 3)6 EMBINE VYPE 40,1
TEST CasE
N THRUST = 15030 P04
02 / H2 PRGULLLANT
‘ O2TImMIZATIUN #UN
SOFCIFIC COMRUSTNIP CHARACTERISTICS
PER CAMT MLSS FUEL VEPGRIZED
PER CENT MASS AF OXIDJZE VAPORIZED
Co® FFFTICIENCY MIX]ING MODEL
Ce EFFICTENCY PULSFD COMhUSTORS
Ce EFFICTENCY MOM-PULSED COMBUSTURS
FUEL SYSTE't CHUGGING DECAY RATE
0ZIDIZER SYSTEY CHUGGING DECAY RATE
PULSED INSTABILITY ‘CHARACTERISTIC
NON-PULSED INSTABILITY CHARACYERISTIC
DYKEMS FUEL STARILITY DECAY KATE
DYKFMA OXINIZER STABILITY DECAY RATE
STARILITY LONGITUDINAL TIME LAG
STARILITY TRANSVERSE TIME LAG
biAﬂlt:llv_ LYl NESPUNSE FUNCETON
STARILITY PRIEM LINEAR ANALYSIS
FUEL PPESSHRE HROP CHARACTFRISTIC
OXINI7ERP PRESSURE DROP CHARACTERISTIC
FUEL PLUS 0XIDIZEK HOLES CHANATERISTIC
ox1D125R DOME VOLU*E CHARACTERISTIC
FUEL DOME VOLUME CHARACTERISTIC
OX10125R HOLE "LENGTH CHARACTERISTIC
FUEL HOLE LENGTH CHARACTERISTIC
INJECTOR TYPE COYPLEXITY CHARACTERISTIC
IMJECTOR LEMGTH CHARACTERISTIC
" CHAMHEW DIAMETER CHARACTERISTIC

MIXTURE RATIO CHARACTERISTIC

F11
F1z
F13
Fla
F15
F20
F21
F22
F23
F2e
Fe5
F2e
F27
ras
F29
F31
F32
Fa)
F42
F43
Fas
F45
F46
FS1
F61
N

[

100. (Gaseous)
99,8122

100,000
91.3821
13.7665
-1036.

-261.5
-37.4819

Not Computéd..
Not Computéd-
~2964.82 -
-1681.31
-412,843
-360.322
~46427.6
82.9049
48,4525
431,000
10.0000
10,0000
4600000
6+000000E-02
Not Computed
2.18288
2.00000
5405990

TABLE 4-3. Nominal Engine Specific Combustor

Characteristics
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NUMRER 316 ENGINE TYPE NO.1
TEST CASE

THRUST = 15000 POUND

02 / H2 PROPELLANT

UPTIMIZATION RUN
AVEPAGE ENGINE CHARACTERISTICS

PERFORMANCE CHARACTERISTIC

STABILITY CHARACTERISTIC

PRESSURE DIOP CHARACTERISTIC

INJEGTOR COMPLEXITY CHARACTERISTIC

LENGTH CHARACTERISTIC

CHAMBER DIAMETER CHARACTERISTIC

CHAMRER MIXTURE RATIQO CHARACTERISTIC

Fl
FIt
FIL11
Flv
Fv
Fvl

FVIl

RATING COMPONENT

5361361 80,4561
-37.4819 4.71208
71.4208 1.45876
8.37860 3.11377
2.182R8 V 173.002
1.00000 35.0000

4,000000E-08 1.729552E~07

GRORDRLODOEGDVOORO TN

COMRUSTOR RATING = 297,780

(222231 2222222222122 )

TABLE 4-4. Nominal Engine Average Characteristics

and Rating
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A second point should be noted regarding the stability roots. No root
is found corresponding to the third value of Syh = 3.8317 in the transverse
time lag analysis. The missing root can be found by varying the initial
guess value in the complex plane for this particular root. Following this
procedure the missing root was found to be at the point (-.59424 + j3.5144)
where the Reardon interaction index was 0.9. The root is thus highly
damped.

When commencing an optimization study, side analyses of the above type
may be required to locate particularly difficult roots.- This procedure
should also be followed whenever the root imaginary part is not approximately
equal to the corresponding value of Syp in the transverse time lag analysis
and the Bessel argument, m, in the Lewis response function analysis. This
point is discussed further in Section 4.3.1 3

4.3 Optimization Computations for Test Case

Optimization computations on the sample engine were initially undertaken
using all specific combustor characteristics and all stability roots.
However, it was noted that the design variable perturbations introduced little
change in the computer time consuming stability equation roots. Accordingly
the combustor analysis was divided into two classes of computation. These
were an approximate analysis which considered fewer (possibly none) of the
stability roots and a complete analysis in which all stability roots
were computed. It 1s emphasized that the approximate analysis is only
approximate in that the calculation of the less significant stability roots
is omitted. Clearly, by a judicious mix of complete and approximate analyses
the total elapsed computer time required for the definition of an optimum
engine design can be drastically reduced.

4.3.1 The First Twenty Iterations. Following initial experimentation
using all stability roots, the engine was subjected to twenty design iter-
ations using all specific combustor characteristics. An approximate analysis
mode was employed which considered only the relatively rapid calculation for
the longitudinal time lag analysis (F26) and the transverse time lag
analysis (F27) for the single SVh value of 3.0543 (the least stable transverse
time lag root). This approximate analysis permits both longitudinal and
transverse stability characteristics to be monitored.

Initial and final stability roots from this cptimization calculation
are presented in Table 4-7. It can be seen that little change has occurred
in the stability roots. The trend is to increased stability in the less
stable transverse mode and to less stability in the more stable longitudinal
mode. It may be noted that the transverse time lag analysis of Table 4-7
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t
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!
DECAY RATE FREQuENCY -
=-.325761 S.500R34E=08
-.227565 3.630691
-.22756% -3.614%2
DECAY RATE FREQUENCY
~3,257876E-02 3.55211
-1.22075 =1.52265

SELECTED STABILITY ROOTS AFTER TWENTY DESIGN PERTURBK?;ONS

FINAL CCMBUSTOR CUTIUT JJJ=21

DECAY RAYE FREQUEMCY
=-.315587 4.23R2R15=07
~.223750 3.01519
-.223748 - -3.01520

DLCAY RATE FREDJHENCY

=4 ,67317T4E-02 3.606769
=1.26530 “1.87179

- TABLE 4-7. Selected Stab111ty Roots for Nominal Englne

and Engine after Twenty De51gn Perturbations

( F26: n
( F27: n

NUVWAER 318 ENGINE TYPE nNO.Y

TERT CASE
THRAIST =
. OPTIMIZATION RUN
AVELLGE EMGINE CHAKRACTERISTICS
FE~FORMANCE CHARLCTFRISTIC
STHRILITY CHaRACTERISTIC
‘P)r<§J“F DJWF PHF#ACTF#]5TIC
PHOFCTOR COAPL=xITv CNAHAPTFPISTIC
LEVGIRN CRAYACTFVISTIC
CHIMEER L TANETFe CHANACTERISTIC
CHAFAE

B OMIXTYRE RATIO CHARACTERISTIC

0.45 )
0.90 )

15000 POUND
U? / h2 PROPELLANT

Fl

FILI
Flv
Fv
Fvl

FV1l

n

RATING COMPONENT

.344513 51.6770
-568.349 4.149190E=23
75.3314 . 1.64971
8.90266 3.13979
2.20692 176.563
1.08429 . 41.1487 "
7.057338E-05 1.015315E503

PLAOFUILGDRVERDEDORY

COMEUSTOR RATING = 274,170

CERNOLARONOVOIVIDOOCD

TABLE 4-8. Rating after Twenty Design-Perturbations
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considers two solutions to the stability equation with Sy = 3.0543. These

are the true solution with the frequency approximating Sy, and a spurious
solution with the frequency approximating 7/2. These spurious solutions

with a frequency approximating w/2 are often encountered in the time lag
analysis. If the true solution is not obtained on the nominal engine evaluation
and the spurious solution is obtained, the AUTOCOM program will '"track' the
spurious root. Hence, the analyst must take care to insure that the correct
roots are found on the nominal des1gn before embarking on an optimization

run. This point is also dlscussed in Section 4.2.2.

The englne ratlng after twenty design perturbatlons and the corres-
ponding average engine characteristics are presented in Table 4-8. It
can be seen that based on the selected average engine characteristic weights
which provide the rating in the form of payload lost, a gain of 23-1/2
pounds of payload has resulted when compared to the nominal design of
Table 4-4. It can also be seen that the average stability characteristic
contribution to the rating is now negligible and that payload is being
gained primarily by reduction of the performance characteristic penalty.
Pursuing this payload improvement, it can be seen, Table 4-9, that the perfor-
mance improvement stems from F12, per cent mass of fuel vaporized, and from
slight improvement in C* efficiencies for both pulsed and non-pulsed combustors.

4.3.2 The First Hundred Iterations. Following the first twenty design
jterations discussed in Section 4.3.1, the optimization problem was restarted
without any stability analysis; and 100 successive design perturbations were
introduced. A combination of the uniform random ray and pattern searches
were employed, Reference 4-1. The approximate analysis employed completely
neglects the stability characteristic. The rationale for this approach was
the negligible stability characteristic contribution to the engine rating,
Table 4-8. This table indicates that the stability characteristic affects
the rating in the twenty-fourth significant figure. This is well below the
accuracy of the CDC 6600 computer which, with sixty bits, is able to provide
approximately ten significant decimal figures.

The nominal engine rating without the penalty of all stability charac-
teristics (4.7 pounds, Table 4-4) is 293.1 pounds. After 100 successive
design perturbations introduced through the References 4-1 and 4-2 multi-
variable search program, AESOP, the rating is reduced to 210.7 pounds.
Rating convergence is illustrated in Figure 4-1. Convergence behavior of
the combustor design variables is illustrated in Figures 4-2 through 4-4.
The combustor design variables were allowed to fluctuate by plus or minus
twenty-five per cent of the nominal values in this study. Two of the design
variables, the chamber diameter and the number of fuel orifices (which
equals the number of oxidizer orifices) are practlcally on the lower and
upper bounds permltted '
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The final rating and the characteristic components to the rating are
presented in Table 4-10. Final design variable values together with the .
search limits employed are tabulated in Table 4-11. From Tables 4-4 and
4-10 the rating changes associated with each characteristic are seen to be

Performance Characteristic 20.9 1bs., gain .
Stability Characteristic C Not considered ‘f o
' Pressure Drop Characteristic 0.14 1bs., gain '

Injector Complexity Characteristic 0.72 1bs., loss-

Length Characteristic 36.7 lbs., gain

Chamber Diameter Characteristic 26.7 1lbs., gain

Chamber Mixture Ratio Characteristic 1.32 1bs., loss

Total gain; 82.4 1bs.,.. -

The total rating gain of 82.4 1lbs. produced by the optimization process
of the AUTOCOM code ignores any stability characteristic effect. To assess
this effect, a complete analysis was performed using the Table 4-11 vector
of combustor design variables. The rating resulting from this complete
analysis is presented in Table 4-12. The associated specific combustor
characteristics are presented in Table 4-13. The stability characteristic
produces a rating component of .16 pounds, a 4.55 pound improvement over
the nominal engine stability characteristic. Comparing the final rating
of 210.84 pounds, Table 4-12, with the complete nominal engine rating of
297.78 pounds, Table 4-4, the total rating gain obtained in 100 design pertur-
bations is 86.94 pounds. It is interesting to note that despite the use of
an approximate analysis which resulted in the stability characteristic being
ignored, this characteristic nonetheless improved during the 100 design
iterations. Elapsed computer time for the 100 iterations, the final complete
analysis, and the initial complete analysis was 250 seconds on the CDC 6600
computer.

4.3.3 A Note on Stability Roots After 100 Iterations. The complete
stability root set obtained after 100 iterations is presented in Table
4-14. It can be seen that the second frequency corresponding to S,h = 3.0543
is missing. This root was the least stable on the nominal engine, -Table 4-5,
but became more stable in the first’20 iterations of Section 4.3.1, Table
4-7. Accordingly, a search for this root was initiated to confirm the
stability improvement over 100 iterations. The root was located as a non-
conjugate pair at the points

z] = (-.443094 + j2.73775)

and-

%) (-.552853 + j3.61289)
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THIUST = 15000 POUND
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TABLE 4-10.

RATING COMPONENT

. .397158
= 0.

a 67.5013
= 9.85680
= 1.92038

& L4R6520
= 3,426861E-02
VU PVOROODOROROPOOS
COMBUSTOR RATING =

*00000000000000RAORD

50.5737
00.0%0

1.353%8A

3.83768

136,316
8.27457

1.31833

210,687

NOMINAL RATING
COMPONEXNT, TABLEH

80.L5k1
%,.71208
1.49876
3.11377
173.002
35.0000
1.729552 x 10™

NOMINAL COMDUSTOR RATING = 297.-7'80'

Approximate Analysis

ENAINE TYPE NO.)
“TEST. CASE

THRUST = 15000 POUND
02 7 n2 PROPELLANT
OPTIMIZATION RUN

FINAL VALUES OF TrE DESIGN VARIABLES

DIAMETER OF FUEL

MIXTURE RATIO (OXIDIZEN/FUEL)

ORIFICES oF =

OTAMETEP OF OXIDIZER ORFICES nx =
NUMKHER GF FUEL ORIFICES [ NF =
NUMHER OF OXIOIZER ORFICES NOX =
VOLUME OF FUEL MANIFOLOD VOLF =
VALUME OF OXIDIZER MANIFOLD vaLX =
LFNATH OF FUEL ORIFICES LF =
LENGTH OF OXIDIZER ORFICES Lox =
ELEMENT TypE o ETYP =
LENGTH OF CHAMPER Lc =
" CHAMBER *DIeMETER ’ ‘e ‘s
; OF L

Rating after 100 Perturbations,

BOPPESPEVRNLPIDNEGNIINIBGOGOE RS

FINAL COMBUSTOR RATING =

210,687

00D NEReEONSIORPEUNRIEORVOISI IR

NOMINAL COMBUSTOR RATEIG == 297.780

TABLE 4-11. Design Variable Values after
100 Perturbations
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ayECLGE ENGING ChARACTERISTICS

PEDFGavANCE CHAXECTZRISTIC Fl -
STAAILITY CHAmALTERISTIC FII -
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evessecssessvscanes

KCMINAL RATIEG

RATING COMPONENT COMPOFENT, TABLE IIX
89,5737 80.4s5k1
«15%260 k.71208
1.35397 1.49876
3.83764 3.11377
136.119 173.002
8,29456 35.0000
1.31837 1.728552 x 1077
210,R45

NOMINAL COMBUSTOR RATING = 297.780

TABLE 4-12. Rating after 100 Perturbations,
Complete Analysis

NUMPER 320 ENGINE TYPE
TEST CASE

&0.1

TURUST = 15000 PAUND
U2 /7 M2 PROVELLANT
OPTIMIZATION RUN

SPECIFIC COMAUSTHY CRARACTEWISTICS

PFR CENT MLSS FUEL VEPORIZFD

_PER CENT “ASS OF OXIDIZEw VAPORIZED
C® EFFICIENCY MIX1NG HODEL

C¢ EFFICIENCY PULSED COWRUISTORS

€ EFFICIENGY NDU-PULSED COMBUSTORS
FUEL SYSTEM CHUGLING UECAY WATE
B7INTZEE SYSTE« CHUGGING LECAY PaTE
PULSED INSTARILITY CHACLCTERISTIC
KON=PULSED INSTARILITY CrazaCTEwISTIC
DYKEMA FUEL STARILITY DECAY #ATE
PYKENMA OXIDIZED STARILITY DECAY RATE
STABILITY LANGITUDINAL TINE LaG
STARILITY TRANSVERSE TIrd LAG
STAHILITY LRC PESPCASE FUNCTION
GTARILITY PRIEM LINEAR ANALYSIS

FUEL POFSSUPE NEOP CHARLCTERISTIC
OXINIZER PoFSSURE Dmar CmeraCTEXI3TIC
FUFL PLUS OXID17ER HOLES CHARACTERISTIC
OXINIZER NDOME VSLUME CHaRACTERISTIC
FUEL DOME vOLUME CHARACTEWISTIC
OXINIZFF ANLE LENGTH CHARACTERISTIC
FUSL HOLE LENGTH CHARACTEVISTIC
INJECTOR TYPE CUMPLEAITY CrARACTERISTIC
INJECTUR LFMGTH CnaeaCTFRISTIC
CHAVHFR, DILHETFP CHARACTERISTIC

MIXTURE RATIO ChARLCTERISTIC

Fl1 =
fl2 ®
F13 =
fle =
F15 =
Fzo =
F2l =
F22 =
fel =
Fe4 ®
Fes L
F26 =
Fa1 =
Fea =
F29 =
F31 < =
F32 =
Fal =
Fa2 =
Fal =
Ful =
F4S =
Fa6 e
Fs5} &
Fel =
F73 e

100.
160,000
100.000
RT.726%
72.5573
-1264,
~184.
=T7T1.4163
Not Computed
Not Computed
-2920.49
-7861.51
~R40 . BES
~423,00h
«27336.7
71.2584
£9.98%4
837.514
10.3573
10.54E8
2378510
6.A53640E~N2
Not Computed
1.92035
1.48652

b.9RT4G

TABLE 4-13. Specific Combustor Characteristics
after 100 Design Perturbations
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Both roots are well damped; however, since the imaginary parts of
these roots differ markedly from the value of Sy, (3.0543) a 'ray search"
was carried out through the design space. This search proceeded along the
ray joining the nominal engine design to the final design obtained after
100 iterations. The ability to carry out this type of ray search through
an n-dimensional space (in this case, a twelve-dimensional space) is a
standard feature of the AESOP program. Fifty-two points were equi-distributed
along the ray search joining the nominal and final design. The root corres-
ponding to Sy = 3.0543 was tracked along the ray starting from the nominal
‘design. Root variation along the ray is presented in Figure 4-5. The root
at

= (-.03257 + j3.0521)

presented in Table 4-7 tracks continually into the root at

= (-.443094 + j2.73775)

1
confirming'this root as a valid solution to the stability root characteristic
equation. Both final roots, Zy and z7, obtained for Sy, = 3.0543 are,

therefore, considered to be valid roots. Their heavily damped nature
results in their providing no contribution to the final engine rating.

It can be seen from Figure 4-5 that the root at z) is becoming more stable
as the design progresses and that the root at z) is becoming less stable.

4.3.4 Verification of Optimal Solution. The optimal solution reported
in Section 4.3.2 was verified in two ways. First,the solution was continued
for 100 additional iterations with the uniform random ray and pattern
search algorithms. A slight performance 1mprovement resulted. A final
rating of 209.43 pounds was attained, a gain of 1.3 pounds over the solution
of Section 4.3.2. Second, the solution was restarted from the nominal
solution using a different search algorithm. The algorithm used in this
second solution was a recently developed directed random ray search,
Appendix B, in combination with the pattern acceleration algorithm. The
final rating obtained by this method was 209.46 pounds after 100 iterations.
Convergence of this solution has been added to Figure 4-1. It is clear
that a final solution has been obtained. It is also clear that the newly
developed search provides more rapid convergence to the solution than the
older uniform directed ray search. This behavior is.in keeping with other
tests of the new search.

4.4 Conclusions for Sample Engine

The AUTOCOM code has successfully developed an improved engine design
starting from the existing nominal engine. The payload potential of the
engine was improved by 87 pounds as measured by the rating equation. The
computer time required by the AUTOCOM code was minimal. The average time
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requirement for an assessment of each combustor design was approximately

two seconds on the CDC 6600 computer. Computer time absorbed by the opti-
mization subprogram AESOP in determining suitable design variable pertur-
bations was negligible--approximately 103 seconds. The engine was optimized
in one hundred design perturbations; hence, total computer time required to
optimize the design was approximately four (4) minutes. More computer time
would be required if combustor stability problems had been encountered. In
this eventuality, it is estimated that twenty (20) minutes computer time
would be required to obtain a solution. A definitive assessment of computer
time in such a case awaits further experience using the AUTOCOM code.

An examination of the optimal engine components reveals that the
payload gain was largely obtained from improvements in the performance,
chamber length, and chamber diameter characteristics. Small payload gains
also resulted from improved stability and pressure drop characteristics.

The injector complexity characteristic and the chamber mixture ratio charac-
teristic both contributed performance losses when the final engine is
compared to the nominal engine.

A complicated set of design variable perturbations were introduced to obtain
the payload capability improvement. An assessment of the design variable
changes by the optimization algorithms indicates that the number of fuel

and .oxidizer holes, volume of the oxidizer dome, volume of the fuel dome,
length of the combustion chamber, chamber diameter, and the mixture ratio

" are all sensitive design variables in the engine considered. In particular,

in both optimal solutions obtained the number of fuel and oxidizer holes
rapidly rises to the upper limit permitted, indicating that further payload
improvement might result from a further increase in the number of holes
allowed. Diameter of the fuel holes, diameter of the oxidizer holés, length
of the fuel holes, and length of the oxidizer holes were relatively insen-
sitive design variables for the engine design considered, presumably because

"of the basic stability of this engine.
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B.1. INTRODUCTICN TO THE OPTIMIZATION PROGRAM AESOP

Program AESCP (Automated Engineering and Scientific Optimization
Program) is a digital computer subprogram designed for solution of a
wide range of multivariable parameter optimization problems on the
CDC 6600, UNIVAC 1108, IBM 7094, or IBM 360 computers. The basic program
described within this document has the ability to solve constrained non-
linear optimization problems involving up to one hundred free parameters
and twenty nonlinear functional equality or inequality constraints. Of
particular significance are the program's ability to

1. Use a combination of search procedures -
2. locate saddle points as well as maxima oT minima
3. Locate more than one extremal

Thirteen search techniques available for problem soliution are listed in
Table I. The searches may be employed separately or 1n any sequential
combination, at the user's option.

The AESOP program may be rapidly coupled to a wide class of parameter
optimization problems including systems which have been synthesized as
digital cemputer programs prior to their coupling to AESOP. For many
problems this is achieved by adding a single named COMMON to the existing’
synthesis program and equating its controlling parameters tc members of an
array (ALPHA;) and the output functions of intersst to a second array
(FUNCTNj). Large scale synthesis programs will requ1r° additional effort
if the combined AESOP/synthesis programs exceed core size and hence require
the use of the cverlay feature. Treatment of this size of problem is
enhanced in AESOP by the prov1%101 of a single cail to the svnthﬂ51a
program from the optimizer main program. This call is then utilized by
all searches permitting overlay of the entire optlmlzer against the
synthesis program.

The optimization program is written in the algebraic.FORTRAN IV
* language. The program has been successfully cperated on the CDC 6600 the
UN IVAF 1108, the I3M 7034, and the IBM 360.

The subprogram AESOP may rezdily be reirieved from the AUTOCOM program
and treated as a subprogram entity.
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B.2. A GUIDE TO PROGRAM AESOP USAGE

B.2.1 Outline of Program AESOP

AESOP is constructed in a modular fashion. It includes more than
one hundred subroutines which, for descriptive purposes, can be arranged
into the thirteen sets illustrated schematically in Figure 1. Each set
of subroutines collectively function to perform one of the searches
described in Table I. In addition to the thirteen major subroutine sets
various ancillary subroutines are used in support of the search procedures.
These include, for example, the multiple extremal search procedure and the
saddle point search procedure.

A flexible input format is p;ov1ded through the FORTRAN NAMELIST
input procedure. All AESOP data is entered through a single NAMELIST
block labelled IAESOP. All optimization data is nominally set by block
data within AESOP; this data may be modified at the user's option; only
that data which varies from the standard value need be'read into the
program. This feature reduces data input and hence the tedium of preparing
a case or the chance of 1nput €rTor.

The program structure employed in the synthesis program is entirely
dependent on the particular problem being studied. For example, in
Reference l,an application to the design of hypersonic cruise wehicles,
the MAIN program controlled an extensive overlayed program containing all
major technologies entering into the design of a high speed aircraft. The
structure for the polynomial valley function ¢ = (ax - BN + (ey - d)N = exy,.
on the other hand, would consist of a single coded expression. The opti-
mizer structure is independent of the synthesis model employed.” The
optimizer selectively calls the thirteen search controlling subroutines.
Each one of the thirtéen search controlling subroutines may split into
several lower level subroutines controlling major search functions. The
two auxiliary subprograms WARPS (for multiple extremal search) and SADDLE
(for solution of mini-max problems) may be used in COHJUHCthH with any
search procedure or search procedure combination.

More detalled information is presented in Reference 2. Detailed
results illustrating the application of program AESOP are contained in
References 3,4 ,5 ,6 , and 7. The analytical development of the
program is contained in References 2 and 3,

B.2.2 Coupling of Mathematical Model to the Optimizer
Program AESOP assumes that it is operating on a programmed model of
a nonlinear parametrically defined system and that a system evaluation

with a given set of parameter values results in a unique evaluation of
the system output functions.
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Several modifications are required in the system main program,
specifically:

1.. COMMON/AESOPD/------ , of the optimization ﬁrbéram'
should be introduced. )

2. The parameters to be optimized should be equated or
equivalenced (being careful to avoid difficulties
with COMMON) to the ALPHA array contained in COMMON/
AESOPD/ . -

" 3. The functions of interest:which include:the perfor-
mance and constraint functions should be equated or
equivalenced to the array FUNCTN contained in
COMMON/AESOPD/ .

NOTE: The performance function must be phrased as
a function to be mintmized.

4. Any system input data in addition to the optimization
program input should only be read when JJJ = 1. This
integer variable contains the number of performance
evaluations performed by the optimizer and is also
contained in COMMON/AESOPD/. R

5. An initial call to AESOP must precede the optimization
loop. The optimization loop must be created using - -
the integer NSR contained in COMMON,/AESOPD/. .

This can be illustrated with a simple example. Suppose the . function
¢ = 100(y-x2)2 +« (1 - x)2 is to be minimized. A satisfactory CDC 6600
MAIN program would be

-PROGRAM MAIN {INPUT.- OUTPUT. TAPES=INPUT. TAPEL=QUTPUT-.
$ TAPEY. TAPECY
COMMON /AESOPD/ ADATA{S50CO}
C DEFINE AESOP COMMON
REAL ALPHA{1l0OZ
C DEFINE THE PARAMETER ARRAY SIZE
REAL . FUNCTML{100Z
C DEFINE THE SYSTEM FUNCTION ARRAY SIZE
EQUIVALENCELADATAL 742}, ALPHA }
C DEFINE POSITION OF FIRST PARAMETER
EQUIVALENCE{ADATAL{2E552}» FUNCTNZ
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C DEFINE POSITION OF FIRST FUNCTION )
© EQUIVALENCE{ADATA{3L25}+ NSR  } - .
C DEFINE POSITION OF AESOP LOOP INDICATOR
EQUIVALENCE{ALPHA{1Y» XF.{ALPHA{Z}. Y}
C EQUATE SYSTEM PARAMETERS ‘TO AESOP OPTIMIZATION PARAMETERS
CALL AESOP
C READ IN ANY NON STANDARD OPTIMIZATION DATA
7777 CONTINUE
C PARAMETER OPTIMIZATION LOOP :
- F =100.0%{Y -Xxx2rxx2 +{}.0 —-X}xx2
C EVALUATE SYSTEM
FUNCTN{1}=F
C TRANSFER 'SYSTEM OUTPUT INTO AESOP FUNCTION
CALL AESOP '
C AESOP OPTIMIZATION POINT
IF {NSR .E@. 1} GO TO 7777
C RETURN FOR NEW EVALUATION UNTIL SYSTEM OPTIMIZED
END

B.2.3 AESOP Overlay Structure

For programs that. exceed core size the overlay structure shown in
Figure 2 may be used. For the overlay version of AESOP it will be
necessary to make several changes to the MAIN PROGRAM for links 0,0 and
1,0; the setup for overlay is shown in Figures 3 and 4. Figures
presents the overlay version of SELECT, and Figure 6 shows the additi¢nal
programs required by the overlay structure. The text cards for COPYLIB
are given in Figure 7 The total core required to load the AESOP over-
lay configuration shown in Figure 2 is approximately 50000g.
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PROGRAM MAIN{INPUT. OUTPUT}. TAPES=INPUT. TAPEL=OUTPUT-
% TAPEL. TAPEZ}
COMMON/AESOPD/ ADATA{&000} .
EQUIVALENCE{ADATA{3125}~ NSR
100 CONTINUE
~ CALL OVERLAY{?LAESOPOL~ 2. 03 BHRECALLY
7777 CONTINUE
CALL OVERLAY{?LAESOPOL+ 1. D~ bHRECALLY
CALL OVERLAY{7LAESOPOL+ 2- O~ BHRECALLY
IF {NSR .EQ. 1} GO TO 2277
G0 To 100
- END

Figure 3.  Sample MAIN Progfam for Link 0, 0

PRO’RAN EQNS ,
COMMON/AESORD/ ADATA{BDDD}

- REAL ALPHA{100% '
REAL FUNCTN{100} o
EQUIVALENCE{ADATAL 742} ALPHA }.
EQUIVALENCE{ADATA{2552}+ FUNCTN}
EQUIVALENCE{ALPHA{LL}- X}.{ALPHA{2}. Y}

€ ROZENSROCK VALLY.. :

- FUNCTN{1} = 100. U*{Y XE}**E +{1.0 X}**E

END

Figﬁre34. Sample MAIN Program for Synthesis Link 1,0

1
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10

11

12

13

SUBROUTINE SELECT

COMMON /AESOPD/ADATA (8000)
EQUIVALENCE (ADATA(2952), METHOD)

GoTo (1, 2, 3, 4, 5, 6, 7, 8, 9, 10,11, 12, 13), METHOD

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN '

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY(7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY (7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY(7LAESOPOL,
RETURN

CONTINUE

CALL OVERLAY(7LAESOPOL,
RETURN

ENTRY AESOPI

CALL OVERLAY (7LAESOPOL,
RETURN

END

Figure 5.

2, 1, 6HRECALL)

3, GHRECALL)
4, 6HRECALL)
5, GHRECALL)
6, GHRECALL)
7, 6HRECALL)
2, 10B, 6HRECALL)
11B, 6HRECALL)
12B, SHRECALL)'
138, GHRECALL)
14B, 6HRECALL)
15B,

6HRECALL)

2, 6HRECALL)

Overlay Version of Subroutine SELECT
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PROGRAM SRCH20
CALL AESOP
i END
PROGRAM SRCHO1
CALL SECCON
END
PROGRAM INPUTA
CALL B AESQOP
END
PROGRAM SRCHO3
CALL MAGNFY
END
PROGRAM SRCHO4
CALL STDESC
END
PROGRAM SRCHOS
CALL CREEPR
END
PROGRAM SRCHO6
CALL QUADRA
END
PROGRAM SRCHO7
CALL DAVIDN
END
PROGRAM SRCHOS8
CALL RPOINT
END
PROGRAM SRCHQ9 . ' :
CALL RANRAY ¥
END .
PROGRAM SRCH10 - - ' S
CALL RANRAY ’
END
PROGRAM SRCH11
CALL RAYSEC
END
PROGRAM SRCH12
CALL JACOBS
END
PROGRA! SRCH13
CALL MAPPER
END

Figure 6. Additional Programs Required by the Overlay Versicn
of SELECT
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OVERLAY (AESOPOL,0,0)

MAIN

OVERLAY (AESOPOL,1,0)

EQNS

OVERLAY (AESOPOL,2,0)

SRCH20

OVERLAY (AESOPOL, 2,1)

SRCHO1

OVERLAY (AESOPOL,2,2)

INPUTA

OVERLAY (AESOPOL, 2,3)

SRCHO3

OVERLAY (AESOPOL,2,4)

SRCHO4

OVERLAY (AESOPOL, 2 ,5)

SRCHOS5

OVERLAY (AESOPOL, 2,6)

SRCHO6

OVERLAY (AESOPOL,2,7)

SRCH(G7

OVERLAY (AESOPOL,2,10)

SRCHO8

- OVERLAY (AESOPOL, 2,11)

SRCHO9

OVERLAY (AESOPOL,2,12)

SRCH10

OVERLAY (AESOPOL,2,13)

SRCHI11

CVERLAY (AESOPOL,2,14)

SRCH12

OVERLAY (AESOPOL,2,15) |

SRCH13

Figure.7.

COPYLIB Text Cards
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B.3. AESOP DATA INPUT

Program AESOP data can be conveniently grouped according to search
and function. The user employing a particular search can independéntly
specify the characteristics of that search and may not be concerned with
input relevant to the other searches. Hence, a data grouping by search
and by function is presented below for user convenience. It should be
noted that certain inputs are common to more than one search; where this
occurs, the input is repetitively defined in each search. All AESOP data
is introduced through a single FORTRAN NAMELIST labelled IAESOP. All
data is nominally established by the Block Data Subroutine BDATA7.

B.3.1 Search Selection and Contrél
There are thirteen search procedures embodied in the AESOP subprogran.

The user may select any sequential comblnatlon of these searches through
data input.

NOMINAL
MNEMONIC DESCRIPTION : VALUES
m
NUMOPT The number of optimization techniques to be 2
employed. Each individual secarch request in
a sequence of requests adds to this input
(e.g., the search sequence 4,2,4,2 requires
NUMOPT=4). Maximum number of searches
employed must satisfy NUMOPT < 20.

METHOP The search sequence by.numeric-identification. 10, 2
For example, the input METHOP(1) = 1,2,3,4,5,
6,7,8,9,10,11,12,13 signifies. the follow1ng
search sequence:

1 - Sectioning

2 - Pattern

3 - Magnification

4 - Steepest-Descent

5 - Adaptive Creeping

6 - Quadratic

7 - Davidon (Fletcher-Powell)

8 - Random Point (Monte-Carlo)

9 - Random Ray (random evolution)

10 - Directed Random Ray

11 - Arbitrary Ray

12 - Jacobson

13 - Mapper

The complete scarch sequence will be referred
to as an optimization cycle.

MAXJJJ The maximum number. of system evaluat1ons A - 200
direct iteration jnuiber-limit.

IREPET The maximum number of times the search sequence 1
(optxmlzat1on cycle) defined in METHOPj will
be utiliced.
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B. 3.2 Parameter Selection

The user may equate any parameter in the system under study ‘to an
optimization parameter. This is usually most readily accomplished -in -
the user's MAIN program. If the initial AESOP call follows the system
program, input parameter values entered through AESOP override the
system values.

. NOMINAL
MNEMONIC ' DESCRIPTION 4 " | VALUES
NALPHA The number of paraﬁeters available for opti- .0
mization. No more than one hundred param-
eters may be employed.
ALPLO; Lower bounds on each parameter search’range.. 100*%0.0
ALPHI{ Upper bounds on each parameter search range. | 100*0.0
" ALPHA; The nominal parameter values. Note that 100*0.0
ALPLO; <ALPHA{ <ALPHI; must be satisfied. If -
a partlcular parameter, say AIPHA . is to be
fixed in value in a particular computatlon
then set ALPLO; =ALPHA; =ALPHI; . This effec-
tively reduces the parameter space dlmen51on
by one for each such paramester.
HILO If HILO is greater than zero the lower and 0

upper bounds on each parameter will be
dynamically determined such that

_ HILO*|oj]

oLy T @4 3

op. = a. + HILO;Iui!

i i

prov1ded HILO * Jag] > (o hiy - o'L;) where
a'h; and a'L; are the current valuds of the
pa1am°ter pounds. This option permits the
user ‘to define dynamically a percentage
search region centered about the current
value for each parameter.
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B.3.3 Multiple Extremal Option

- AESOP contains a multiple extremal search procedure based on a
warping of the response surface. In this transformation hypervolumes
in the region of a known extremal.point are reduced in magnitude and
hypervolumes far removed are increased in magnitude.

= : NOMINAL
MNEMONIC DESCRIPTION VALUES
IWARP Controls multiple extremal option: 0
= 1, automatically warps the response
surface

= 0, leaves the response surface unmodified

WARPAL; | The point at which the warping transformation | 100*0.0
is centered, i.e., the location of a known
-extremal point

WARPN The degree of the warping transformation. The 2.0
greater WARPN, the greater the response
surface distortion.

B.3.4 Optimization Function Selection

AESOP operates on an internally defined array of functions. The
function to be minimized and those to be constrained are defined by
data input. This permits ready specification of alternate optimization
problems. It should be noted that constraints are imposed on the basis
of an external penalty function approach using quadratic penalty function
terms. Penalty function weights are adaptively determined within the
code. :

NOMINAL -
MNEMONIC o - DESCRIPTION VALUES
FUNCTN; | An internal array containing all computed 100%0.0

optimization functions

NFUNC The total number of functions (FUNCTNj) being 1
defined and computed in the system model.
NOTE: NFUNC < 100.
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MNEMONIC

DESCRIPTION

NOMINAL
VALUES

NPHIAC

NUMPSI

~ NPST;

SIBARj
FTOLy

TTOL4

PSINT;

WTUP

The function to be minimized. AESOP always
searches for a minimum; to maximize FUNCTNy
define :
FUNCTN_ = -FUNCTNy,
and minimize n
FUNCTNp

The total number of functions being con-
strained. Note that NUMPSI < 20.

The functions to be constrained, e.g., NPSI(1)
equal to 3, 5, 1, 7 indicates that FUNCTIN3z,
FUNCTNS, FUNCTN], and FUNCTN;7 are to be con-
strained.

The'desifed values of the constraint functions
defined by NPSI;.

The acceptable final tolerances on the con-
straint function values, SIBAR;.

Initial acceptable tolerances on the constraint
function values (siould be approximately 100
times greater than ‘the corresponding FTOL;).
These tolerance bands are subsequently reduced
in size at a problem dependent rate until they
equal the appropriate FTOL;.

Initial constraint error weighting factors in
the augmented performance function, ¢*, where

* = ) _ 132
O = ¢ WUy - ¥;)
3. o ) ;
Here ~ W; = PSIWT;
Incremental multiplicative constants used to
increase: the W; on constraints which prove’

difficult :to satisfy. The nominal values of
WTUP3=2.0 should be acceptable.

1

20*0

20*0.0
20*%1.0

20*100.0

20*1.0

20%2.0
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MNEMONIC

DESCRIPTICN

NOMINAL-
VALUES

WTDOWN;

TOLFAG;

INDPSI

IPDWGT

Decremental multiplicative constants used to
decrease the W; when a constraint is easily
satisfied. The nominal values of WTDOWN;=0.5
should be acceptable; hence, this input can

normally be omitted.

. Constraint tolerance reduction factor.

Constraint indicator; if INDPSI

>0, ¢; will be constrained >¥j

<0, yj will be constrained <y;

=0, b3 will be constrained to be within
. +FTOL of ¢i~. :

Print indicator for constraint weights.
Equals 1 .to obtain print out of constraint
weights each time they are modified.

20*0.5

20*0.5

B.3.5 Saddie Point Search

Saddle pdihts are located by replacing a function minimization

criteria.

introduced as discusscd in Reference 5.

At the user's option a sign of curvature correction may be

MNEMONIC DESCRIPTION NOMINAL
. VALUES
MINMAXj | Used to indicate minimizing or maximizing 100*-1
control for each parameter
-1 indicates minimizing control
+1 indicates maximizing control
SPOWER Exponential power used in computing the 10.0
penalty term when the curvature is the
wrong way on a given control parameter.
SFACTR Control step size for computing the gra- 0.05

dient (i.e., .05 will produce aHEerturba—

tion of 5% of the range oa° » o’
£ &4 i
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MNEMONIC BESCRIPTION NOMINAL
VALUES .
ISADEL =0, saddle point search not used ' 0.
=1, saddle solution only
=2, minimum only
=3, maximum only .
=4, saddle, minimum or maximum (minimum
gradient magnitude)
IPASAD Print indicator for alpha array; equal to 0
1 to obtain alpha print from saddle '
IPFSAD Print indicator for function array; equal 0
to 1 to obtain function print from saddle
IPDSAD Detail print indicator; equal to 1 to 0
obtain detail print from saddle

B.3.6 Detailed Search Data
Data for each cf the ten searches is defined below.
B.3.6.1 Sectioning Search Data (METHCP: ='1). Uses the Golden Section

methed to carry out a sequence of one parameter at a time optimization
searches.

MNEMONIC DESCRIPTION o NOMINAL
‘ : VALUES
LIMIT The number of times each parameter will be 2

sectioned during a single request for
sectioning search.

NMAXLO Maximum number of point evaluations employed 15
in a single parameter's sectioning at search
commencement (first cptimization cycle). In
successive cycles, the maximum number of
points employed is increased by one.

ISECOF Indicator used to '"turn off" the sectioning 1000
| search. When the number of optimization
cycles exceeds ISECOF, the sectioning
search will be "turned off."
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MNEMONIC

DESCRIPTION

NOMINAL
VALUES

PHIEPS

NMAXUP

ISIDE

XTENHIi

XTENLO;

IRANDM

KGRDER.

FACTHI

Performance values within PHIEPS of the
minimum value vet attained are treated as
being equal in the Goiden Section

An upper bound on the maximum number of
point evaluations employed in sectlonlng
a partlcular parameter

Indicator specifying an arbitrary selection
of left or right boundary for a parameter
that does not appear to affect the system
performance

ISIDE=0, select lower limits

ISIDE=1, select upper limits

Optional extension of higher search limits
(ALPHI;) for a parameter that has gone to
the ALPHIi boundary

tional extension of lower search limits
(ALPLO;) for a parameter that has gone to
the ALPLO; boundary

Controls the order in which the parameters
are sectioned:

= 0, random order selected

=1, natural order selected

=2, reverse natural order selected

=3, order of selection is input via KORDER

An array that contains the subscripts of the
parameters in the order that they are to be

'selected. Required input if IRANDM=3; other-

wise generated automatically by AESOP

Section termination criteria. If three
successive performance function values are
within FACTHI of each other during
sectioning of a given parameter on the

first optimization cycle, the section search
of that parameter will cease. The termina-
tion criteria is internally reduced with
each optimization cycle.

0.0

25

100*0.0

100*%0.0

100*0.0

1.0E-3
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MNEMONIC | ~ DESGRIPTION NOMINAL
VALUES
FACTLO The lower limit on the termination criteria| 1.0E-5
in any optimization cycle :
ITRADE Optimization/trade sttdy indicator: - 0
=0, caryy out a normal optimization search
. =1,,determine performance function sensi-
tivity to each parameter by sectioning
each parameter in turn about a given
_ fixed point in parameter space.
TPASEC Print indicators for parameter, detail, g
IPDSEC and function values durlng sectxonlng 0
IPFSEC search. L c | 0.

B.3.6.2 Pattern Search Data (METHOP; = 2). -Pattern search is a
- simple generalized acceleration procedure which may be employed te
attempt an acceleration of the trend revealed by a previous search.

MNEMONIC b DESCRIPTION ‘ - | NOMINAL
- R ' VALUES
IPAPAT Pattern search print indicators for param- 0
IPDPAT eter detail and functicn values during’ 10
IPFPAT pattern search. ' _ .0
NMAXUP Maximum number of pattern steps;, otherwise | 25
search will end when ¢pqy 2 ¢old i.e:,
failure to ''gain" performance ‘

B.3.6.3 Maonlflcatlon Search Data (METHOP = 3). This search is
useful when the unconstrained extremal solution is the null vector. It
searches the ray joining the origin to the current peint in pgramcter
space. . : _

MNEMONIC , DESCRIPTION " NOMINAL

" : VALUES

MAXMAG Maximum number of point evaluations per-: 99
formed during-a single nagnlflcatlon s '
‘'search : -
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bNENOMIC ’ DESCRIPTION NOMINAL
. c VALUES
DELMAG The magnification perturbation size, nom- 0.01
inally set to one per cent of distance to
origin. Not normally modified from nominal
value.A ' “ K
IPAMAG P01nt 1nd1cators for parameter, detail, and 0
IPDMAG function values durlng each magnlflcatlon _ 0
IPFMAG search o . ; 0

’
1

. B.3.6.4 Steepest-Descent Search Data (METHOP; = 4). The AESOP
steepest-descent search features several metric tensor options to
defleéct the search in a more promising direction than' the gradient.

MNEMONIC |- - ¢ -DESCRIPTION | . INoMINAL
o T VALUES

NUMSTD - | ‘Number of gradient evaluations and one- - 2
’ \ .dimensional searches performed each time
that a steepest-descent search is

' requested during the bptimizatidn cycle

-~

INDWMA | Steepest-descent weighting matrlx 1nd1v 1
|1 cator
=0., unit matrix
=1.,; empirical matrix -
=2., alternate on each cycle between unlt
and emplrlcal matrlces

WITER, _ Learning factors for steepest -descent 100*1.0
i "welghtlng matrlx ' ' '

NMAXLO '| Mdximum number’ of point evaluations employed| 15
in the steepest-descent one-dimensional

~ ray search at search commencement (first .
optimization cycle). In successive cycles

.| the maximum number of point evaluations

_ v | permitted is _increased by 1.

NMAXUP Upper bound on the number of point evalu- 125
ations along a steepest-descent one-dimen-
sional ray in gny optimization cycle.
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MNEMONIC DESCRIPTION | NOMINAL
S - . e - ) 'YALUES .

FACTHI One-dimensional steepest-descent ray search 1:0E-3 -
termination criteria during first cycle. The -
termination criteria is reduced in each
successive optimization cycle .

FACTLO Lower limit on one-dimensional sfeepest-A 1.0E-5
descent ray search termination criteria, -in e
any optimization cycle.

XTENHI4 Optional extension of higher search limits 100*0.0
(ALPHI;) for a parameter that has gone to ‘
the upper bound

XTENLO4 Optional extension of lower search limits 100*0.0
~ (ALPLO;) for a parameter that has gone to .
the lower bound . :

PHIEPS Performance .values within PHIEPS of the 0.0:. ;|
minimum value yet attained are treated as
being equal in the Golden Section . ... . - SRR

. DALFMN Minimum parameter perturbation . L ' 5.0E-4

ITPWMAT | Weighting matrix print control iﬁdicator;x : 0
=1, to print weighting matrix o '

IPDRIV | Controls print out of derivatives: . .. . :. | 0
=1, to print derivatives

IPASTD Steepest- descent search print. control 1nd1- 0 -

IPDSTD cators for parameter, detall and function 0

IPFSTD - values. L L . 0

‘ B.3.6.5 Adaptive Creeping Search Data (METHOP; = 5). An elementary

" ‘univariate search procedure which arrives at an optimum by a. sequence

of small parameter value perturbations. Perturbation size and direction
are adaptively determined within the code.
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MNEMONIC DESCRIPTION NOMINAL
) ' VALUES
- MAXCRP Number of creeping search perturbatlons 5
' introduced into each parameter by a single
adaptive creeping search in the optlmlzatlon
cycle
IRANDM Controls ‘the order in Wthh parameters are 0
: perturbed:
=0, random order
=1, natural order
=2, reverse natural order 4
=3, order of selection is input via KORDER
KORDERf An array that contains the subscripts of 100*0
the parameters in the order-'that they are to
be selected. Required input if IRANDM=3.
'DCREEP; The initial perturbations to each parameter 100*1.0E-3
CREPMN; | Minimum perturbations for each parameter 100*1.0E-7
CREPMXy Maximum perturbations for each parameter 160*1 . 0E+6
ALFSIN{ Direction of perturbation fof.each param- 100%1.0
C eter (ALFSINj=£1.0). -May be used when
picking up a search sequence to indicate
the improving direction
IPACRP Adaptive creeplng search parameter, detail 0
IPDCRP - and functien values print indicator 0
IPFCRP S ' 0. .

" "B.3.6.6 Quadratic Search Data (METHOP; = 6). The quadratic‘search
is a second-order search procedare formally 1dent1cal to the Newton-
Raphson search.
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MNEMONIC DESCRIPTION : NOMINAL
: : ' VALUES

QPERT; Parameter perturbation magnitudes ‘employed © 20*5.0E-3 |"
in computation of numerical partlal derlv- -
‘atlve matrices

, .
.A an d _B_L
daj 305 dny

QFACTR Scaling factor on the QPERT; 1.0-

NMAXLO Maximum number of p01nt evaluatlons employed 15
in the quadratic one-dimensional ray search
commencement (first optimization cycle). In
successive optimization cycles, the number
of point evaluations permitted increases by R
one. a '

NMAXUP Upper bound on the number of point evalua- 25
tions along a quadraelc one- d1n°n51ona1 ray
search, in any cycle.

FACTHI One- dlmen51onal quadratlc ray search. termi- ~ 1.0E-3 .

' ' nation criteria during first cycle. The '
termination criteria is decreased in each
successive optimization cycle.

FACTLO Lower limit on one- aimeﬁsiohai qué&f&tié T 1.0E-5
ray search termlnatlon crlterla, in. any ‘ ' ‘
cycle

IPAQUA Quadratic search parameter, detail, and 0

IPDQUA function values print indicators 0

IPFQUA : 0

B.3.6.7 Davidon Search Data (METHOP; = 7). Davidon's method is a
pseudo-second order steepest-descent method. Second order information
regarding the response surface characteristics is obtained 1nd1rect1y
and incorporated in the metric tensor.
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MNEMONIC.| -

DESCRIPTION

NOMINAL
VALUES

MAXDVD

QPERT;

NMAXLO

NMAXUP

* FACTHI

FACTLO

DALEMN
IPDRIV
~ IPADVD

I1PDDVD
iPFDVD

Number of Davidon (Fletcher-Powell) gra-
‘dient evaluations and one-dimensional

searches performed each time that a Davidon
search is requested in the optlmlzatlon
cycle

Parameter perturbation magnitudes employed
in computation in numerical partial deriv-
atives . ' :

Maximum number of point evaluations employed
in the Davidon one-dimensional ray search at
commencement (first optimization cycle). In
successive optimization cycles, the number
of point evaluations permitted is 1ncreased
by one

Upper bound on the number of point evalua-
tions along a Davidon search one-dimensional
array -in any cycle ' .
One-dimensional Davidon ray search termina-
tion criteria during first. optlmlzatlon
cycle. The termination criteria is
decreased on cach successive optimization’
cycle

Lower limit on one-dimensiohal Davidon
ray search termination criteria, in any
optimization cycle

Minimum paramster perturbation

" Controls print out of derivatives:

=1 to print derivatives

Davidon search parameter, detail and
function values print control indicators

10

100*5.0E-3

15

25

1.0E-3

1.0E-5 -

5.0E-4

o oo
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B.3.6.8 Random Point Search (METHOP; = 8). A straightforward
Monte-Carlo procedure involving a uniferm distribution of random
points in the feasible region. ' The search automatically turns
itself "off" after the first optimization cycle.

MNEMONIC - DESCRIPTION _ NOMINAL
VALUES
MAXRPT The maximum number of random points to be 10

employed in the first request for a random
point search within the optimization cycle.
In successive requests, MAXRPT is set to
zero and no evaluations result.

IPARPT Random point parameter, detail, and function 0
IPDRPT values print indicators. : 0
IPFRPT 0

'B.3.6.9 Random Ray Search (METHOP. = 9). An optimal point is found
by means of an evolutlonary sequence of small small random steps
in the control space. If a random step is unsuccessful, the antiparallel
step is always introduced.

MNEMONIC DESCRIPTICN NOMINAL
‘'VALUES
MAXRRS The maximum number of random rays, one or 3

two sided, investigated each time the opti-
mization cycle requests a random ray
search

RUFHI ' | The initial maximum non-dimension pertur- 1.0E-2
bation measure for each parameter. This
is reduced each time random ray search
consistently fails to improve performance

RUFLO - Minimummaximum dimensional perturbatlon ‘ 1.0E-~13
measure for each parameter
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MNEMONIC

O

DESCRIPTION

NOMINAL
VALUES

SPRANX

RUDOWN

- INGRAN

TUPRAN

RANGEN

FNORMAL

IPARRS
IPDRRS
IPFRRS

Starting trigger for the random number
generator

Used to adaptively alter (increase or
decrease) the step size for the random
ray search

Number of sequential two sided unsuccess-
ful random steps required before the step
size will be reduced

(AS = AS * RUDOWN)

Number of sequential two sided successful
random steps required before the step size
will be increased

(AS = (AS/RUDOWN + AS)/2.0)
Indicator for random number generator

>0, generates uniformly distributed random
numbers

<0, generates normally distributed random

numbers

Value by which the normally distributed
random numbers will be divided in order to
reduce the 30 value of the range over which
random numbers will be generated. If

FNORMAL = 1, the 30 value will be approxi-

mately +m

Random ray search parameter, detail, and
function values print indicators.

33333333333

.25

1.0

5.0

CcC oo

B.3.6.10 Directed Random Ray Search (METHOP; = 10).

proceeds along a succession of random rays distributed about a
best estimate of the gradient vector,
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MNEMONIC

DESCRIPTION

NOMINAL
VALUES

MAXRRS

RNFHI

RNFLO
SPRANX

RNDOWN

INGRAN -

IUPRAN

RANGEN

FNORMAL

The maximum number of random rays, one or
two sided,investigated each time the opti-
mization cycle requests a random ray
search

The initial maximum non-dimension pertur-
bation measure for each parameter. This
is reduced each time random ray search
consistently fails to improve performance.

Minimum-maximum dimensional perturbation
measure for each parameter

Starting trigger for the random number
generator ‘

Used to adaptively alter (increase or
decrease) the step size for the random
ray search | ’

Number of sequential two sided unsuc-
sessful random steps required oefore the
step size will be reduced

(AS = AS * RUDOWN)

Number of sequential two- sided success-’
ful random steps required before the step
size will be increased

(84S = (AS/RUDOWN+ 2)/2.0)

Indicator for random number generator:

>0, generates uniformly distributed random
numbers

<0, generates nornally distributed random
numbers :

Value by which the normally distributed random
numbers will be divided in order to reduce

the 30 value of the range over which random
numbers will be generated. If FNORMAL=1.0,
the 30 value will be approximatelyX s

3,

1.0E-2

1.0E-13,
33333333333

.25

1.0

5.0
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MNEMONIC DESCRIPTION NOMINAL ’
' VALUES

RBAR The R's are the best historical estimate 100*0.0
of the parameter perturbations required to
produce a gain. The R's are adaptively
determined by the program and may be input
for the purpose of 'picking up" an optimi-
zation run.

OLDRWT Weighting constant applied to the old R's 5.0
when updating the R's following 'a gain "

OLDGWT Weighting cons: constant applied to d¢/ds when | 5.0
updating d¢/ds following a gain. Where
dé/ds represents the hlstorlcal estlmate of
the gradient ‘

RRSEXP Exponential constant applied to the ratio .| 1.0
of current estimate of the gradient to the
historical estimate of the gradient. The
effect of this variable is to act as a
dynamic weighting constant on the current
random perturbation that produced a gain.
The larger the gain the greater the ef‘ect
on the R's

RLWT Weighting constant applied to the R's in 2.5
computing the current parameter pertur-
bations.

IPARRS Directed random ray search parameter,
IPDRRS detail, and function values pr1nt indi-
IPFRRS cators

o OO

B.3.6.11 Arbitrary Ray Search (METHOP; = 11). The arbitrary ray
search searches the ray passing through two specified points in the
multidimensional control space. For printout, it is suggested that
the tabular summary feature of AESOP be used.
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* MNEMONIC DESCRIPTION NOMINAL
VALUES
RALOHI Defines which direction to search; i.e., .TRUE.
TRUE, search "LO" - "HI" ,
FALSE, search "HI" - "LO"
NPTSRY Total number of evaluations to be used 10
on ray search
RAYDIV Defines step size for ray.search; i.e. . 10.0.-
' eontrol parameter step size = (XTENHIj - g
XTENLO; ) /RAYDIV
XTENHI4 Defines the control parameter values at ©100*0.0
the "HI'"t end of the multidimensional ray
to be searched
XTENLO; Defines the control parametef values at 100*0.0
the "L0"t end of the multidimensional ray
to be searched.

t XTENHI4 need not be greater than XTENLOl, and XTENLOj. need not be
less than XTENHIJ in this search. These two arrays merely define
the end points of a ray in the multidimensional control space.

B.3.6.12 Jacobson Search (METHOPj = 12). The Jacobson search algorithm
is based upon homogeneous function rather than quadratic models. A
consequence of this is that (N+2) step convergence is obtained for
homogeneous functions of any degree and that no one-dimensional search
is required.

MNEMONIC ‘ DESCRIPTION NOMINAL
. VALUES
JACMAX Number of Jacobson searches carried out 50

when the Jacobson search is called. (Number
of Jacobson dcscents)

ANGRAD If ANGRAD is .TRUE. the gradient vector . .FALSE.
(a¢/aai) is computed analytically by the
system model. If NAGRAD is .FALSE. the
gradient vector is computed numerically by
AESQOP using two-sided parameter pertur-
bations
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MNEMONIC DESCRIPTION NOMINAL
VALUES
PFACTR Controls the size of the parameter pertur- 1.0E-7
bations used for computing numerical :
gradient vector
Aaj = PFACTR * (aH;i - aLOi)
IBX Aﬁ'array describing the parameter bounds =~ 50*1
=1, ai_is-lower and upper bounded
=2, ai is lower bounded only
=3, aj is upper; bounded only
=4, aj is unbounded - e
IPDJAC Dgtail print indicator for Jacobson search 0
=1, to generate detail print

B.3.6.13 Contour Mapping. Search (METHOP; = 13). The contour mapping
option provides a two-dimensional graphic display of the performance
function., The plane is selected by choosing any two parameters aj and
@j. Plots are obtained on CALCOMP or Houston plotting devices.

MNEMONIC ~ DESCRIPTION ' ' NOMINAL
: Lo _ VALUES

IPDMAP ~ Detail print indicator for mapper (Search 13) 0
NXMESH Number of x mesh points for map (maximum of 0

52 .- t. , O
NYMESH Number of y mesh p01nts for map (maximum of 0

52 .
NZCUTS Number of contours for map 0
MAPALX Subscript of parametef for x mesh 0
MAPALY Subscript of parameter for y mesh 0
ZLMAX Maximum z level for contour map If ZLMAX: 0

: ZLMIN, then the pregram will use the max

and min z mesh values
ZLMIN Minimum z level for contour map. If ZLMAX= 0

ZLMIN, then the program will use the max

and min z mesh values
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MNEMONIC

DESCRIPTION

NOMINAL
VALUES -

LUMAP

ALTMAP

XTENHI; -

XTENLO;

Logical unit to be used as the map plot
output device. LUMAP < 0; no plot will be
produced; if LUMAP > 0 the program will
read the following six cards for the map
titles:

NCXT - XTITLE o S
NCYT  YTITLE |~ - 7~ -
NCT1 TITLEL Format (3X,12,1X,4A10)
NCT2 TITLE2 : l
NCT3 TITLE3

NCT4 TITLE4

Where NCXT, NCYT, NCT1,... etc. are the

number of BCD characters in each title and

XTITLE, YTITLE,... etc. are the arrays that

.will receive the BCD characters of the

titles. Each title may have a maximum of
40 BCD characters. Figure 8 presents a

contour map produced by AESOP and shows the

placement of the titles on the plot.

Logical variable used to indicate whlyh
bounds apply to the parameters. If ALTMAP
is .TRUE. the bounds on the parameters aj .
will be taken as XTENLCj- and XTENHI;. If .
ALTMAP is .FALSE. the bounds on the
parameters aj will be taken as ALPLOj - and
ALPHI

Defines the upper.bounds on the parameters
a; when ALTMAP is .TRUE.
Defines the lower bounds on the parameters
oj when ALTMAP is .TRUE.

0

. FALSE.

100*0.0

100*0.0
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B.3.7 AESOP Print Control

Program AESOP has a flexible print out capability. Varying levels
of print out are available at the user's option. The print control for
the individual searches was described in the previous section. This section
will describe the general print controls that apply to all search algorithms.

In all cases a value of one for the print control variable will cause
print out of the required data; a zero value will suppress the print out.

B. 3.7.1 Input Data Print Out. The data input to AESOP via FORTRAN
namelist TAESOP is out by a simulated namelist AESOUT. The output is
organized by search algorithms and only printed-for théusearches.selected

by the user. : LU e wna poitomud
MNEMONIC ©+ DESCRIPTION S | NOMINAL: | :
: : | VALUES -
IPNAML AControls print out of data input via FORTRAN 11
namelist IAESOP '

B.3.7.2 Print out of Function and Control Parameter Values During
the Optimization Process. -

MNEMONIC DESCRIPTION NOMINAL
: | VALUES.
IPINEV Will cause print out of the nominal values of 11

the functions and control parameters for the
initial report

IPDPEN Will cause print out of the function and control 1
| parameter values after each evaluation

IPGAIN Will cause print out of the function and control 0
parameter values after each evaluation in which
there was a gain in performance

IPSRCH Will cause print out of the function and control | O
parameter values at the end of each search

IPACYC Will cause print out of the control parameter 0
values at the end of each optimization cycle
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MNEMONIC . DESCRIPTION ' NOMINAL

VALUES
IPFCYC - Will cause print out of the function values -0
: at the end of each optimization cycle
IPFNEV Will cause print out of the function and 1

control parameter values at the end of. the
-optimization process(Final Report).

V]

‘ G VIV BN € oo : T
253248, 3.773%2Tabuldr Summary:Print.Control. Tabular listing of the
function and control parameter values can be produced to give -the
user a concise picturé of the convergence history.

'MNEMONIC DESCRIPTION NOMINAL

VALUES
Lucyc Tape or disk unit used to store the conver- .| O

gence histories of the function and control
parameter values for tabular listing at the
end of each optimization cycle (cycle
summary report). If LUCYC < 0, no tabular
listing at the end of a cycle will be
produced.

LUFIN - Tape or disk unit used to store the conver- | 0
gence histories of the function and control
parameter values for tabular listing at the
end of the optimization process (Final Report)

ITCYC Controls content of cycle summary report: 1
=0, the function and parameter values for
all evaluations will appear in the

cycle summary report
=1, the function and parameter values
will appear only for evaluations in
which there was a gain in performance
=2, the function and parameter values at
the end of each search comprise the
cycle summary report

ITFIN Controls concent of final summary report: 2
=0, the function and parameter values for
all evaluations will appear in the

final summary report
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MNEMONIC

- DESCRIPTION

NOMINAL
VALUES

LUCHDP

=1, the function and parameter values will
appear only for evaluations in which
there was a gain in performance

=2, the function and parameter values at

the end of each search comprise the
final summary report

=3, the function and parameter values at -

the end of each optlmlzatlon cycle
.W111 comprlse the f1na1 .Sumnary report

Logical unit’ Ltape or dlsk) on wnlch the‘““

final summary report data is to be refor—
matted into arrays for plotting of conver-
gence histories. If LUCHDP < 0, the data
is not saved

CHTIEM

B3.8 Other AESOP Data

This section describes the AESOP input data not defined in the
previous sections.

MNEMONIC

IRLIST

OPTIMA

DIALOG

EOF

DESCRIPTION

Controls the reading of the AESOP name-
list data IAESOP. If IRLIST=0, no name-
list data is input. This is used to
suppress the input when all data is speci-
fied internally by user's program

Not used by AESOP

Logical variable used by AESOP. If
.TRUE. the entire common for AESOP is to
be saved and restored each evaluation

by the main program

Logical variable. If .TRUE. AESOP will
call EXIT and terminate the computer run.

NOMINAL
VALUES

1

.FALSE.

.FALSE.
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DESCRIPTION -

MNEMONIC NOMINAL
VALUES
JJJ :Evaluatlon counter -1
MENTRY ?Céﬁfggfnghe opt1mlzat10n process. MENTRY is 0

0

- set_to nine (9) by AESOP when number of cycles

exceeds IREPET or JJJ > MAXJJJ
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PART II - PROGRAM STRUCTURE, TECHNIQUES, AND ANALYSIS

5. COMBUSTOR PROGRAM STRUCTURE

The general structure of the AUTOCOM program is designed around the
physical and operational characteristics of the combustor, the weighting of
these characteristics, and the rating of the system which is also based on
weighting factor constants. Accordingly, the description for the following
elements' : - : . Co - ’

Combustor design inputs
SlUBETSV s L2 Lu oo -

.
D sy

Specific combuStor® characterlstlc;
Average combustor charagteristics
Rating: equation

is given inﬂ§ection’5.1 through 5.4.

Figure 5-1 depicts the task structure of the combustor program. As
can be seen, the first set of designer inputs consisting of variable and
fixed inputs describing the operational engine, is used to compute the
specific combustor characteristics F11 through F82. Thereafter, the results
of these -computations are weighted by a second set of designer inputs,
namely the weighting factor constants AF11 through AF82, and BF72. These
weighting factor constants reflect the designer's view regarding the im-
portance of each individual specific combustor characteristic.- Finally,
the payoff criterion which is represented by the rating equation, combines
the average combustor characteristics (FI through FVIII), by using designer
inputs for the weighting factor constants AFI through AFVIII, BFI through
BFVIII, and CFII. This class of weighting factor constants reflects the .
designer's view regarding the importance of each group of average combustor
characteristics such as those for performance, stability, pressure drop,
injector complexity, etc. The derivation of the weighting factor constants
is. discussed in Section 5.5.

Sections 5.1 through 5.4 present a discussion of the various elements of
.the program structure as shown in Figure 5-1.

5.1 Design Inputs

5.1.1 Combustor Design Variables (Input data for namelist COMDPV).
The independent design variables of the combustor are as follows with
limits as indicated (for details see Section 2.3):
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CHARACTERISTICS
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o Figure 5-1
Task Structure of the Combustor

Program
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PROGRAM \ MAXTMUM MINIMUM
SYMBOL DESCRIPTION ~ VALUE VALUE
BFLCIR . Number of circumferentiai‘baffles “Positive 0
e | Integer
jBFLRAD - | - Number of radial baffles ALY 0
DC ‘I -* Chamber, diameter,pin. . Positive |Throat _
‘ - ) ' Number Diameter
RS :;i ' et [ 1o -' < .
DF Diameter of fuel ¢rifices, in. " 1 -9
40X Diameter of gxidiiér orifices, in -} . . .. .01.
ki i b AR 1. : N
“LE s TSR thY6F “Combustion chamber, in. L .01
LR “‘Length of fuel orificéé;vin.« . . .01
LOX :iength of oxidizer orifices, in‘_ B .01
NE ‘Number of fuel orifices - g Positive - 1
< Integer {
.NOX v -} . Number of-oxidizer orifices " 1.
-0k . -l Ppropellant mﬁxture ratio, 0X /fuel BF71 ==
" VOLF " Volume of fuel manifold, in3 Positive Y
S ) Number :
Taat e o L
VOLX Volume of oxidizer manifold, in3 " b0

!

5.1.2 "FiXéd Combustor Design Parameters (Input data for namelist COMMIS).
The fixed combustof design requirements are items which are not changed by
the designer for a givén engine. This includes all items that are required
in those equations that could be different for combustors with different
propellants or requirements (for details see Section 2.4). .

5.1.3 Weighting Factor Constants (Input data for namelist COMWGT).
The "rating" of a combustor design is based on using a weighted average of
all the characteristics of a given combustor. -The weighting factors are
constants used in equations to obtain average characteristics or a rating.
The constants are introduced to allow the designer to incorporate his views
regarding the imporﬂance or validity of one technique for obtaining a given
characteristic vs. another technique for obtaining the same characteristic.
For example, if the designer believed that only one technique was valid
for predicting the performance of a given design he would assign a unity
value to the weighting factor constants for that specific characteristic
and the constants for all the other performance characteristics would be
zero. Similarly, the weighting factor constants in the equation to obtain
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a single rating for a given combustor design are introduced to allow the
designer to introduce the relative importance of different types of
characteristics (for example, stability vs. performance). The weighting
factor constants, therefore, gives the designer the same control and
flexibility in the computer program as he has with current 'cut-and-try"
design techniques. To establish a base point for the rating system a
hypothetical ideal combustor is given a rating of zero. The hypothetical
ideal combustor would have 100 percent of theoretical C* performance,
infinite damping rate for all modes of instability, zero chamber length,
chamber diameter equal to the throat diameter, etc. The weighting factors
are terms beginning with the letters A, B, or C followed by the symbol

for the characteristic with which it is to be used. A list of the weighting
factor constants is given in Section 2.2, and their derivation for rating
an engine is discussed in Section 5.5.

s Liipiia And

e P

5.2 Specific Combustor Characteristics ~+%»" 7. =.

The specific combustor characteristics are calculated from well-defined
equations or curves that have been published and accepted by the professional
community. The specific combustor characteristics are denoted by a capital
F to designate a characteristic, followed by a two digit number. The first
digit corresponds to the Roman Numeral . which designates the average engine
characteristic in which the specific characteristic will be used. The
second digit then designates which characteristic is being considered. The
specific combustor characteristic is calculated from an equation containing
combustor design variables and fixed combustor design requirements. The
following specific characteristics are available in the program code:

F11 is the percent mass vaporized of fuel

F12 is the percént mass vaporized of oxidizer

F13 is a C*-efficiency based on the mixing model

F14 | Available for program extension. The former performance
computations based on A. D. Little Correlations have been

F15 eliminated. They are, however, still included in Sections
4 and 5.5

F20 is the chugging decay rate based on the fuel system

F21 is the chugging decay rate based on the oxidizer system

F22 is the stability characteristic for pulsed operation based on a
correlation

F23 is the stability characteristic for non-pulsed operation based on
‘ a correlation R . -
7 1

F24 is & stability decay rate characteristic for fuel

F25 is a stability decay rate characteristic for oxidizer
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F26 is the stability decay rate characteristic based on the sensitive
time lag model for a longitudinal mode :

F27 .is the stability rate characteristic based on the sensitive time
lag model for transverse modes

-

F28 is_the_stability decay rate. characteristic based on the response
function approach

.F29 is the stab111ty characterlstlc based on the non-1linear stab111ty
na1y51s and includes various modes of osc111at10n ' : '

F31 is

F32 is

F41 is

faoy.r F42 18

RS

F43 is

Fa4 is

F45 is

F46 is
F51 is
F61 is
F71 is
F81 is

F82 is

the;

the
the
the

fhe

‘the.

fhe

fuel.pressure drop characteristic
oxidizer pressure drop characteristic

number of ;fuel plus oxidizer holes characteristic

.volume.of the oxidizer dome characteristic

Voluﬁegof the fuel dome characteristic

length of the oxidizer holes characteristic

length of the fuel holes ghafacteristic

an injector type complexity characteristic

the
the
the
the

the

1ength to nqzzelAthroat diameter ratio characteristic

chamber diameter to noziel throat diahétér ratio chargcteriStic
mixture ratio cﬁaracteristic |

radial baffles éharacieristic

circumferential baffles characteristic

The specific combustor characteristics F11 through F82 are computed in
Subroutines SECF1l through SECF82 respectively. These subroutines are
discussed in detail in Section 7.

5.3 Average Combustor Characteristics

Average combustor characteristics (FI through FVIII) are used in the
rating equation (Section 5.4) to-give the optimum combustor design; they
are computed in Subroutines ACFI through ACFVIII. Average characteristics
are specified by a capital F to denote a characteristic, followed by a
Roman Numeral to designate which characteristic. The average characteristic
is a weighted average of several specific combustor characteristics calcu-
lated by different techniques..
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5.3.1 Average Performance Characteristic. FI is the average performance
characteristic based on the vaporization efficiency and the ¢ -eff1c1ency, and
. varies from 0 to 100 percent. The average characteristic equation is

FI = AF11 (100-F11)

+

AF12 (100-F12)

+

AF13 (100-F13)

+

AF14 (100-F14)

AF15 (100-F15) (5-1)

+

. . - R St | vrfi GxiJ '30,'*9‘;§ z,..C
5.3.2 Average Stability Characterlstlc EIT is: the averagevstabllltyX

characteristic based on an equivalent damping rate: and raries- from = R

(damps at an infinite rate with time) to + = (grows at an infinite rate b

with time). The average stability characteristics equatlon is

FII _ - AF(n)*F(n)
ms20 T (5-2)

e

FIT = ALOG[EXP (AF20*F20) .
EXP(AF21*F21)
EXP (AF22*F22)
EXP (AF23*F23)
EXP (AF24*F24)
EXP (AF25*F25)
EXP (AF26*F26)
EXP (AF27*F27)
EXP (AF28*F28)
EXP (AF29*F29) ] (5-3)

+ + + + +++F o+

5.3.3 Average Pressure Drop Characteristic. FIII is the average
pressure drop characteristic based on the pressure drop across the injector
face and ranges from 0 to a positive number. The average stability
characteristics equation is

AF31*F31 * AF32*F32

FIII = (5_4)
o "AF31 + AF32 o -

134



.5.3.4 Average Injector Complexity Characteristic. FIV is the average
injector complexity characteristic based on the number of injector elements,
type of elements, injector dome volume and injector face thickness, and - .
varies from O to a positive number. The average injector complexity character-
istic equation is o - ’

FIV

AF41*F41 + AF42*F42

AF43*F43 + AF44*F44

+

+

AF45*F45 + AF46*F46 ' (5-5)

5.3.5 Average Chamber Length' Characteristic. FV is the average
chamber -length characteristic based on the chamber length to nozzel throat
diameter ratio, and varies from 0 to a p051t1ve number, The average chamber
length characterlstlcs equatlon is . :

"BV = AFS1*(FS1**AF52) - (5-6)

5.3.6 Average Chamber Diameter Characteristic. FVI is the average
chamber diameter characteristic based on the chamber diameter at the injector
face to nozzle throat diameter ratio, and varies from 0 to a positive number.
The average chamber diameter characteristics equation is

FVI = AF61*[(F61-1) **AF62)], (5-7)

5.3.7 Average Mixture Ratio Characteristic. FVII is the average
mixture ratio characteristic which varies from 0 to a positive number. The
average mixture ratio characteristics equation is

FVII = AF71*[(BF71-F71)**AF72] (5-8)

5.3.8 Average Baffle Characteristic. FVIII is the average baffle
characteristic which varies from 0 to a positive number, and is

FVIII = 2*L50(AF81$F81§+:AF82*F82) L 4v?.(5-9)
where L50 = length of combustion chamber
required to vaporize 50.per

cent of the propellant.

If AF81 and AF82 = 0, the computation for FVIII (Subroutine ACFVIII) will
be bypassed. '
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5.4 Rating Equation

The specific equatlon to obtain a 51ng1e numer1ca1 value, @, for a
combustor rating is given by .

¢ = AFI(FI)BF!
+ AFII*e(BFIL+CFII*FII)
+ AFITI*p111(BFILI)

+ AFIV*F1V (BFIV)

+ AFV*FV(BFV)/, .fiJeq ;a};} :;uggx . u;f‘
+»AFVI*FVI{BFV1) Crae F wE ?f:fgbﬁ?EQ? o
+ apvir+pvir (BFVID) - |

+ ARvIIT*pvIrr BFVITD) ” (5:10).

5.5 The Derivation of the Welghtlng Factor Constants Fnr
Rating an Engine

The combustor rating is based on the payloéd penalty of an envisioned
rocket using this engine. Payload penalties mean an increase in rating.
The derivation of the weighting factor constants takes the '"Engine Test Case"
of Section 4 into consideration. However; this approach can also be applied
correspondingly for other engines. Based on the 15000 1lbs. thrust engine

using H,/0, propellants, the following assumptions can be'made:
1. Rating is in terms of payload.

2. Cost of 1 1b. of payload is $4,000. (This is obtained by
dividing total vehicle cost by number of pounds of payload.)

3. Reducing cost of engine by $4,000 is equivalent to adding-1 1b.
of payload to the rating.

4., Adding 1 1b. of weight to engine is equlvalent to taking a pound

of payload out of the rating.

5. Increasing the engine performance (specific impulse) by 1 second

or 0.22 units of efficiency is equivalent to adding 33 1lbs.

payload. (This is obtained by performing a mission analysis with

various impulse values.)

For the first term in the rating equation, based on the 15000 1bs. thrust

engine:
AF1l is 0 because fuel is gas and already vaporized.
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AF12 and AF13 are considered to be of equal importance (% LOX vaporlzed
+ % mixed); therefore are a551gned a value of 1.

AF14 and AF15 are much less than AFll and AF12 beacuse the A. D. Little
correlations are not considered to have a very high level of confidence
in the prediction of performance. A 99% vaporized propellant can be
considered equivalent to about a 1% value for Fl4 and F15. Therefore,
AF14 and AF15 are given values of .01.

BFI is unity because a trade study of payload with impulse shows a
linear dependency between payload and impulse.

AFI is 150 under the assumption of item 5 that for increasing performance,
.22 units result in 33 pounds of payload.

For the second term in the rating equdtion:.

F24 is not applicable to this engine as fuel is vaporized and hence
Dykema's vaporization model is not valid. Therefore, AF24 =

All other AF20 to AF29 stability indices are considered of equal impdrtance
and significance; therefore, AF20, AF21, AF22, AF23, AF25, AF26, AF27, AF28
and AF29 are assigned unity values.

The AFII, BFII, and CFII weighting factor constants are obtained by the
following three data points:

FII = hegative decay rate, then rating is 0.

FII = 0 (Neutral stability) is equivalent in importance to losing
six seconds of impulse of 200 1bs. payload under the assumption
of item 5, so rating is +200. )

FII = 10 (very unstable engine) is equivalent to 16 seconds of impulse
or 527 1bs. payload, so rating is +527.

For the third term in the rating equation:

Analysis of turbopump has indicated that an increase in pressure or
pressure drop of 200 psi will increase the weight of pump 8 1lbs. and
cost $8,000 for an equivalent rating of 10. An increase of pressure
of 400 psi increases the weight 30 1lbs. and cost $20,000 for an
equivalent rating of 35. Therefore, with FIII in units of psi:

FIII = 0 Rating = 0
FIII = 200 Rating = 10
FIII = 400 Rating = 35
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From these conditions

AFIII .00069

BFIII

1.8

Pressure increase on fuel side results in a weight and cost penalty
twice as large as LOX pressure due to low density of hydrogen. Hence,

AF31

2.0

AF32 1.0

The fuel pump etc. for H,-0, system is approximated twice as big as

the LOX pump,etc. Therefore,. it costs sbout: twice @s-muchralsoi
v B Y

For the fourth term in the rating equation:

For F41 it is estimated that increasing the number of holes from
432 to 864 would increase the cost $12,250 or an equivalent of
3.06 1b. payload. Also it would increase the weight 1 1b. Therefore,

AF41 = 3,06 + 1 =009
432

For F42 it is estimated that increasing of the LOX volume by
10 inches> would increase the cost $1,000 and the weight by 1 1b.

AF42 = .25 + 1 = .125
10 o

For F43 apply the same results as for F42,

- For F44, a length increase of .4 inches is estimated to cost $1,000
and increases the weight by 2 1bs.. Therefore,

AF44 = .25+ 2 = 5.625
4

For F45 a length increase of .06 inches is extimated to cost $200
and increase the weight by .2 1bs, Therefore,

AF45 = .05 + .2 = 4.16
© .06

For F46 the element type is not varied, so AF46 = 0.
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‘With respect to the rating equation it is reasoned that the rating goes
as the square of FIV rather than the linear assumption used for F4l,etc. in a
. region of doubling the size. Therefore BFIV = 2,

Thus it follows, with FIV =:E:AF(H)* F(n)

FIV = 0 Rating

=0
FIV = 8.625 Rating = X
FIV = = X + 8.625

17.25 Rating

TR R LT T P
SRS A i

'Rof;én'engine‘&ifh?FIVv='17;25-By doubling engine size, rating increase
is 8.625. Then ’

X = 2.942

AFIV = .0395-
BFIV = 2

Since rating X = AFIV (8.625)2, it becomes

X + 8.625 = AFIV(17.25)2

For the fifth term in the rating equation:

Under the assumption that FV is linear with F51, AF51 and AF52
(AF51 and AF52 = 1), all rating is taken up in AFV and BFV.

To calculate FV coefficients the following data were used:

F51 We(lbs) .| - Cost Isp Loss Total
o 0 | 0 0 "o
1 5 . 10,000 1 40.5
2 T 10 20,000 VR 147
Therefore | BFV = 1.86
ARV = 40.5
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For the sixth term in the rating equation:

To calculate FVI coefficients, it is again assumed that AF61 and AF62

are unity and all rating is taken up in AFVI and BFVI.

data were used:

The following

F61 (Dc-l) Wt Cost Total
1 0 0 0 0 )
2 1 10 100,000 35
3 2 40 400,000 140 e .
Therefore, BFVI = 2
AFVI = 35

For the seventh term in the rating equation:

To calculate IS

from mixture ratio, the following data is used:

P
M.R. Isp Loss Rating
4.06 10 330
4.56 2 66
5.06 0 0
5.56. 2 666
6.06™) 10 330

- *) According to the expression for FVII (Equation (5-8)),
the magnitude of F71 as a variable can never reach the
value of 5.06.

'

Therefore BF71 = 5.06, then AF72 = 2 (to make a parabola).

Arbitrarily set AF71 =.4, then
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M.R. FVII Rating
5.06 0 0
4.56 & 5.56 1 66
4.06 § 5.06 4 330
Then ' 'BFVII = 1.16 |
AFVII = 66

Based on the pfééeding assumptions, the weighting factor constants
used for the sample Case of 'the 15000-lbs.- thrust engine in Sectlon 4,
are listed as follows:

AFI = 150.0 Constant of the performance characteristic in
the rating equation.

AFII = 200.0 Constant of the stability characteristic in
the rating equation.

AFIII = .00069 Constant of the pressure drop characteristic
in the rating equation.

AFIV = ,0395 . Constant of the injector complexity characteristic
in the rating equation.

AFV = 40.5 Constant of the chamber length characteristic
AFVI = 35.0 Constant of the chamber diameter characteristic

- AFVII = 66.0 Constant of the mixture ration characteristic in
" the rating equation.

BFI = 1.0 Exponential on the performance characteristic
in the rating equation.

BFII = 0.0 Exponential on the stability characteristic in
the rating equation.

BFIII = 1.8 Exponential on the pressure drop characterlstlc
in the rating equation.

BFIV = 2.0 Exponential on the injector complexity charac-
teristic in the rating equation.

BFV = 1.86 Exponential on the chamber length characteristic,
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BFVI

BFVII1

CFII

AF11
AF12
AF13
AF14
AF15
AF20
. AF21
AF22
AF23
AF24
AF25
AF26
AF27

AF28

AF29

2.0

1.16

0.0

1.0

1.0

.01

.01

1.0

1.0

1.0

0.0

0.0

1.0

1.0

1.0

1.0

1.0

Exponential on the chamber diameter characteristic.

Exponential on the mixture ratio characteristic
in the rating equation. '

Exponential on the stability characteristic in
the rating equation.

Constant

Constant

Constant

Constant

. Constant

in
in
in
in

in

the

the

the

the

the

performance characteristic equation.

performance characteristic equation. '

performance ;characteristic equationu: -
performance -characteristicyequations.ii:

performance characteristic equatiomirs:

Constant

in

equation.

Constant

equation.

Constant

equation.

Constant

equation.

Constant

equation.

Constant

equation,

Constant

equation.

Constant

equation.

Constant

equation.

Constant

in

in

in

in

in

in

in

in

in
equation.

the
fhe

the

the

the

the

the
the

the

-the

combustor stability characteristic

combustor stability characteristic

combustor stability characteristic

combustor stability characteristic
combusfor stability characteristic
combustqr.stability characteristic -
combustor stability characteristic
combus;or stability characteristic

combustor stability characteristic

combustor stability characteristic
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AF31 = 2.0
AF32 = 1.0
AF41.=..009
AF42,z ;125
AF43=

AF 440
AFA5uE

AF46 = 0.0
AF5]1 & 1.0
AF52 = 1.0
AF61 = 1.0_
AF62 = 1.0
AF71 ='4.0
BF71 = 5,
AF72 = 2.0
AF81 = 0
AF82 = 0

Constant in the fuel pressure drop,;haracteristic

_ equation.

Constant in the oxidizer pressure drop characteristic
equation. -

_Constant. for the injector. orifice number.

.~ ..Constant. for the :oxidizer dome volume.

2x125 sizeires iConstant-for: the fuel dome volume.

:546255 7.7 w1 Cén'stant- for- the 'length of the oxidizer orifices.

4016 T

06

" Constant for the length of the fuel orifices.’

Constant for the injector type complexity.

o

Constant .for the chamber length characteristic.

Exponential on the chamber length characteristic.

-.Constant for the chamber diameter characteristic.

Exponential on the chamber diameter characteristic.

Constant for the mixture ratio characteristic.

Constant for the'mixture ratio characteristic.

Exponential on the mixture ratio characteristic
equation, '

' Constant for the radial baffle characteristic.

Constant for the circumferential baffle characteristic.
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6. DESCRIPTION OF AUTOCOM PROGRAMMING TECHNIQUES

Implementation of the appllcatlon of ‘multivariable search technlques
to optimum combustor design follows three steps wh1ch form the ba51s for
the computer program design: : '

1. Combustor Point Design. A modular approach® permlttlng user . )
understanding and subsequent refinement, and rapid extension of the point
design computer code, is employed in conjunction with algebraic FORTRAN 1V
coding throughout the program.

2. Combustor Optimization. Optimization is performed us1ng “the ex1st1ng
multivariable ‘search program AESOP (Automated Englneerlng and: Sc1ent1f1c

Optimization Program), Appendlx B*) This program“can rapldlymbe‘coup£ed’
to any point design program where the performance crlterlonsls a* computa

R

1
function of a finite number of design-controlled pérameters, here comﬁ
cated weighted function of a set of specified combustor characteristics”

AR RS
o

&b
nf
¥

I

A:
1i
Y,

)—d

Ly

it

3. Payoff Criterion. Combustor de51gn performance comparisons are
based on 2 single numerical value combining a set of average engine charac-
teristics in a weighted fashion; in this case, the rating equation. The
weighting factors are set to nominal values within the program. The designer
is able to modify the weighting factors through the data input.

To implement the three steps, the program is, in principle, synthesized
by using the following building blocks:

* Input/Output Control Program.

7

“*-Combustor "haracterlstlcs Computatlon Program (1nc1ud1ng average v
: combustor characterlstlcs) -

-k Combustor Ratlng
« Optimization Program AESOP
* General -Subprograms

All program coding utilizes the algebraic FORTRAN IV language FORTRAN
subset common to the follow1ng maJor digital computer systems is employed

IBM 7040/7094
IBM 360 Series
UNIVAC 1107/1108

CDC 6400/6600 -

*) Appendix B is included in Part I-

144




 6.i. Modular Programming

‘Modular programming is applied. Essentially, it consists of the use
.of a well ordered tree of subroutlnes which utilize.a system of user-
(combustor designer) oriented names to perform user-oriented functions.
Subroutines communicate with each other through a single "COMMON" block
containing all data necessary for evaluation of the combustor rating once
a set of combustor design variables have.been:specified.

6.1.1 Use of COMMON. The combustor design program module utilizes a
r51ng1e named COMMON .which contains all combustor data, specific engine
“character15t1cs welghtlngﬁconstants, average engine characteristics, fixed.
de51gn var1ab1e&,,free"de51gn,var1ab1es, ‘and -combustor rating. These. .
quantlg%\ $537¢ preserved :in a.single.array;agcess to.any item of 1nformat10n
in the array 1s by the "EQUIVALENCE" technlque A typical example illustra-
ting thlssprocedure follows - o .o _ T ’

SUBROUTINE SECF11
. COMMON/ COMBST /CMDATA ( 2000)
EQUIVALENCE (LC, CMDATA(123))

RETURN
END

Here, the subroutine ''SECF11" requires as input the combustor length, LC.

This information is contained in the combustor design program array.'CMDATA"
at the (123)rd position. This method of communication between subroutines

is rigidly followed. A directory subroutine contains a complete listing

of all data in the common block. Two hundred vacant positions are maintained
at the rear of the common block for subsequent program expansion.

6.1.2. Combustor Program Outline. The combustor main program controls
the combustor analysis and optimization procedure through a sequence of major
subroutines designated as subprograms. Each of these subprograms performs a
gross function such as input, output, optimization, specific engine charac-
teristic evaluation, etc. A schematic diagram of the combustor main program
illustrating major subprograms and their function is presented in Figure 6-1.
Each subprogram defined in this figure consists of a number of subroutines.

6.2 Input/Output Formats

6.2.1 Input Format. An input  procedure employing user-oriented
mnemonics is applied. This approach avoids the tedious, rigidly formatted
data input procedure employed by many existing FORTRAN IV and symbolic coded
programs. The input procedure employed is .the FORTRAN IV "NAMELIST' option.
There are nine places for the input data setup of which two’ are optional. ‘
For more details see Section 2.
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ENTER

. - § —Handles input procedure
CALL CMBINP including establishment

: of nominal values for all
data and input of alter—

nate data.
7774,] CALL CMBDPV ——Establlshes current com-
bustor de51gn variable
. : valuqs Sa BUFLD LB
l nairz2eh TG3 rudme,; LSXI®
s bse s vy -E3T Lbauslgzib
CALL CMBSEC. . -—Computes allrspecvflo

compustor characteristics
SECF11 through SECFS82

e

CALL CMBAVC —Computes average engine
characteristics from
weighting constants ((CMBINP)
and specific combustor
characteristics (CMBSEC) .

CALL CMBRAT | ——Computes‘combuétor raiingf“>
' ‘ ' ' from weighting constants .
‘ . (CMBINP) and average englne'
1 _ characterlstlcs (CMBAVC)
- ’ : 7 T .
CALL INTOUT |o 77 CALL AESOP ——Multivariable, optimization
~ .program observes combustor -
Provides Limited : o g:zinﬁ 3Zglzg§:;fles pertu?bed
Intermediate Out- ' ' F

put to Summarize

‘Optimal Design
Design Sequence ptimal fesign

CALL CMBOUT —Final output of optimal
- combustor design characteristics

. Figure 6-1. Schematic of Combustor
Optimization Procedure
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6.2.2 Output Formats. Several output data formats are supplied.

1. Data Output. Relevant data output are printed at the beginning
of a case to provide ‘a record of assumed combustor data.

2. Design Iteration Output. A running summary of major combustor
characteristics is provided in the design optimization loop to
aid the designer in interpretation of combustor design progress.

3. Final Design Output. A detailed descrlptlon of final combustor
design variables and characteristics follow1ng completlon of the
B de51gn 1terat10n loop is available. .

4, Optional Data Retrieval Output. At the de51gner's option all
fixed combustor design data _including tabular properties are
displayed. This gives the- de51gner the ability to verify all data
built into' the ‘combustor de31gn program and, in combination with

.. “the-dinput: package the ab111ty to modlfy the fixed data in a par-
ticular study :

For more details about program outputs see Section 3.

6. 3 Combustor Characteristics Computation Program

The spec1f1c combustor characterlstlcs subprogram (CMBSEC) w111 be
described to illustrate the programming philosophy. This subprogram. computes
the specific combustor characteristics ‘F11 to F82. Each of these specific
characteristics is computed in a' separate subroutine. The subroutines
are named by a six-letter word commencing with the letters SEC (Specific :
Engine Characterlstlc) ‘and termlnatlng with ‘three characters indicating
which spec1f1c engine characferistic is computed. Thus, for example, sub-
routine SECF11 will compute the per cent mass- vaporlzed of fuel. The
structure of subprogram CMBSEC is shown schematically in Figure 6-2.° It .
consists of a sequence of calls to working level subroutines: each of which
computes ‘a particular specific engine characteristic. - These working level
subroutines vary in complexity from simple equations to comp;ex tabular
data computations. EBEach worklng level subroutine contains 1og1c to bypass
the particular specific ‘engine calculation when the designer has indicated
this requirement through the input weighting constants (see Figure 2-3).
Thus, for example, if the weighting constant AFI is zero, subroutines
'SECF11 to SECF13 will return without computing F11 to F13, thus saving
unnecessary computation. Again, if the weighting constant AF13 is zero,
subroutine SECF13 will independently return without computation of F13 since
. the designer has indicated this particular specific engine characteristic is
to be omitted from the rating equation (see Appendix A).

A-similar structure to that described for specific engine characteristic
computation is employed for average engine characteristic computation.
Subprogram '""CMBAVC'" thus calls eight subroutines, ACFI, ACFII, . . , ACFVIII,
raspectively, to compute the eight average engine characteristics. Again,
computation by- -passes on approprlate welghtlng constant values are provided
{see Appendix A).
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Subprogram CMBSEC

IIIIIllIllllIlllllllllfﬂlillllllllllIllllllll“lll"}“llllllll-llllllll'lllllllllllll!

ENTER

CALL SECF11

|

CALL SECF12

CALL SECF13

— Per cent mass vaporized of fuel
calculated via NASA TR-67

— Per cent mass vaporized~of oxidizer « -
calculated via NASA TR=67:2: e

qrrEy Dot

— C* efficiency determined by the
mixing model of TN-2881

CALL SECF14 — Available for extension

CALL SECF15

— Available‘for extension

“CALL SECF20

- Chugging decay rate based on the
fuel system

— Circumferential baffle
characteristic

CALL SECF82

TrR RS nEnu R AR RN R NN RN DR ERERR RN RRRRARDRRNRERREsOENRERRRRERRRERRERERRRRnnausna T

RETURN

Figure 6-2. Schematic of Specific Engine
Characteristic Subprogram "CMBSEC"

T
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6.4 Combustor Rating

The combustor rating as the payoff criterion provides a single numerical
measure of the combustor's capability and is constructed on the basis of a
weighted sum of the average engine characteristics. The weighting factors
employed in computing the combustor rating are user-defined in the AUTOCOM
code (see Section 5.5). These weighting factors are based on the impact
of each average engine characteristic on vehicle payload capability; they
define the payload penalty associated with each characteristic. The
combustor design optimization process is based on minimization of the
combustor rating and, hence, the payload penalty. The rating is clearly a
function of the combustor design variables, and the weighting factors
entering into both the rating equation and the average engine characteristics.
In the presént general AUTOCOM coding, the values for the weighting factor
constants are setJtd’MI' .or "0'". The combustor rating is computed in
subroutine CMBRAT using the rating equation given in Section 5.4.

6.5 Cohbustor Optimization Program

6.5.1 The General Optimal Design Problem for AUTOCOM., The optimal
combustor design problem is essentially a large scale, non-linear multi-
variable optimization problem, The independent variables are the geometric
and physical parameters defining the combustor in detail--the combustor
design variables. The dependent variables are the specific combustor
characteristics--the combustion efficiencies, statbility characteristics,
etc. The specific combustor characteristics in turn define a higher order
set of dependent variables, the average engine characteristics, which
define a payoff function through the rating equation. :

In the general design problem, Reference 6-1, a set of design _
variables, G, are defined. A unique set of design characteristics, F,
are obtained from the vector of design variables

F = FQ@) (6-1)

In the design process one of these characteristics is selected for
minimization or maximization. This is the payoff function

¢ = ¢(a) (6-2)

In some designs the payoff criteria to employ will not be self-evident to
the designer. In this case he may seek to define value function, V,
which involves some combination of the performance characteristics

v =V(E (6-3)

The value function is then employed as the payoff function. In the optimal
combustor design problem, V is specified by the rating equation as a
weighted combination of average engine characteristics. An alternate
approach to the use of the rating equation is that of seeking constrained
extremal. Constraint functions, &} are selected from the average engine -
performance characteristics. These constraints can always be defined

such that

149




T=9® =0 L (6-4)

With this approach, for example, the designer seeks the optimum combustor
design on the basis of one set of average engine characteristics while con-
gtraining other average engine characteristics to acceptable values.

Both methods, the value function approach and that of the constrained
extremal, are included in the combustor design procedure. A zeneral tech-
nique for incorporating constraints into the optimization formulation is
the well-known "penalty function" approach An augmented payoff function
¢, is constructed by )

s

- M

= 2 L
¢ - ¢ + wiwi T"‘ (6—5)

. : : - VI L . oo Y PR

i=1 . : g

Here, the W. are a set of p051t1ve ‘constraint weighting factors. *" Provided “‘“
the W; are Sufficiently large in magnitude, minimization of Equation (6- 5)
correSponds to minimization of Equation (6-2) in the presence of the constralnt-

of Equation(6-4). In practice, the Wi are automatlcally determlned within

the optimization algorlthms employed in adaptlve fashion on the basis of
constraint behav1or

The designer may wish to impose inequality constraints on the design.
For example, he may seek the best combustor design based on a weighted com-
bination of efficiency and stability characteristics with constraints on
pressure drop, injector complexity, chamber length characteristics, chamber
diameter characteristics, and propellant mixture ratio characteristics. In-
equality constraints can be imposed on the formulation by a transformation .’
into equality constﬁalnt form, Equation (6-4). Suppose an inequality is to
be placed on the i performance function; then define a constraint, w
such that

]
o

“e
T3

£0. . (6-6)
Constraining wj to zero is now equivalent to the constraint Fi £ 0.

Frequently the designer imposes inequality constraints directly on the
design parameters. (Thus, for example, the fuel orifice diameter must be
greater than .010 inches). These limits are dictated by a priori knowledge
of the combustor and its operating environment. Generally, then, the design
parameters are subject to lower and upper limiting values, ol and a’, such
that

o< < (6-7)
These constraints limit the region of feasible designs to a hyper-rectangle
lying in the multidimensional design parameter space. Equations (6-1) through
(6-7) define in symbolic fashion the optimal combustor design problem.
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Conceptually, they define most industrial design problems; for, in practice,
a designer must always seek to express his problem in terms of a finite number
of parameters. :

6.5.2 Optimal Design Techniques. Methods for solution .of non-linear
multivariable optimization problems have received considerable attention
during the sixties. In general, solutions are obtained by the iterative
search procedures which are collectively becoming known as 'optimal seeking
methods.'" The increasing interest in these techniques stems both from their
ready application through the digital computer and the ease with which their
theoretical basis can be grasped. Generally, -the non-linear optimal seeking
method has its basis in logic rather than the higher branches of analytic
mathematics. In essence, the technique corresponds-quite closely to the tradi-
tional design cycle Parameters are perturbed; the system is evaluated,
and, on the basis of resulting performance characteristics, a new design is
evolved  Figure = 6-3  presents.a schematic diagram of the optimal seeklng
approach A nom1na1 design varlable vector 8y, is supplied to the optlmlzatlon'
algorithm. The optimizer, in turn, supplies the design parameter values to a °
digital model of the system being de51gned——1n the present study a digital
combustor point design evaluation module. This system functions. 1n,"b1ack
box" fashion and returns the corresponding performance characteristics, F,
to the optimizer. Based on inspection of these characteristics, which "define
payoff (value function) and constralnt values, a new design, o, is supplied
to the system, and the process repeats 'in iterative fashion untll ‘the opt1ma1

performance ¢ = ¢* for the constralnt levels ¢ = ) 15 attalned

It can be seen that the optlmlzatlon process is 1arge1y divorced from
the 'system model. This fact permits 'construction of generallzed optimization
programs which can readily be coupled to digital system models. 'These models
may be expressly constructed with this object in mind, or, equally, they may
be existing digital system models constructed for convent10na1 designer control
and perturbation. An example of this type of generalized optimization is
program AESOP, (Automated Engineering and Scientific Optimization Program),
References 4-1 and 4-2 “recently constructed under contract to the National
Aeronautics and Space Administration's Office of Advanced Research and Tech-
nology. A detailed discussion of Program AESOP can be found in Appendix B,
Part I.

6.6 General Subprograms

Evaluation of specific combustor characteristics requires the use of a
variety of standard numerical subprograms for tabular data storage, table
look-up, non-linear complex equation solution, etc.  The Aerophysics Research
Corporation program library, which consists of approximately 500,000 cards
containing all basic numerical subprograms required in construction of the
combustor design procedure, has been employed for these basic operations.

The four major subprograms whose positions in the master chart, Appendix A,
Part I, are indicated and are listed in the following:
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NOMINAL DESIGN PARAMETER OPTIMAL DESIGN

-—— » —-—
a, OPTIMIZER | ¢*, V=0
oalodry e ge b |
= T | s
! ] Co
l i
: I | .
DESIGN ! | PERFORMANCE
PARAMETERS ' : CHARACTERISTICS ,
a : | F
i -1
SYSTEM MODEL

Figure 6-3. Optimizer Schematic
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Subprogram Name Description

CMBINI . Initializes all fixed data in
the combustor data base

CMPRED Calculates and/or stores all
fixed combustor design character-
istics.

FITCRV Fits curves for specific impulse,

combustion temperature, specific
heat ratio and molecular weight

of the combustion gas as a function
of the propellant mixture ratio

and stores this information in the
"data base.

POSTAL - Computes minor design variables
dependent functions.

6.6.1 Subprogram CMBINI. This subprogram initializes all fixed data
in the combustor data base. Several kinds of data are stored in subprogram
CMBINI:

T

1. Constants such as:

-Phase angle due to delay in burning in Subroutine SECF28,
F28TBS = 1.9

-Acceleration of gravity,in/secz, GREF = 32.174*12

-Fuel injection distribution eccentricity in Subroutlne
SECF23, IDEF = 1.0

-Log of fuel injection distribution in Subroutine SECF23,
LIDF = 0.0

-Constant .PI = 3,14159
-Universal gas constant, in-1b/mole®R, RGUNIV = 1544*12

-Vapor pressure liquid temperature coefficient in Subroutine
SECF28, TEMCOE = 8.0

-Turbulence intensity in Subroutine SECF13, %, TURBIN = 3.0

-Specific heat ratio for hydrogen in Subroutine SECF28,
SPHTH2 = 1.2

2. Physical constants for heptane as required for the scaling relation
presented in Equation (7-2). The following table depicts the heptane
values stored:

153




Program - ) .
Symbol Value : -‘Description
MucC 1.74%10°5 - Viscosity of heptane, 1b/in.-sec
RHOC ~2.47*1072 . Density of heptane, 1b/in3
SIGLC . 1*1074 " Surface tension of liquid heptane,
1b/in.
TLOC 528.0 Temperature of heptane, OR

3. The propellant interaction index, n, for non-hypergolic propellants
with coaxial injection in Subroutlne SECF26

NTAUNl = 0.45

and the propellant interaction 1ndex n, for hypergollc propellants
in Subroutine SECF26.

NTAUN3 = 0.70

4. Modes of oscillations in Subroutine SECF27 if no baffles are present:

SNUH(1) =-1.8412
SNUH(2) = 3.0543
SNUH(3) = 3.8317
SNUH(4) = 7.0156
SNUH(5) = 5.3313
SNUH(6) = 8.5263
SNUH(7) = 6.7060 .
5. Argument of Bessel function in Subroutine SECF28 if no baffles are
present: ‘ ' '
BESARG(1) = 1.8412
BESARG(2) = 3.0543
‘BESARG(3) = 4.2012
BESARG(4) = 3.8317
BESARG(5) = 0.0 (longitudinal)

6.6.2 Subprogram CMPRED, This subprogram calculates and/or stores
fixed combustor design characteristics such as:

1. Constant for number distribution in Subroutines SECF11l and SECF12,
ADIS = 1.0

2. Combustion chamber throat area: ATHRTI = (PI*DTHRTI**2)/4.0
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3. A matrix of the relationship for the injector element type, ETYP;
the propellant type indicator, PTYP; the propellant combination
- parameters FO2 and FO3; and the principal element type PEl and PE2
required for Subroutines SECF22 and SECF23

: 4. The reduced initial propellant temperature for fuel, TLORF,-and for
' ox1dlzer TLORX, as used in Subroutines SECFll and SECF12

TLORF

TLOF/TCRF
and

TLORX = TLOX/TCRX

(for definition of the program symbols seeplisting 6f‘Section 2.4)

6.6.3 Subprogram FITCRV, Subpfogram FITCRV is used for optimization runs
to determine the four parameters: : .- S

Isp = Spec1f1c‘1mpulse

k = Specific heat ratio

M = Molecular weight of combustion gas
T1 = Temperature~iﬁ combustienlchamber

as a function of the propellant mixture ratio 0/F. The procedure for storing
new propellant data is described in Section 2.7.1.

Subprogram FITCRV is a simple and rapid degital computer code used to
find the polynomial Py (x) of degree £ k which best approx1mates in the least
squares sense, a weighted 'set of data points, X;, ¥j, Wwith i =1, 2, ---- N,
using orthogonal polynomials. Moreover, this subprogram calculates the
coefficients of the fitted polynomial and the fitted values for a given set
of arguments.

For the propellant combination H,/0, as an example, the four propellant
polynomial functions k, M, and Tl are nominally established within the
program as the fOIIOW1ngpfunct10ns of the oxidizer/fuel ratio,O/F:

I 235.436554 + 121.376531*0F

Sp

24.6650523* (OF) 2

+

2.09800922* (OF) >

.0733124871*(OF)4
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~ .
1}

1.46481804 - .106859541*0F

.0213594157* (OF) 2

+

.0021301452* (OF) >

+

(83.0205334*10-6) * (OF) 4

3

3022.96538 - 554.118155*0F

Pt
i

478.420285* (OF) 2

+

71.4672888* (OF) 3

+

3.19696006* (OF) 4

1.39758043 + 3,03152880*0F

=
n

.530108602* (OF) 2

.107300022* (OF)

+

.00750532403* (OF) 4

When tabular data is entered, the subprogram will fit the polynomial curves
through the tabulated points by a least squares procedure. Maximum poly-
nomial order which can be specified is ten. In the case of H /O2 propellant
properties, this could be adequately represented by fourth oraer polynomials.
The "goodness of fit'" is illustrated by Figure 6-4. Here, the input curves
are compared to the .polynomial approximation at two sets of points. The
circled points represent input tabular points; the crossed points represent
evaluations midway between the input points. :

A broader treatment of the computer code for curve-fitting can be found
in Reference 6-2.

6.6.4 Subprogram POSTAL. Subprogram.POSTAL computes. characteristics
and minor design variable dependent functions which are inside the optimiza-
tion loop. A detailed discussion of the computations performed in Subprogram
POSTAL is presented in Section 7.9, '"Minor Design Variable Dependent Functions."
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7. OUTLINE OF THE. AUTOCOM PROGRAM ANALYSIS

The AUTOCOM program automatically determines the combustor characteristics
given the chamber design variables and fixed input values. The analysis
considers performance, stability, combustion chamber geometry , injector
complexity and baffle characteristics. In an optional mode of operation,
the program possesses the ability to automatically perturb the design para-
meters defining the engine characteristics (optimization). Performance and
stability  analysis modules (subroutines) as well as several other combustor
characteristics modules (Subroutines) available within the program are listed
below and described in the following: - ‘

* performance characteristic modules

Stability characteristic modules
Pressure drop characteristic modules
Combustor complexity characteristic modules

* Combustor chamber length characteristic modules

- Combustor chamber diameter characteristic modules
Propellant mixture ratio characteristic modules

~Baf£1e characteristic modules

7.1 Performance Characteristic Modules (Subroutines)

There are three subroutines, SECF1l through SECFIS, which compute perfor-
mance related characteristics. In addition the two modules, SECF14 and SECF15,
are available for program extension. - S

7.1.1 Subroutines SECF1ll and SECF12, Subroutine SECF11 computes the
‘per cent mass vaporized of fuel, FII, and Subroutine SECF12 computes the per
cent mass vaporized of oxidizer, F12. If the propellant is in a gas phase
when injected, the mass vaporized is assigned a value of 100 per cent (executed
by input of ISTATF = 1, or ISTATX =.1 in Input Namelist COMMIS). Both
subroutines are based on the same method using the same propellant vaporiza-
tion subroutine VAPRIZ (Figure 7-4) and the polynomial curve fit routine
YPOLYV,

The values for F1ll and F12 are determined from the technique described
in Reference 7-1. The drop size is first determined for heptane using
Figure 7-1 (Figure 32 of Reference 7-1). Options for parallel jets,
impinging jets, and triplet jets are provided. The data of Figure 7-1
indicates the drop size rp of heptane; for the three types can be determined
from an equation involving the jet diameter, d., of the form
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o

Tm = Aij (7-1)

which generates a straight line on log-log scales. The constants A and B
for the three types of jets shown are given in the table below.

A B
Parallel jets .0312 .6194
Impinging jets .046 .9935
Triplet jets .00575 .6217

Once the drop size for heptane is determined, the drop size for any other
propellant, fuel or oxidizer, can be determined from the scaling relation [ -

1/4 :
P oy ’i / o
Px Oy H Co :" ' '

@ = liquid density of the propellant at injector
exit conditions, lbm/in3

where

og = surface tension of the liquid propellant, 1bf/in.

viscosity of the liquid ptropellant, 1bf/in.-sec

u

The non-subscripted values represent heptane values while the subscript x
denotes the input propellant values. From the drop size determined in this
way and adding other propellant and chamber characteristics; % generalized
length can be calculated as shown below (Equation (103) of Reference 7-1).

: P .6§ o
c | e R
L ( 300
= ¢ ° N
gen . .a.
44 4 rm 1.45 Vo \.75 A \.8/M.ay.35
AT ) <____ =) (= —
vhere a .003 1200/ 140: 100
(7-3)
L. = chamber length, inches

A = chamber contraction ratio
" P. = chamber pressure, 1b/in?

V_ = injection velocity, inches/sec
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= initial propellant temperature ratio
T, = propellant drop size, inches

A = heat of vaporizatioﬁ'of liquid propellaﬁt?
BTU/1bm

i

&olecﬁlar>weight of liquid propellant,
1bm/1b.Mole

M

a = constant for number distribution

The generalized length approach was selected over the effective length

approach as discussed in Reference 7-1 because of the applicability of the
former approach to all propellants. With the generalized length calculation,
the per cent mass vaporized may be determined from Figure 7-2 (Figure 28f, _
Reference 7-1). This curve was fitted with a sixth order log-linear polynomial
of the form :

PMV = A + Ap log (%) + Aé[log(lgen)]z + oo+ Agllog(Zeen) ]
where
fAO ~ 25.67 A, = -.394
A, = 19.47 As = -.007
A, = 5.013 Ag = 012
' AS = 381

The correlated results of this curve fit are also shown in Figure 7-2. The
symbols denote. values from the polynomial approximation.

Figure 7-3 depicts the flow chart for controlling subroutines SECF11

and SECF12. The computation.of subroutine VAPRIZ is presented in a more
detailed flow chart, Figure 7-4,
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COMBUSTOR DESIGN
LooP

SECF11

COMPUTES PER CENT
MASS VAPORIZED OF
FUEL

VAPRIZ
EXECUTES COMPUTATION
FOR PER CENT MASS

VAPORIZED
(DETAILS IN FI1G./-4)

YPOLYV.

POLYNOMIAL CURVE
FIT SUBROUTINE

SECF12

COMPUTES PER CENT
MASS VAPORIZED OF
OXIDIZER

CONTINUE COMBUSTOR
DESIGN LOOP

Figure 7-3. Flow Chaft,for Subroutines SECF11 and SECF12
' for Computing Per Cent Mass Vaporized of Fuel
(F11) and of Oxidizer (F12).
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ENTER

Select Injector Type

001'2'5 I

<l

r =.0312 aj-51%4

Parallel Jets

r,=.046 dj.ssss r_=.00575 aj-6217 B

Impinging Jets Triplet Jets

- Calculate Drop Size

for Heptane

v

r (B I%x Oy ux)-25 Scale Drop Size of

rmx m Px Oy WM Heptane to Obtain
Drop Size for Input
+ Propellant
.66
2 (=0 ¢ o )
gen = ‘.44’ .4, Im .1.45 75, X .8 Ma..35
- A =Ty 0, (503 (135" (Top)

(I‘—zoo) 130

Calculate Generalized
Length (R-TR-67)}

Compute Mass

PMV = f(fgen) CURVE FIT
Vaporized, Figure

28f of NASA R-TR-67

v
RETURN

Figure 7-4. Detailed Flow Chart for Subroutine VAPRIZ :

(for Definition of Symbols see Equation (7-3))
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s

7.1.2 Subroutine SECF13. Subroutine SECF13 computes the C*-efficiency in
in per cent, F13, based on the mixing model as presented in Reference 7-2.
Figure 7-5 (Figure 4 of Reference 7-2) depicts the relationship of the C*-
efficiency vs. the mixing parameter,o . If a propellant combination is not
in Figure 7-5, the curve for JP—4/02 can be taken. It is

o =T*L./S (7-4)
where '
T = turbulence intensity
Lc = combustion chamber length

S = average spacing between elements

C* is found by a polynomial curve fit procedure YPOLYV so that F13 =
YPOLYV ( ALPHA, PCCSTR, NPCSTR). The polynomial coefficients PCCSTR and
NPCSTR are stored in subroutine CMBINI.

The flow chart for the controlling subroutine SECF13 is presented in
Figure 7-6. ' : :

7.2 Stability Characteristic Modules (Subroutines)

Combustor stability characteristics are evaluated on the basis of the
methods given in References 7-3 through 7-13. Several of these methods
require the solution of-characteristic equations in the complex plane
(Subroutines SECF20, 21, 26, 27, and 28). In certain cases, the neutral
stability boundaries can be found in closed form. In the AUTOCOM method the
actual decay rate rather than the neutral stability boundary is required;
for the method must recognize how stable or unstable an engine is in order to
define an improved design.

A general technique for solving complex characteristic equations is
embedded within the AUTOCOM code. This method is again based on multi-

variable search, -this time in an inner optimization loop within the system
evaluation module.

Let a particular complex characteristic equation be represented by
Fi(Z) =0
where Z is position in the complex plane, and let
z = (ag, a25

Then the roots of the characteristic equation can readily be found by solving
the nonlinear optimization problem
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COMBUSTOR DESIGN
LooP

SECF13

COMPUTES THE C -
LEFFICIENCY. AS DEFINED
JBY NASA TN- 2881

YPOLYV

POLYNOMIAL CURVE
FIT SUBROUTINE

CONTINUE COMBUSTOR
DESIGN LOOP

Flgure 7-6. Flow Chart for Subroutine SECF13 for
Computlng C Eff1c1ency
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o* = Min[|F, (2)[]
a K23

Where multiple roots exist, each root obtained may be swept out of the o

characteristic equation by multiplication by (z - Z100 ); in this manner, all
acceptable roots within a region of the complex plane Ethe decay rate/

frequency-plane) may be found.

The above method is particularly appropriate in a combustor design
optimization in which a sequence of perturbed engine designs are evolved.
For in every design evaluation following the nominal, the approximate loca-
tion of stability roots are known from the previous engine design. This -
results in greatly improved convergence rates for location of perturbed
stability roots on successive designs.

Typical contours of the function IF.(E)I for the stability analysis
are presented for illustrative purposeslin Figure 7-7. The effect of
boundary selection in dicated. Thus, with the original search boundaries,
shown dashed, no root is located; however, by increasing the search boun-
daries the desired root is found. In evaluation of a nominal design, some
manipulation of search boundaries is often required (for contour mapping - ::
see Appendix B, Part I).

: BOUNDARIE
/ FOR EARLY RUNS
SR G-

= : ~ou pRéSEm
5 —— CON v
= =——=C0 lﬂE*MODU‘éc TN
= S F =
53 = -
=
% -+ —— =
= THEINETY AT ZERO  LAGIRARY.
= PART OF THE FULCTION
o. e e e T mna s e e e
-
= HIGH
g LOW VALUES
- s HIGH

e 15
45 REAL PART OF THE FUNCTION .

Figure 7-7. Typical Roots from Stability Transverse Mode,
Non-Coaxial Injection, Oxidizer
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7.2.1 Subroutines SECF20 and SECF21. Subroutine SECF20 computes the
chugging decay rate, F20, based on the fuel feed system; and subroutine SECF21
computes the chugging decay rate, F21, based on the oxidizer feed system.
Both, F20 and F21, are determined from L. Crocco and S. I. Cheng's theory
‘as given in Refenence 7-3.

For pump-fed systems, Equation (2.04.03) of Reference 7-3 is used in the
form

¢ (1+Es+JEs?)[l+s -n+mne'°] + PEse” 'S = F(s) = 0 (7-5)
{ B
- This equation is coded in subroutine C20403.

For pressure-fed systems, Equation (2.05.02) of Reference 7-3 is used in
the form ’

T -6 ‘
[1+Js + JEy52 + J2Ey(1—y)53](1+s—n + ne s) + Pe (1+JEy52) =F(s) £ 0
(7-6)
This equation is coded in subroutine C20502.
The definition of the constants in Equations(7-5) and (7-6) is
2APpy .
E = [ elasticity parameter ] (7-7)
m o
g
Pe - ,
P =~ [ pressure drop parameter ] ‘ (7-8)
2AP :
2 m _ i
J = [ inertia parameter ] ‘ ‘ (7-9)
ZAPAOg

The optimization program AESOP is used in an inner loop as a root finder
by minimization of the function |F(s)| in Equation (7-5) or Equation (7-6).
The Laplace transformation variable '"s'" has been solved for in terms of a
real and an imaginary value. These are the &lements of the complex root,
defining decay rate and frequency of oscillation.

The root searching procedure begins with activating subroutine STARTR
which computes a neutral stability point for solving Equation (2.04.06) or
Equation (2.05.04) of Reference 7-3 based on the coded-in guessed roots
presented in Table 2-1. This is executed in subroutines €20406 and C20504,
respectively. The neutral stability point thus found is used as the starting
point in a search for the roots of Equation (7-5) or Equation (7-6),

When a root is found, it is swept out by a root sweeping routine, SWEEPR,
and another root solution is attempted. This process. is continued for a pre-
determined number of roots. The resulting complex roots are examined, and
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the root with the largest positive real part and a non-negative imaginary
part is selected. The characteristic function is the real part of the root
devided by the gas residence time, @g, Thus,

F20

Re(s)fuel/eg (7-10)

and

F21

Re(s) /0, (7-11)

where the imaginary part of the solution. represents the angular frequency.
The symbols used in Equation (7-5) through Equation (7-11) are:

.n = pressure index of interaction between combustion
processes and:oscillations in the combustion
chamber

o

P_ = combustion chamber pressure
AP = injector pressure drop
m = steady state mass flow rate
"% = length of feed line (the orifice length of the
injector for fuel or oxidizer is.replacing
""" in this computer model)
A = cross-sectional area of feed line (the total

cross-sectional area for fuel or oxidizer holes
is replacing "A'' in this computer model)

|
I

‘T/Og = sensitive time lag

VT = LSO/Vinj = time lag

For the case of -supercritical or gaseous state
of the fuel, the definition for T has been
modified to the expression:
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e}

"50(0x) RS,

T =
fuel AR :
inj (fuel)
and '
Lso(fuel)
ox T T————— (7-13)
1
/s Vinj (ox)
st _ : ' eg = 'gas residence time
w = angular frequency
LSO = length of -combustion chamber required to
O ' vaporize 50 per cent of the propellant

Vinj = propellant ipjection velocity
y = position of the equivalent concentrated line
.1 - - .capacitance as fraction of feed line length,.
In the present program coding, y is 1.0
X ='compre551b111ty factor of propellants
p_‘;ﬂpropéllant density
s = Laplace transformation variable
' Note: ~If both, fuel and oxidizer, are in a gaseous state,

the expressions for Tfue and T_ (Equations (7- 12)
and (7 13), respectlvely} are n8% longer valid.

The -designer's choice for a pump-fed or pressure-fed system can be
executed by input of the cards; listed ‘below, in Data Input Namelist
COMMIS (see Section 2.4):

e " PUMP-FED | PRESSURE-FED

iy ¥

Fuel IEQF 2

1, 1EQF

>

Oxidizer | IEQX = 1, IEQX = 2,

Figure 7-8 shows the flow chart for the controlling subroutines SECF20
and SECF21. Figure 7-9 depicts the logic of subroutine STARTR, whereas
Figure 7-10 shows a detailed flow chart for function LFIFTY.
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EKTER
E.JoNP.LggVyyy- O

v

SET AESOP FOR SECTIONING oaramerer: Ly
CRITERION MlN ﬁl

R 2M- l<f11<(P+2N -1

B .. ] "CONTROL PROGRAM FOR
. CILOPT ROOT FINDING FUNCTION
ML - L MINIMIZATION PROCEDURE

AESOP LOOP FOR ROOT FINDER .

*AESOP LOOP INDICATOR
SET IN CTLOPT .-

"STARTING VALUE OF ()

RETURN

Figure 7-9. Flow Chart for Subroutine STARTR to. Fomnute a.,
: "Neutral Stability Starting Point for Solv1ng
Equations (2.04.03) and (2.05.02) in
Subroutines SECF20 and SECF21

177



ENTER
. o R 2
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Select injector type

0,1,2,5 I 3 e ' 4 l
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Calculate drop size fot heptane

NPUTL: . l Scale drop size 6f-§"
=LG50 0.25 - Heptane to obtain
gen_2 75 in r_=r (& Oix B&)' drop size for input’
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R-67)
9 : -
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RETURN

Figure 7-10. Detailed Flow Chart for Function LFIFTY which
Computes the Length of the Combustion Chamber
to Vaporize 50 per cent of Fuel or Oxidizer.
(For Definition of Symbols see Section 7.1.1)
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7.2.2 Subroutines SECF22 and SECF23, Subroutine SECF22 computes the
stability characteristics for pulsed operation based on the A. D. Little
correlation (Table II of Reference 7-4), F22, and subroutine SECF23
determines the stability characteristics for non-pulsed operations, F23,
also based on the A. D. Little correlation (Table I of Reference 7-4).
The correlation equations are shown in Tables 7-1 and 7-2. Here, SP10
indicates the occurrence of an induced, undamped, high or intermediate
frequency oscillation, and SP1A indicates the occurrence of a spontaneous,
high and intermediate frequency oscillation,

The stability characteristics are obtained from:

F22

200(SP10 - .5) (7—145

and

F23 = 200(SPIA - .5) (7-15)

SP 10,

[ - 5.56684 - 0.16675(LD - 1.45926) - 0.26577(LDg - 8.20992)
+0.3456 (TPVM - 4.40439) + 0.00009267(V, - 1065.97697)

- 13.67851(log D_ - 1.69583) + 0.15923(F02 - 0.12461)

- 74.95672(LR - 0.08022) - 0.36162(BF - 0.11682)

+ 12.57151(LR - 0.08022) (PEl - 0.14330)

+ 0.27624(BF - 0.11682) (PE2 - 0.42991)

- 0.003242(TPVM - 4.40439)2 _ 0.42891(log D¢ - 1.69583)2

- 0.044068(LD - 1.45926) (TPVM - 4.40439) A

+ 0.0003075(V, - 1065.97697) (log D¢ - 1.69583)

f
- 3.09641(LR - 0.08022) (LD¢ - 8.20992)
f

+

0.0003577(LR - 0.08022)(V, - 1065.97697)

- 163.91664(LR - 0.08022)(1og D¢ - 1.69583)

‘0.12184(PE1 - 0.14330)(LDf - 8.é0992)

0.15581(PE 2 - 0.42991) (LD - 1.45926) |

0.00002194(PE2 - 0.42991) (V; - :1065.97697)

+

0.03835(PE2 - 0.42991) (TPVM - 4.40439)

- 1.69583) }

0.40008(PE2 - 0.42991)(10g_Dof

TABLE 7-1. A.D.Little Correlation Equation to Determine
the Stability Characteristics for Pulsed
Operation
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SPIA = [ 0.49553 - 0.00I4639(LR - 0.25068)(Pci - 329.95023)

0.02-(960(Ll - 16.24385) - 0.45096(log R - 0.33429)
<

.+

‘

7.15205(BF - 0.36833) (log o, + 0.01452)

+

0.11250 (LR - 0.25068) (LD - 2.13785) -

0.05177(F03 - 0.28507) (IDE¢ - 1.92209)

0.27789(F03 - 0.28507)

0.000617_3([DEf - 1.92209) (EPA - 3.76607)
+ 1.43317{LR - 0.25068) (MPE - 1.93154)

2.09309(LR - 0.25068) - 0.30534(BF - 0.36833)

+

“0.801S3(PEL - 0.16561) + 0.(_)01229(Ll - 16.243§S)Z

+

0.002199(MPE - 1.93154)2 - 0.26849(log R - 0.33420)2

+

0.00035321(Pci - 329.95023) (LD - 2.13785)

- 0.087008(L, - 16.24385) (log-R_ - 0.33429)

0,17222(L, - 16.24385)(log ID¢"+ 0.01452)
- 0.000131(L; - 16.24385) (MPE - 1.93158)
-,o.élsss(log'mf +0.01452) (IDE - 1.92209)
1)0.030990(LDJa 2.13785) (MPE - 1.93154)
7'0.033444(10Ef - 1,92269)(LWE - 1.93154) - - ' !
+ 0.25448(PE1l - 0.06561) (LD - 2.13785) - ' ’
AR & ~ 0.90924(PEl - 0.16561) (MPE -"1.93154) "~ " Y IR

+ 0.17428(PEl - 0.16561) (IDE - 1.92209) i

+ 0.0957(PEL -0.16561) (log R, - 0.33429)

- 0.0003465(F03 - 0.28507) (P_; - 329.95023)
4 0.03243(F03 - 0.28507)(L; - 16.24385)

+ 0.060098624(BF - 0.36833)(?ci - 329.95023) . d

1.20213(LR - 0.25068f(10g R. - 0.33429)]

TABLE 7-2. A.D.Little Correlation Equation to Determine.
the Stability Characteristics for Non-Pulsed
Operation '
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7.2.3 Subroutines SECF24 and SECF25. Subroutine SECF24 computes the
decay rate for fuel, and Subroutine SECF25 computes the decay rate for
oxidizer based on the high-frequency stability analysis of 0. W. Dykema
(Reference 7-5) . He arrives at a dimensionless correlating parameter, N _,
called the stability number, which essentially represents the dimensionldss
ratio of a characteristic molecular diffusion. time to a- characterlstlc
acoustic time. The stability number 1s : e -

£ Pc

. = A[nd3) —] (7-16)
where o

A = stability constant
d = injector orifice diameter (fuel or oxidizer), in.

f = frequency thét gives maximum value for per cent
combustion gain, cps :

n = number of injector orifices (fuel or oxidizer)

P. = combustion chamber pressure at injector end, psia

w = propellant flow rate.(fuel or oxidizer), lbm/sec
Because the constant A is very difficult to evaluate for. an operating thrust
chamber, it -must be determined by correlation of instability data. An

dverage value of 6, 0*10-3 has been assumed for this study. . Thus, the equation
for N_ can be rewritten ’ '

f P.

N, = 6.0%10 3% p(n*d3) ( ) (7-17)

W
where pis_thé specific gravity of'thé'préﬁeflént.‘v

The first bracket in the above equation includes the only terms which
define the injector geometry. The second term includes the operating conditions
of chamber mode frequencies, chamber préssure and propellant flow rate.

I

Frequency modes which have been con51dered are:

* Frequencies of the 1st, 2nd, and 3rd longltudlnal mode

* Frequencies of the 1lst, 2nd, and 3rd tangential mode

* Frequencies of the 1st and 2nd radial mode

* Frequencies of the 1st longitudinal with the Ist tangent1a1 mode
* Frequencies of the 1st longitudinal with the 2nd tangential mode

190



z yopwsmhmm £311TqRAS
9yl YaIM UIB9 UOTISNquUOo) JO :oapwaym> TedT38108YL IT- n opsmam

. N
ot 2 02 S ot 3 0.
_ rFr 1 1 71 g i
- —52~
0 =
=
| e S
. €.
— —Jos. £
g
— —sz
— £ —jo0
| S A AU T NGNS T I S NS M

'NIVO NOLLSPEWOD WANIXVW 40 INIJY¥3d

191.




COMBUSTOR DESIGN *

LOOP

i

¢

SECF24
COMPUTES FUEL . ~. : -}
STABILITY DECAY RATE
CHARACTERISTIC BASED
ON 0.W.DYKEMA

SECF25
COMPUTES OXIDIZER

STABILITY DECAY RATE
CHARACTERISTIC BASED

ON O.W.DYKEMA
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CONTINUE COMBUSTOR
DESIGN LOOP

Figure 7-12. Flow Chart for Subroutincs SECF24 .

and SECF25 Computing the Decay
Rates F24(Fuel) and F25(Oxidizer)
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A definition of the respective frequency modes is given in the following
Section 7.2.3.1 :

After calculating the stability numbers, N_, for all ten frequency modes,
the per cent of maximum combustion gain is found from the relationship presented
in Figure 7-11 which is coded into the program (Subroutine DYKEMA).

Based on the assumption that a decay rate of 100 is assigned to be
equivalent to a value of 0 for the per cent of maximum combustion gain, and
a growth rate of 100 is equivalent to 100 per cent of maximum gain, then

F24, F25 = -2(max. gain - 50) (7-18)

If the-fuel or oxidizer is in a gaseous state (ISTATF or ISTATX = 1), Subroutine
SECF24 or SECF25 will be bypassed. - .

. 1Figure 7-12 depicts the flow'Chért“for the controlling subroutines SECF24
and SECF25. - - S " :

. 7.2.3.1 Dgfinition of Frequency Modes for Subroutines SECF24 and SECF25
W;tbout BaffleS'Present. {Computed .in Subroutines ACUSTC). Figure 7-13
defines the symbols used in the following equations. :

D1

A J
1P-IJ.—-———J
LDS
LC ——————»

L1 = chamber length without converging section
LC = chamber length including " "
LDS= acoustical length of chamber

D1 =

chamber diameter (near injector face)

Figure 7-13. Combustion Chamber Geometry Definition
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" 'LONGITUDINAL MODES. ‘Longitudinal vibrations ¢an be caused by either’

1. A resonance effect analogous to a stretched string or an organ
pipe where a supposedly homogeneous gas column exercises acoustlcal
vibrations of various modes, or by, : ce T

2. Changing gas properties in the combustion-chamber (e.g., shifting
mixtures ratio) generating entropy waves.

To keep the program input requirements to a minimum.only the conventional -
acoustical vibrations (Case-1) are being considered. -.- * = ¢ Lo

It can be supposed that the near throat area of the nozzle acts as a
closed boundary to the pressure fluctuations, Reference 7-6. Then a pressure
pulsation generated at the injector face mlght propagate downstrean at. the
speed of sound, be reflected near the throat area, and then return to the .
injector at the speed of sound. The frequency is determined by thée tine
required for the pressure pulse to perform the complete cycle. Thus for the
1st mode

C

£ 5 —
L s
() Huips

[freq. 1]: cps (7-19) .. -

where C is the speed of sound of the gas in the combustion chamber and

is defined by
CA=\/gkRT : - (7-20)

where

g = gravitational constant DU
k = ratio of specific heat

R = gas constant

T = combustion temperature

When using the analogy with the vibrating string, i.e., that a nodal point at
the reflection areas exists, the second ‘and third modes can be represented by
the following sketch,
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Accordingly, the second mode of the longitudinal vibration can be expressed by:

C
[freq. 2] = £ = = ,ops. . (7-2D)
and the third mode ;
C '
freq: 3 = —— cps’- 7222)
[freq: 3]: L(3) Pt o (7-22)

Using-.the material:presented in-References ‘7-7 and 7-8-and considering the
above mentioned requirements,.tangential,radial, 'and combined modes can:-be
presented as follows:

. TANGENTIAL MODES .. .

Flrst mode

PRI D LS

[fred. 4]+ £ = 0.586——, cps  (7-23)
T(1) D1
Second modéb
[freq. 5]: £ = 0.972 —, cps (7-24), -
Third mode:
C
[freq. 6]: f. _.-'=1.337 ——, cps (7-25)
T3 D1
RADIAL MODES
First mode:
c
[freq.7]: £ =1.22—, cps (7-26)
R(1) : 1
Second mode:
L. C - B . .. L
[freq 8] =2.233 —, ¢cps " (7-27)

LONGITUDINAL MODE 1 WITH TANGENTIAL MODE 1

[freq.9]:. f1) T(1) \/ficl) ¥ f%(1)

- - C 2 CL
\/% 2LDS + <6.586-B) ,cps  (7-28)
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LONGITUDINAL MODE 1 WITH TANGENTIAL MODE 2

[freq.10]: f

2 2
L(1),T(2) ‘\/fm) Y

(2 LDS> 0 972 Dl) (7-29)

7.2.3.2 Definition of Frequency Modes for Subroutines SECF24 and SECF25
with Baffles Present. If there are radial and/or circumferential baffles
present, the equation for the frequency, f, that gives maximum value for the
combustion gain with respect to transverse and radial modes, becomes

a*s :
g h (7-30)

T*27

where
a-= speed of sound in combustion gas, in/sec

r = combustion chamber radius near the injector
plane, ft

svh = Eigenvalues given in Taﬂle 7-7 (Section 7.8.3)
for various Vv and h numbers

v = number of transverse modes

=
1]

number of radial modes

The program coding selects the original three longitudinal modes as defined

in Section 7.2.3.1 (Subroutine ACUSTIC) and, via Subroutine FNDSNH (see Section
7.8. 3), the lowest six syh-values, satisfying the exclusion rules as given

in Section 7.8.3 (for more details for program provisions to accept baffles

see Section 7.8.3).

7.2.4 Subroutine SECF26. Subroutine SECF26 computes.the decay rate for
the longitudinal modes of high frequency oscillations based on the sensitive
time lag model of L. Crocco and S. I. Cheng, Reference 7-3, with the correla-
tion equations for the interaction index, n, and time lag,T , developed by
D. T. Harrje and F. H. Reardon, Reference 7—9. According to the Equation
(3.01.20) of Reference 7-3, the decay rate, F26, can be calculated by *)

*)This a shorter version of Equation (3.01.20) of Reference 7-3 in accordance
with the '"Special Instructions -for Task II'" of Contract NAS 3-13331.
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where

where

1 - B exp[2s] .

1 + B exp[2s]

- M[(ljyn) + Ynexp(-s?)]'= F(s) =0 (7-30)

"1+ 1/2(y-1M

B = T 200D (7-31)
. M= Mach ngmber_oﬁ_gasgs in chamber
s:;‘Laplacejtransfogmatiqn;variable_, .
Ter 1oooc:’LDUM
T = Time lag
Cg = Speed of sound in"chamber
LDUM = Acoustical length of chamber
Y = Ratio of specific heat
n = Interaction index
For non-hypergolic propellants With'coaxiallinjection:
f{‘é 0~076*ka/M1/2 Fp ,miliiséclz’ Pl T ,E7_3éjt;

_— Pc/PCrit < 1= (P/Perit)

PC/pcrit ? 1=1

o
]

VR 1.446 - O.4*VR*sin¢+0.O685*(VR*sin¢)2

_ Velocity of outer ring propellant
VR - -
- Velocity of inner hole propellant

RS
I

Impingement angle

0.45 (éan be médified by input in COMMIS
where it is designated NTAUN1)

=
i
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NOTE: T, is computed in Subroutine TAUNI.. ' A
VR is computed if input for ICOAX=1, then VR=VFUEL/VOXID;
" or for ICOAX=2, then VR=VOXID/VFUEL

For non-hypergoiic propellants with non-coaxial injection:

2= .165%D; 1/2/M1/34F , millisec (7-33)
where -
D; = injector orifice diameter

The interaction index, n, satisfies a fourth order polynomial curve-fit,

and is
n = exp[A0+A15LnDi ¥ Az(lhbi)z + As(lnDi)3 + A4(£nDi)4]
with _
. Ag = -55.5352E-02
Al = -96.4330E-03.
A, = -28.1489E-03 -
Az =v159.2126EeQS
Ay = 66.5459E-04

f N
.

These data are coded in Subroutine TAUN2, and .t, is computed in the same
subroutine, o ' ' '

For hypergolic propellants:

13 = 10*Di/M1/3*Pc1/3, millisec (7-34)
where
P. = chamber pressure
n = .7'(can be modified in Subroutine COMMIS and

is designated NTAUN3)
A-Tz is compufed in Subroutine-TAUN3, where Di_equals'DFVEL or DXVEL.
Figure 7-14 depicts the structure of the controlling Subroutine SECF26.
The optimization program AESOP (Subroutine CTLOPT) is used in an inner loop as

a root finder by minimization of |F(s)|in Equation (7-30). The parameters are
the elements of ‘the complex root defining decay rate and frequency of oscillation.
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BDATA7

TAUN

SENSITIVE TIME LAG
FOR NON-HYPERGOLIC
PROPELLANTS

(COAXIAL INJECTION)

INITIALIZES ALL DATA
IN INTERNAL AESOP

DATA BASE AND TURNS
OFF OUTPUT INDICATORS

TAUN2

TAUN

SENSITIVE TIME LAG
FOR NON-HYPERGOLIC

SUBROUTINE TO CALL
IN THE RESPECTIVE

SENS]JTIVE T]ME LAG
PROPELLANTS TAUNL, TAUNZ. OR
(NON-COAX;AL TAUN
INJECTION

TAUN3

SENSITIVE TIME LAG
FOR HYPERGOLIC
PROPELLANTS

CTLOPT

Figure 7-14. Flow Chart
Decay Rate
Mode, F26

OPTIMIZER CONTROL
SUBROUTINE FOR AESOP
PROGRAM

¢

30120

EQUATION FOR DECAY
RATE FOR LONGITUDINAL
MODE *

-

SWEEPR

ELIMINATES PRE-
VIOUSLY LOCATED
ROOTS

COMBUSTOR DESIGN
Loor

COMPUTES DECAY RATE

BHDCHK

DETECTS BOUNDARY
VALUE CCNDITIONS

(ROOT OUTSIDE OF
REGION OF INTEREST)

SECF26

CHARACTERISTIC FOR
LONGITUDEINAL MODE -
BASED ON CROCCO AND
CHENG

CONTINUE CCMBUSTOR
DESIGN LOOP

for Subroutine SECF26 Computing the
Characteristic for Longitudinal
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When a root is found, it is swept out by a root sweeping routine, SWEEPR,.

and another root solution is attempted. This process is continued for a
predetermined number of roots. The resulting complex roots are examined, and,.
from a series of solutions possible, the roots with the largest positive real *
part having the three smallest values of the non-negative imaginary part

are selected. : ’

The characteristic function F26 is the real part of the TOOt mu‘tlplled
by a factor which considers the combustion chamber geometry. It becomes

cs .
F26 = Re * - (7-35)
. LDS
where .
: CS = speed of sound in combustion chamber -
LDS = acoustical length of combustion chamber

7.2.5 Subroutine SECF27. Subroutine SECF27 computes the stability
decay rate for the transverse modes of high frequency oscillations, F27,
based on the sensitive time lag model of L. Crocco, D. T. Harrje, and F. H.
Reardon, Reference 7-7, with the correlation equations for the interaction
index, n, and time lag, T, developed by D. T. Harrje and F. H. Reardon,
Reference 7-9. The interaction index, n, is twice that of Subroutine SECF26,
and the time lag T..is the same as. in Subroutine SECF26. SECF27 considers the
boundary condition at the convergent nozzle entrance (nozzle admittance) in an.
approximate manner by the complex admittance coefficient E (frequency, mode - and
nozzle entrance velocity), as well as by the geometrlc relatlonshlp of the
combustion chamber, RA.

_ The subroutine for solﬁtion of F27 is similar in structure to'that>
employed for the computation of F26. The same routines TAUN1, TAUN2, and
TAUN3 are utilized in the computation. : '

Figure 7-15 shows the structure of the controlling - Subroutine SECF27.
The primary difference between this routine and the controlling subroutine
SECF26 is in the stability characteristic equation employed. This équation is
coded in Subroutine TCOMBI. SECF27 calls subroutine TCOMBI on an inner AESOP
loop. TCOMBI generates the complex function for neutral stability

hy P+ hy = F(s) =0 (7-36) .

as defined in Equation (28) of Reference (7-7). In this equation is:

209




BDATA7

TAUNL

SENSITIVE TIME LAG
FOR NON-HYPERGOLIC
PROPELLANTS

(COAXIAL INJECTION)

INITIALIZES ALL DATA
IN INTERNAL AESOP
DATA BASE AND TURNS
OFF QUTPUT INDICATORS

TAUNZ .
SENSITIVE TIME LAG

TAUN

SUBROUTINE TO CALL
IN THE RESPECTIVE

COMBUSTOR DESIGN
LooP

-l

SENS]TIVE TIME LAG
FOR NON-HYPERGOLIC
PROPELLANTS » ;ﬁﬂﬁ}’ TAUNZ, OR
(NON-COAX] AL
INJECTION)
TAUN3

SENSITIVE TIME LAG
FOR HYPERGOLIC

CTLOPT

PROPELLANTS

OPTIMIZER CONTROL
SUERQUTINE FOR AESOP
PROGRAM

TCOMBI

COMPLEX CHARACTERIS-
TIC EQUATION FOR
NEUTRAL OSCILLATIONS
AT THE STABILITY
LIMITS

SHWEEPR

ELIMINATES PRE-
VIOUSLY LOCATED"
ROOTS ;

SECF27

CHENG . -

COMPUTES DECAY RATE
CHARACTERISTICS FOR
TRANSVERSE MODES

BASED ON CROCCO AND

BHDCHK

DETECTS BOUNDARY
VALUE CONDITIONS
(ROOT OUTSIDE OF’
REGION OF INTEREST)

A

FNDSNH

DETERMINES THE
RESPECTIVE Sy -
VALUES FOR A GIVEN
BAFFLE DESIGN

CONTINUE COMBUSTOR
DESIGN LoQP

Figure 7-15. Flow Chart for Subroutine SECF27 Computing the
Sensitive Time Lag Characteristic for Transverse

Modes, F27

210



Zg

| h1=_Yﬁe[1_"'svh‘3j-(ﬁ/ﬁe)'dzl | (7-37).
and o 0 | '

P = n(1-e75T) . (7-38)

and, omitting parts of the function in accordance with the Special Instruct1ons
for Task II of Contract NAS 3- 13331, -

h, = f\(W%)ue e TP svnze
i 22 . z
. 1 s\)hzzez-; 1 . . . e— S
Ef— - o (f-9 + i(y*1) s U, | (&)dz]
P PR vhe T
-0 f(7;39)
and , ;
, l.y w uw . ,
2 th Sy

Note: | The expression for E-is derlved from Equation (26a) -in
Reference 7-7 as follows:

—fPo YUe S

P, P,
A Ug -
= —yf— (7-41)
Pe .

Introducing f = w/s p e

U
e

N (I (7-42)
Svh P

Furthermore, assume that the nozzle is distributed nozzle
so that the exit volocity of the chamber is at a constant
Mach number then

U* = — \/yRT"

c
0
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or

Therefore

U*
Co

Co =\,YRTO

- * 1/2 -
—=U = (T /)" T

Y-l
e e Co

X1
Ug —[TY]

o|c:|

_oYe y-1 ou
th 2y ¢,
_l-vy w u
2 s
vh o]

212

/¢co

Furthermore, assuming adiabatic law

‘Using a linear analysis for Equation (7-43)

Substituting Equation (7-44) in Equation (7-42)

(7-43)

(7-44)

(7-45)




Symbols in Equations (7-36) through (7-45) mean:

Co—

E

Speed of sound in combustion chamber
Nozzle admittance coefficient
Reduced frequency = w/s
Interaction index of propellants

Proportionality factor rélating burning rate
perturbation to pressure perturbation

Combustion chamber'pressure at nozzle entrance
Combustion chamber pressure near injector
Dimensional quantity of the chamber pressure
Gas constant of the combusfion gas

Laplace transformation variable

Mode of oscillation constant

Combustion temperature near injector
Dimensional quantity of combustion temperature

Velocity perturbation distribution function at
nozzle entrance conditions

Dimensional quantity of the velocity perturbation
distribution function

Steady state axial gas velocity
Steady state chamber exit velocity
Chamber length to exit

Specific heat ratio

Angular frequency

Time lag
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In accordance with NASA's technical monitor, the expressions for h; in
Equation (7-37) and h, in Equation (7-39) are modified for coding purposes as

follows Ze

(1) The integral expression ﬁjahyﬁé)dz is being replaced by the

. - .
geometric relationship of the combustion chamber

LC/R

RA

4LC/ (D1 + D2) S (7-46)

(2 z, becomes RA

- (3) ﬁé'becomes Mach number M

where
LC = Combustion chamber length
R = Mean radius of combustion chamber
D1 = Combustion chamber diameter at injector face
D2 = Combustion chamber diameter at the onset of
the converging section- :
Thus
= -i- i | 7-47
hy = M(1-i-s, E » RA) . | o (7-47)
h, = -( +1)M—i(f¥las RA +
2" Y f\)h
1 s Ra2 ' ' ' '
E[E,f-2h (f--J ¥ i(y+1)s  M-RA]- (7-48)
2

where M is the mean Mach number in the combustion chamber.

The optimization program AESOP is used as a root finder by minimization
of ]F(s)| in Equation (7-36) for the various modes of oscillations. The
optimization parameters are the elements of the position in the complex plane.
The resulting roots define decay rate and frequency of oscillation. When
a root is found it is swept out by the root sweeping routine, SWEEPR, and
another root solution is attempted. This process is contlnued for a pre-
determined number of roots. The characteristic function F27 is the real
part of this root multiplied by a factor which con51ders the geometry of the
combustion chamber:
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" F27 ="Re(s) «

where

cs

DC

s
DC/2 .

T (7-49) "

speed of sound in combustion chamber

Combustion chamber diameter

A characteristic function for both, fuel and oxidizer, is determined in this
manner. Currently, the larger of the two values is retained.

At the present time the critical value of F27 is obtained for the seven

modes listed in Reference 7-7, and presented in Table 7-3.

Within t

he program,
the frequency modes are stored in Subroutine .CMBINI as SNUH(1) through SNUH(7).

Purely Tangential 'bufely Radial Combined
Modes Modes Modes
First ~ Second First - Second - - -
Suh = 1.84129 3.0543 3.8317 7.0156 5.3313|8.5263 6.7060

TABLE 7-3. Modes of Oscillation for Transverse
: Combustion Instability in a’
Circular Chamber

7.2.5.1 Definition of Frequency Modes for Subroutine SECF27 with Baffles

Present. If there are radial and/or circumferential baffles present,. the program
selects syp-values determined by Subroutine FNDSNH under the cond1t10n that Svoh-

values have to be omitted according to:
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and

v £ F81/2, if F81 is an even number

v £ F81, if F81 is an odd number

h > F82, if F82 is an odd or an even number.

Furthermore, two additional conditions have to be met:

(D

(2)

The integer number, n,, of Suh values has to satisfy

0’
ny € —° . (7-50)
Syh (min)
where s 4 . . is the lowest allowable svh-value selected from
Table 7-4, Section 7.8.3 ’
Syp values have to satisfy
r*6280
v € BT (7-51)
where
r = combustion chamber radius at the injector plane, ft
a = speed of sound in combustion gas, ft/gec

T = sensitive time lag as used before in Subroutine
SECF26, millisec '
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7.2.6 Subroutine SECF28. Subroutine SECF28 computes the stability
decay rate for various modes of high-frequency oscillations (longitudinal,
transverse, radial), F28; it is based on the acoustic wave solutions for
combustion response by R.J.Priem and E.J.Rice, Reference 7-10. The
method uses the flow response functions as determined by Equation(ll) in
Reference 7-11 for liquid propellants, and by Equation(18) in Reference
7-12 for-gaseous propellants. Because system stability is obtained when
the combustion response line intersects the flow response line at the
same frequency in the complex plane: ,

(Frequency 'of combustion reSponse,NC) = (Frequency of flow response,NFL)
or : ' :
o Nyt Ee (7-52)
Specific equations which have been coded for computing the combustion -
response, NC, are Equations(6)4 -(13), and (14) of Reference 7-10:
NC = 'Re(NC) T+ ;Im(NC) : 1 1
i e R B
N Y - -i-I:Bl - —i%B ‘1£B1 '1£JB2
: Mwe R'+ce R34 M(B e R+ B Ce R <y
(7-53)
where e f : : -
mM+“ﬂu2M2+(M2-l)(m2~w2)
B1 = (7-54)
. 1- M2 . -
mM—\[w2M2+(M2—1)(m2—w2)
B, = : (7-55)

1-- M?

B, (1-M2+YGM?) +w(YG-1)M
C = -[ e B (7-56)
B2(1—M2+YGM2) + (YG-1)M ‘ .
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Yoy R o el o . .. .. . . e . . . - .
RN - BT - 3 M - - 3 i - - b o™

C . Combustion response -

2
n

i
I

..Leﬁgth.ofxéombﬁstion éhahber
e L R = é#dius of coﬁbﬁétion.chambéf';f—injécto£.faéé;
M =‘Mé¢h number in comﬁustioh chémber T-::':.§ *i=-
Y= Ratio of specific heat of -combustion -gas.
G = Nozzle response factor
m= Argumént of Bessél'fﬁnction satifying wall boundary
conditions:
"‘.",f ;‘.A.Tﬂé‘folloQing values ére_ﬁséa: B
(1) First transverse‘modeﬁ='1h8412_

(2) Second transverse mode = 3.0543

T o (3) Third transverse mode = 4.2012

(4) First radial mode = 3.8317

(5) Longitudinal mode = 0. :
(The m-values are stored as BESARG(1) to (5)
in Subroutine CMBINI).

W = Angular frequency of oscillations

To compute the flow response, Npp, it is

OF 1 o 4
YL T Grer 0% T oper 'F (-sn
where
OF = Oxidizer to fuel mixtﬁré ratio
Nox = fiow reéponse for oxidiéer

Z
T3
1

= Flow response for fuel
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If the propellanf is in a liquid state, the transfer function, Equation
(11) of Reference 7-11, is used:

I . c TL ]
' 1+(1-28) B 1 s
W 2T s ABDb o
liquid™ ='21—[ —1 -  ' o (7-38)
PC' 1+21vs c T~ o
: 1+ P Logog :
] AB8b YV i

If the propellant is in a géseous state, the transfer funéfion, Equation
(18) of Reference 7-12, is used (modified shorter version according to
the Special Instructions of Contract NAS 3-13331). Based on the definitions

depicted in Figure 7-16, it is:
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liquid
hydrogen  oxygen hydrogen

AP (pressure dropj

Figure 7-16. Injector Element Definitions

P, 1 AP .
, - - — || —]Ccse 'S
W AP Y P
H d
N = .— = - ' (7-59)
gas P, AP AP [P 1)
1+2—¢Cs +—|-& -—]CIs?
Py P, \aP Yy
where
pV
C =" , 7-60
W A . ( )
v (%1
I = A% (7-61)
g Py
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Injection pressure drop

‘Temperature of‘prqpellant

Cross-sectional area of injector (injection area)
Vapor, pressure/liquid temperature coefficient

Specific heat of liquid

GraVitational“constant

Hydregen.enﬁulué length

Combustion. chamber pressure

Dome pressuré E‘PC + AP 7T

N

InJector dome ‘volume

Lt e ay S T TR

,Flow rate through 1n3ector

'.1 -

Vapor pressure- comubstlon chamber pressure

parameter
Specific héeat tatio for‘combusfioﬁ"gae“’

Spec1f1c heat ratlo for hydrogen

.Latent heat of. vaporlzatlon

Hydrogen den51ty .
Time delay constant for burning

Phase angle due to delay in burning = 1.9 rad

- Laplace operator

Mean drop life, time = M/W (coded as TAUV =
L50/VINJ*2*CS/DC in Subroutine FRPROP)

Figure 7-17 depicts the structure of the controlling Subroutine SECF28.
The equation for combustion response is .computed in Subroutine ACWAVE, and the
equation.for :flow response is:computed in Subroutine FLORES. This subroutine
also calls upon subroutine FRPROP to calculate the flow response for individual
propellants (using Equation (11) of Reference 7-11, and Equation (18)

of Reference 7-12, respectively).
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Flgure 7- 17 Flow Chart for Subroutlne SECF28 Computlng the
Decay Rate for Various Modes of High- Frequency
Osc1llat10ns, F28 :




The optimization program AESOP is here also used as a root finder by
minimizing of |F(s)| in Equation (7-50). The optimization parameters are
the elements of position in the complex plane. The resulting complex roots
define decay rate and frequency of oscillation. The frequencies of both
response functions are compared in Subroutine CTLOPT which finds the solution
by driving differences to zero for the various Bessel arguments, m.

The resulting characteristic function F28 is then the real part of that
root which is least stable, multiplied by a factor which depends on the
geometry of the combustion chamber

F28 = Re(s) *ngz (7'-62)
where
CS = Speed of sound in combustion gas
DC = Combustion:chamber diameter

7.2.6.1 Definition of Frequency Modes for Subroutine SECF28 with
Baffles Present. If there are radial and/or circumferential baffles present,
the values of the Bessel arguments which appear in the equations for computing
the combustion response (Equations [7-54) and (7-55)) ,have been replaced by
svh values, except for the case of m=0. The program selects the lowest four

Soh values V1a Subroutine FNDSNH which are not forbidden by
v # F81/2, if F81 is an even number
2 F81, if F81 is an odd number
and

h > F82, if F82 is an odd or an even number.

Furthermore, the following condition has to be met: the integer number Ny
of Syh values has to satisfy

>
4 2 Nx = -——————s ) N (7'63)
vh (min) '
where Syh is the lowest allowable Soh value selected from Table 7-4 via
Subroutlng %RBS : : :

In addition, the longitudinal mode (m=0) of the original code is retained.
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7.2.7 Subroutine SECF29. Subroutine SECF29 computes the decay rate,
F29, based on the non-linear stability analysis of R. J. Priem and D. C.
Guentert Reference 7-13. This analysis calculates the regions of high-
:frequency combustion instability from two models which determine the local
burning rate. The stability decay rate becomes

F29 = -100log;,(A,/.04) ' (7-64) |
where AL is the pressure amplitude and is obta1ned from Figure 7-18 as a
function of the burning-rate parameter, L, and the reduced veIOC1ty
‘dlfference AV.

In Figure 7-18

. D]% M
L = Burning-rate parameter = * :
: D¢ MXX

where
DT'= Diameter of combustion chamber throat

De = D1ameter of combustlon chamber near the
: injector plane.

M= .25/L50

'LSO = Length of combustion:chamber'reduired to
vaporize 50 per cent of the propellant  as- -
determined in subroutines SECF20 and SECF21

M,, = Considers the presence of radial baffles as
XX
follows*:

(1)‘ Myx becomes a p051t1ve 1nteger and is
~equal to F8l, 1f F81 is.an odd 1nteger, and

(2) M X becomes a positive 1nteger,andals equal.
to F81/2, if F81 is an'even'integer -

If no baffles are present, M becomes 1, and

thus the original expression %or the burnlng -rate
parameter, L, is retained. The expression for L -

is coded is subroutine NLSTAB, for which. subroutlne
SECF29 is the controlllng subroutine

*According to Reference 7-13, Appendix -B, the radial velocity and all deriva-
tives in the radial d1rect10n are assumed to be zero and, therefore, the effect
of c1rcumferent1a1 baffles, is omltted
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AV = Reduced velocity difference between gases and
liquid. It is obtained by assuming the gas
velocity to vary linearly with chamber length,
liquid velocity is constant, and an average
velocity is then calculated using a minimum of
50 fps difference in averaging. It becomes:

1 . (.- SO)VL2 (V,- V[ - 50) 2y _
AV = —[ 50 + L : P — £1] (7-65)
a 2(VL+ SO)CVLf Vg) 2(Vg - VL )
1f VL<50’ then VL- SOﬁO;
i -V.< - V_- 50=
if Vg VL 50 theﬁ Vg VL, 50=0
where
a = Speed of sound in combustion gas
Vg = Final gas velocity in combustion chamber
V = Liquid velocity of propellant with.largest L.,

The data of Figure 7-18 is stored in Subroutine NLSTAB and is treated
as a three-dimensional surface. The pressure amplitude A_(z) is determined
for a.given burning rate parameter (x) and reduced veloci@y (y) by the use
of a general purpose two-dimensional table look-up routine. This subroutine
incorporates arbitrary scale transformations. - In the present application
log-log scale transformations in both the x-y and y-z planes are employed.

The burning rate parameter, L, and the reduced velocity difference, AV,
are also calculated in Subroutine NLSTAB. The coding is done in such a way
that only the largest Lgy is considered. If the propellant state is a gas
plus a liquid, then only the liquid is considered. If both propellant
components are gaseous, then the subroutine is not used at all.

Figure 7-19 depicts the structure of the controlling Subroutine SECF29.
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LFIFTY

COMPUTATION OF
LENGTH OF VAPOR-
1ZED MASS (?ETAIL
IN F16./-10

"COMBUSTOR DESIGN’
-~ LOOP

NLSTAB

EXECUTES CALCULATION,
INCORPORATES THE
BAFFLE EXCLUSION
RULE, AND.STORES DATA
FOR TABLE LOOK-UP

- SECF29 ‘
COMPUTES_THE DECAY _
RATE., F29, BASED ON
THE NONﬁLINEAEYSIs
STABILITY ANA

OF TN. D-1409 :

TLU2

TABLE LOOK-UP
ROUTINE

CONTINUE "COMBUSTOR
_DESIGN LOOP

Figure 7-19. Flow Chart fdr Subroutine SECF29 for
Calculating the Decay Rate Based on
Non-Linear Stability Analysis
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7.3 Pressure Drop Characteristic Modules (Subroutines)

The Subroutines SECF31 and SECF32 for the injector pressure drop
¢ characteristics are only output subroutines. The actual computation is
* executed in Subroutine POSTAL independently of the weighting factors AF31
and AF32 which may be equal to zero. However, the injector pressure drop;,
: AP, is required for: ~ o

1. Computatlon of the. chugglng stability characterlstlcs F20..and F21
and there for-the following parameters:

P (pressure diop parameter)
E (elasticity parameter)
J (inertia parametet)

2. Computing the acoustic stability characteristic, F28 and there for
the transfer functlon (Equation (7- 59)) , ;

3. Computing the‘speC1f1c pressure drop characteristics F31 and F32..
7.3.1 Subroutine SECF31. Subroutine SECF31 is activated .as long as thé

weighting factor AF31 is not zero. The pressure drop for the fuel side.of
- the injector becomes '

W 2

ok . 2 T 2 . 2
Z*g*CDf *pf(_4-DF % NF) | . |
where
.C_ = Dischargé coefficient for fuel'orifices<

Df

DF = Equivalent diameter of fuel hole (smallest
diameter) e

g = Gravitational cénstaﬁt
NF = Number of fuel holes
Wg = WT/(1+OF); fuel flow rate through injector '

WT = Total propellant flow rate through injector
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P
OF

Fuel density at injector entry

'Propellant mixture ratio

Because the computer pfogram'is able to take into account a pump-fed engine
with preburners, the equation for the pressure drop takes the following form:

WINJF2
AP = - T " (7-67)
Z*g*CDf * Pg (-4— DF“xNF) <.

where

WINJE = WF + WXPREB - WFCQOL

o

(For definitions séeIFigures 2-10 and 2-11 in Settion 2.4];.,Finarly,ufi“~=*7*

F31 = Apf ' - (7-68)

7.3.2 Subroutine SECF32. Subroutine SECF32 is activated as long as the
weighting factor AF32 is not zero. The pressure drop for the oxidizer side of
the injector becomes

W2 . :
P = X - - (7-69)
Z*g*Csz*pox (-Z DX“*NOX)

where

CD = Discharge coefficient for fuel orifices
X

DX = Equivalent diameter of oxidizer hole (smallest
- diameter)

g = Gravitational constant
NOX = Number of oxidizer holes
WOX = WI/(1+1/0F); oxidizer flow rate through injector
WT = Total propellant flow rate through injector
ox = Oxidizer density'at injector entry

OF = Propellant mixture ratio
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Since the computer program may be applied to a pump-fed engine with preburners,
the equation for the pressure drop takes the following form:

_ WINIX 7-70
AP = ~(7-70)

2 (T oy2 2
2\*g*CDX *pox(-z DX“=*NOX)

where

WINJX = WOX - WXPREB
- (For définitions see Figures 2;10 and 2—1i in Section 2.4). Finally,
| ' F32 = Apox | (7-71)

A flow chart for subroutines SECF31 and SECF32 and their interaction with
Subroutine POSTAL is depicted -in Figure 7-20. ’
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OP PARAMETERS
S ARAND 98

4

PRESSURE %R
To SECF20

sanveeCOMBUSTOR DESIGNmsmsmmsmy

LOOP i

SECF31. .

COMPUTES THE PRESSURE
DROP CHARACTERISTIC..

F31, FOR THE FUEL :
SIDE OF THE INJECTOR

POSTAL
CALCULATES THE IN-

SECF32

COMPUTES THE PRESSURE
DROP CHARACTERISTIC. B
F32, FOR THE OXIDIZER
SIDE OF THE INJECTOR J

COMBUSTOR DESIGN
LOOP

"CONTINUE COMBUSTOR
- DESIGN LOOP

Figure 7-20. Flow Chart for Subroutines SECF31 and SECFS? _
for Calculating the Pressure Drop Characteristics
F31 and F32
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7.4 ‘Combustor ComplexXity Characteristic Modules (Subroutifies)

7.4.1 Subroutine SECF41. Subroutine SECF41 is the number of fuel plus
oxidizer holes characteristic, and is given by : '

‘F41 = (NF + NOX) - 1 . (7-72)

7.4.2 Subroutine SECF42. Subroutine SECF42 is the volume of the
ox1dlzer dome characteristic and is g1ven by ‘» < -

F42 - VOLX ' S (7-73)

I3

7.4.3 Subroutine SECF43. :‘Subroutine SECF43 is the volume of the fuel.:
dome characteristic and is glven by . o .

P43 = VOLF . A

7.4.4 Subroutine SECF44: Subroutine SECF44 is the length of the oxidizer
holes characteristic and is given by \ _ . , '

#

~F44j=-LOX : s (7-75)

7.4.5 Subroutine SECF45, Subroutlne SECF45 1s the length of the fule'
holes characteristic“and is given by" e

F45 = LF - (7-76)- |

7.4.6 Subroutine  SECF46. -Subroutine SECF46' is' theinjector type com-
plexity characteristic and is given by the index.INJCMP (for definition’ of
INJCMP, see Section 2. 4) At this t1me, ‘Subroutine SECF46 is not actlve
Therefore, - . B

¢

YRG0 “,h'., . .. ) ,(7_77)

However, INJCMP is an input ‘parameter in Data Input Namelist COMMIS and "
is selected according to Figure 2-9, Section 2.4.

Figure 7-21 depicts the flow chart for Subroutines SECF41 through SECF46..
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COMBUSTOR DESIGN -
LOOP

SECF41

F4l = (NF + NOX)-1

."f"':'r"""

SECF42

F42 = VOLX

—

SECF43

Fu3 = VOLF

SECFu4

Fu4 = LOX

, ¥

SECF45

F45 = LF

L

SECFU6 ]

“F46 = Q. |

CONTINUE COMBUSTOR
DESIGN LOOP

Figure 7-21. Flow Chart for Subroutines SECF41 through
. SECF46
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; 7.5 Combustor Chamber Length Characteristic Module (Subroutine)

; : :

! . _

: 7.5.1 Subroutine SECF51. Subroutine SECF51 compﬁtes the chamber iength

3 .-
characteristic by

§ " F51 = LC/DTHRTI AT
;here t - ‘

é LC = Combﬁsti?n'chamﬁér length'

‘ DTHRTI = Diamétefgof throat

Figure 7-22 depicts.the flow chart:for subroutine SECF51.

i
A = ~ COMBUSTOR DESIGN
: “ LOOP
SECF51
‘F51 = LC / DTHRTI
X CONTINUE COMBUSTOR’
DESIGN LOOP

Figure 7-22. Flow Chart for Subroutine SECFS51
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N

) 7.6:'C6mbuéff6n Chamber Diametef ‘Chatrdcteristic Module (Subroutine)

A§ " 7.6.1 Subroutine-SECF61. Subroutine SECE61 coﬁputes the chamber
diameter by ~ ‘
5 F61 = Dé}DTHRTi" : (7-79)
where ‘ |
DC = Combﬁstion chamser diémeter
DTHRTI = biameéer of throat

¢ Figure 7-23 depicts the flow chart for Subroutine.SECF61.

COMBUSTOR "DESIGN
-~ LOOP

SECF61..

F61 = DC / DTHRTI

CONTINUE COMBUSTOR
. DESIGN-.LOOP

Figure'7-231 Flow Chart for Subfoutine SECF61
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..7.7 Propellant Mixture Ratio Characteristic Module (Subroutine). ...
§' . .
§ 7.7.1 Subroutine SECF71. Subroutine SECF71 is the mixture ratio charac-
‘teristic and is given by : .

{
40F as a free variable is perturbed by AESOP and the respect1Ve value used
»'in other subroutines.

F71 =-OF - 5 (7-80)

Figure 7-24 depicts the flow chart for Subroutlne SECF71,

i comsusroa DESIGN
N LOOP

SECF71

F71 = OF

 CONTINUE COMBUSTOR -
DESIGN LOOP

" Figure 7-24. Flow Chart for Subroutine SECF71
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=~ 7.8 “ Bafflé Characteristic Modules. (Subroutines)

7.8.1 Subroutine SECF81. Subroutine SECF81 is a baffle characteristic
given by the number (integer) of radial vanes in baffle (BFLRAD): ;

F81 = BFLRAD ‘ (7-81)

BFLRAD as an independent variable may be perturbed by Subroutine AESOP,
and the respective value influences the specific combustor characteristics
F22, F23, F24, F25, F27, F28, and F29 as presented in Section 7.8ﬂ§.

7.8.2 Subroutine SECF82. Subroutine SECFE82 is. a baffle characteristic
given by the number (integer) of circumferential cans in baffle (BFLCIR):

F82 = BFLCIR ’ - (7-82)
BFLCIR as an independent variable may be perturbed by Subroutine AESOP,.
and the respective value influences the 'specific combustor characteristics
F22, F23, F24, F25, F27, F28, and F29 as presented in Section 7.8.3.

Figure 7—25'd¢picts the flow chart for Subroutines SECF81 and SECF82.-

7.8.3 Program Provisions to. Accept Baffles (Subroutine FNDSNH). The’
incorporation of baffles makes necessary the use of a new set of transverse

' .and-radial frequency-modes- for -Subroutines SECF24, 25, 27, and 28. The

selection of these frequency modes is implemented by introducing proper

- exclusion rules. Subroutine FNDSNH serves this purpose. First, it contains

. the oscillation constants, s

, a5 functions of the transverse :and radial
mode numbers., Table 7-4 115¥s these values as they are contalned in. the
.coded arrays. o

Second, it contains the exclusion rules for the selection of the lowest

- six s vh values not forbidden by:

1Y

V F81/2, if F81 is an éven number

v = F81, if F81 is an odd number, and

h

Vv

F82, if F82 is an odd or even number .

Note: For all s selections, the case where'v— 0 w1th h > 1
is alos 1n€1uded

Additional selection criteria for Syh values are discussed in the respective
sections for Subroutines SECF24, 25, 27, and 28.
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. .t

Figure 7-25. Flow Chart for Subroutines SECF81

COMBUSTOR DESIGN
LQOP

- SECF81

F81 = BFLRAD

SECF82

" F82 = BFLCIR

CONTINUE . COMBUSTOR.

_ DESIGN LOOP -

and SECF82

R
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TRANSVERSE MODE

RADIAL MODE

TRANSVERSE MODE

. RADIAL MODE

NUMBER. v | HUMBER; h' Syh-VALUE " NUMBER. v NUMBER. b | s -VALUE
(RAGIAL BAFFLES) (CIRCUMFERENTIAL'B.) -~ ' | (RADIAL BAFFLES) [(CIRCUMFERENTIAL 5,) W3 e
0 1 0.00000 14 1 15.97544

1 1 1.84118 2 5 116.34752

2 1 3.05424 10 - 2 16.44785

0 2 3.83170 0 6 16.47063

3 1 4,20119 7 3 16.52937
y 1 5.31755 5 1 ~17.02032
1 2 5.33144 57 4 “17.31284°
5 1 6.41562 - 2 17.60027 -
2 2 6.70613 8 3 - 17.77401

0 3 7,01558 3 5 17.78875

3 1 7.50127 1 3 18.01553

3 2 8.01524 16 1 1806326

1 3 8.53632 6 Sy 18.63744

7 1 8.57784 - 12 2 18.74509

4 2 .9.28240 9 3 19,00459

8 1 9.64742 Y 1 19.10446
2 3 9,96947 4 5 19.19603

0 4 10,17346 2 6 19.51291

5 2 105098 | 0 7 19.61585

9 1. - 10.71143 e 13 2. 1988322

3 3 11.34592 7 4 19.94185

1 4 11.70600 18 1 © 20.14408

6 2 11.73494 10 3 20,22303

- 10 1 1177088 5 5 20.57551
4 3 _12.68191 3 6 2097248
1 1 12.82649 14 2 21.01540
7 2 12,93239 1 7 21,16437

2 4 13,17037 19 1 21.18227

0 5 1332369 - 8 Y -21,22906

12 1 13:87884 - - 11 3 21,43085
5 3 13.98719 5 5 21.93172

8 2 14,11552° 15 2 22,14225

3 4 14,58585 20 1 22,21915

1 5 14,86359 4 6 22,40103
13 1 14.92837 9 4 22.50140
3 3 15.26818 12 3 22,62930

9 2 15,28674 2 7 22.67158

4 4 0 8 22,76008

15.96411

TABLE: 7-4. Arrays for the Frequency Modes, Syh» and their
Components Stored in Subroutine FNDSNH
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7 9 M1nor De51gn Varlable Dependent Functlons

aat TR B R T ¥ S N

There are several minor de51gn varlable dependent functlons whlch are
comnuted in Subroutlne POSTAL (Sectlon 6.6. 4) Their analytical def1n1t10ns
follow .in . the alphabetlcal sequence.. . G e e e

'

& pe]

*_$ 7 9. 1 AF, the Area of a Slngle InJector Fuel Or1f1ce

‘“*f AF = n*DF**2/4 . (7-83)
where DF is the m1n1mum dlameter of the fuel or1f1ce, and determlnes ‘the
pressure drop of the fuel 51de of the 1nJector (For more detalls see Section

2 4 Flgure 7)

4

:f:”;7;9.2 Al the Area of the InJector Face

’ ~ } AT k ﬂ*Dl**2/4 - (7-84)

DC 1s the combustlon chamber d1ameter at the 1nJector face

4'7,9.3 AOX, the Area of a Single,Injéctor'OxidiZer Orifice.

_ Abx - 1ﬁbx**274”;; S (7-85)

] where DX is the ‘minimum dlameter of the OX1d1zer or1f1ce and determlnes the

Q.pressure dr0p of the oxidizer side of the 1nJector (For_more_detarls see

Sectlon 2: 4 F1gure 2- 7)

- 7.9. 4 CFIDEL, the Ideal Thrust Coeff1c1ent

CFIDEL——'THRUST/(PC*ATHRTI) o (7-86)

;'where PC = combustion chamber pressure, ATHRTI = throat area.

.7.9.5 CS, the Speed of Sound inithe'Combustion Chamber.

CS’;'Q[TCOMB*SP&EXT*&GAS*GREF’ T ((7-87)

where
TCOMB = Combustion temperature

. - SPHEAT Q.Specffic*heat ratio
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. RGAS

- Gas constant.per.unit weight

GREF = Gravitational acceleration

7.9.6 " CSTR,,the;Charactefiééic;Exhaust Vélocity.

CSTR = . < -

e D " ©(SPHEAT “+ 1)/ (SPHEAT -1)
SPHEAT\ [.[2/ (SPHEAT. + 1)]

(7-88) .

where

. CS = Speed of .sound .in combustion chamber

SPHEAT -

Specific heat ratio

7.9.7 DELPF, the Preésﬁfe Drop BétWeeanuel Manifold and Combustion

Chamber. _ -

WINJF**2

DELPF = 3RHOF*GREF (CDF**2) ( (NE*AF) ¥*2)
where
| " WINJE ;\Fﬁél flow r;te for injector
- (see WINJF in this listing)
RHOF = Density of fuel
GREF = Gfavitétidhai hééelerafiéﬁ'} "
T , CDF5=A£ischa;ge'qoefficient for fuel orifices
NF = Number of fuel holes
~ AF = Area of a single fuel hole
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7.9.8 DELPX, ‘the Pressure Dfop*BetWéeh'Oxidizer Manifold and Combustion
Chamber. : ' ’

WINJX**2
= N _90 PR
DELPX "2*RHOX*GREF (CDX**2) ( (NOX*AOX) **2)- ... . (7-90).

where

ST W

 0xid§ief flow rate for injectéf
{ ee .WINJX 1in this listing)

RHOIX

Density of oxidizer

GREF

1}

Gravitational acceleration

I

SLUCLeewl PR epY's Discharge ‘éoefficient for oxidizer orifices

' 'NOX =‘Number of oxidizer holes
AOX = Area.of a single oxidizer hole . ,

Ay

7.9.9 EPA, Injector Elements per Unit of Injector Face.

. EPA =NE/AI. ... .. .o (7-91)

where

- NE = Number of injector elements

nw’o.

‘Al = Area of injector face

7.9.10 FJSPAC, Spacing of Fuel Holes. . _
" FJSPAC = ['AT/NF' O (7-92)

Al

where

"Area of injéctor face

NF

Number of fuel holes in injector
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7.9.11 ISP, Specific Impulse. For optimization runs-:

ISP = YPOLYV(OF,PCISP,NPISP) (7-93)
For point design: : e
PCISP(1) = --.,

in Data Input Namelist CRVFIT .(see- Section 2.7).

7.9.12 LD, Combustion Chamber Length/Diameter Ratio. = -: v 7u:

= LC/DC (7-94)

where | B | o
LC.=VLength of coﬁbustion chamber

DC

Diameter of combustion chamber at 1nJector
-face

7.9.13 LDF, Average Fuel Orifice Length/Dlameter Ratlo

LDF = LF/DF B o 2 95)
whereﬁ B
LF = Length of the fuel hole
(for deflnltlon see Section 2. 3)
DF = Diameter of the fuel hole

(for definition see Section 2.3)

7.9.14 LDOF, Log of Average Fuel Orifice Diameter..

LDOF = ALOG10(DOF) (7-96)
where
DOF = 1000*DF
DF = Diameter of the fuel hole

(for definition see Section 2.3)

[
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7.9.15 LDUM, Acoustical Length of Combustion Chamber,

LDUM = L1 + ,667(L2- - L1): (7-97)
where

L1

Chamber length without converging section

1B

L2 = Chamber including converging section (distance

from injector face to throat area)

(For more details senggption 7.2.3.1}

7.9.16 LRC, Log of Combustion Chamber Contraction Ratio,

LRC = ALOG10(RC) (7-98)
where . -

RC = Combustion chamber contraction ratio (for
definition of RC see this listing)

7.9.17 LSTR,”the‘Characteristic Chamber Length.

LSTR = VC/ATHRTI (7-99)

where
VC ='Volume of tﬁe combustion chamber (for
definition of VC see this listing)
ATHRTI = Throat area of the combustion chamber

7.9.18 MC, Mach Number in Combustion Chamber

MC = VELC/CS - (7-100)

where

Average velocity of the gas in the combustion
chamber (for definition of VELC see
this listing)

VELC

CS = Speed of sound in combustion gas
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7.9.19 MOLWT, the Molecular Weight of .the Combustion Gas. For optimiza-
tion runs:

. MOLWT = YPOLYV(OF,. PCMOLW, NPMOLW)  (7-101)
For point:deSigh:* :
PCMOLW(1) = --.,-

in Data Input Namelist CRVFIT (see Section 2.7).

. 7.19.20 MPE, The Mass Flow Rate per Element. ..

(WT_- WFCOOL)/NE .. (7-102)

MPE =
where
WT = Total propellant mass flow rate
WFCQOL 5hfge1 fJow‘rgtg for'gpoling.
NE = Number of injector elements

| T
LR

7.9.21 NE, Number of Injector Elements.

NE = (NF + NOX)/DIVIDE (7-103)
where
_NF = Number of fuel orifices .
NdX'=;NﬁmBér of oxidizer orifices
DIVIDE = 2 if INJOMP LE.3

3 if INJCMP EQ. 4

4 if INJCMP EQ. 5

(valueé for INJCMP see Figure 2-9).
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7.9.22 PC, the Combustion Chamber Pressure. .

WT.

-

PC

(SPHEAT+1)/ (SPHEAT-1)

ATHRTI*GREF*SPHEAT \ [[2/(SPHEAT+1) ]
GREF *SPHEAT*RGAS*TCOMB

(7-104)
where o
WI = Total propellant mass flows rate
ATHRTI = Throat area.
R GREF = Gravitational cohstéhf
SPHEAT = Propellant specific heat ratio ’
' RGAS' = Propéllant gas constant |
TCOMP = Combustion temperature
7.9.23 PCOCRF;.the Critical Pressuré Ratio for Fuel,
PCOCRF-= PCI/PCRITE -.- . . =i * (7-105)
where BRI |
PCI- = Chamber pressure )
PCRITF = Critical pressure of fuel (input for Inbut

~Data Namelist COMMIS)

PCOCRF is used in Subroutines TAUN1 and TAUN2 for computing the decay rates
F26 and F27. L AR ok
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7.9.24’ PCQCRx; the Critical Pressure Ratio for Oxidizer,
PCOCRX = PCI/PCRITX (7-106)

. where

. PCI = Chamber pressure

Critical pressure of oxidizer (input for
Input DataTNamelist COMMIS)

PCRITX

PCOCRX is used in Subroutlnes TAUN1 and TAUN2 for computing the decay rates
F26 and F27.

~7.9.25° RC, theﬁCpmbustion,Chamber{Contraction Ratio.
= (D2/D3)**2 (7-107)
Awhere

. D2 = Combuétion_chamber diameter at nozzle entrance
-~ (For a cylindrical chamber: D2 = D1 =.DC)

D3 = DTHRTI = throat diameter

7.9.26 RGAS, gbe'¢g§,Cpﬁstan§ per Unit Weight.
| " ReAS ;‘RGUNIV/MOLWT‘ S (7-108)
shere -
RGUNIV Un1versa1 gas constant

' MOLWT = Propellant molecular welght (for definition
" of MOLWT see this listing)

'7.9.27 SPHEAT the, Spec1f1c Heat Ratio. For optimization runs:

SPHEAT YPOLYV(OF PCK, NPK) (7-109)
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For point deSigﬁ};ﬂi - , .

PCK(L) = --.,

in Data Input Namelist CRVFIT (see Section 2.7).

_7.9.28 TAF, the Total Area of Fuel Orifices.

© - TAF ‘= NF*AF (7-110)

“where "+ T '
NF = Number of fuel orifices
“»% U CAF- = Area of'a“single fuel orifice

!

7.9.29 TAX, the Total Area of Oxidizer Orifices.

TAX ='NQXfAOX o (7-111)
‘whére -
* .~ NOX & 'Number of oxidizer orifices
AOX =

Area of a single oxidizer orifice

7.9.30 THETAG, the Mean ‘Gas Residénce Time.

THETAG T LS{?;;EX?+1)/(SPHEAT—1) .
| ??HENF[QPHEAT}; ; ' A; 3 (7-112) :i
whéré | B
LSTR = Charactggistic chambe? length ’
| QSTR ;'éharécferisti¢ exhaust velécity X
SPﬁEAT =.Spécific heat ratio of the combustion gas A' %‘
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THETAG is used in Subroutines SECF20 and SECF21 (Section 7.2.1) for computing
T E, J, and in Subroutine POSTAL (Section 7.9. 34) for., comput1ng VELC. Its ”
def1n1t10n is glven in Reference 7-3, page 29;

-

7.9.31. TCOMB, The Combustion Temperature. For optlmlzatlon TUuns:

TCOMB = YPOLYV (OF, PCT1, NPT1)™ (7 113)

% -

For point design: o

e

7 PCT11) = --

A s

in Data Input Namefist CRVFIT (see Section 2..7).

A

. -
Sk s e e e e A

7.9.32 TPVM, the Modified Thrust per Unit Volume.

TPVM = PCI*ATHRTI/VC : (7-114)
khere .
. PCI‘;'ComBuétiohfehe@Per pressure
} ATﬁRTI{; Thrpap g;ea; _“
| 7-YC‘? Combustion-chamber volume (for definition

“see this listing)-

"7.9.33 “VC, the Volume of the Combustion Chamber.

Ve =_{% (L1(D12 + D2% +D1*D2) +

(L2 - L1) (022 + D3? + D2*D3))

"(51115)»
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-
-
i

where

L1 = Length of the combustion chamber from the o
. injector. face to the-onset of the converging
section ‘ .

-~

L2

Length of the converging section plus L1
D1 é,Cb@busﬁiéﬁ.éhaﬁber diameter at injector face
D2 = Combustion chamber diameter at the onset of the

... .., converging section. Eqr.cylﬁpdri;alvchamber

]

Throat diameter

"o
.

D3

7.9.34 VELC, the Average Velocity of the Combustion Gases in the
Combustion Chamber.

VELC = LC/THETAG ' - (7-116)
where -

LC = Length of the combustion chamber from the
injector face to the throat area
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THETAG = . The mean gas: residence time {for definition
: see thls 115t1ng)

7.9.35 VFUEL, the Average Fuel Injection Velocity.

o

A

VFUEL ‘= WINJF/ (NF*RHOF*T*DFVELZ/4) (7-117)
where . o P
WINJF = Fuel mass flow rate pa551ng through the
e ©dnjector f - .. o v 5wl SRR
NF..= Number of fuel orifices
RHOF = Density of fuel (condition at injector :wi™
face)
DFVEL = Exit diameter of the fuel orifices

7 9 36 VO the Average Ox1d1zer InJectlon Veloc1ty

0 = "VOXID = WINJX/(NOX*RHOX*W*DXVEL2/4) (7-118)

where . |
| fWiNﬁX'=vaidiief;maég“fléﬁ }afé‘pgégiﬁgmpﬁéfigjgc¢bﬁf
NOX = Number of oxidizer orifices
RHOX = Den51ty of oxidizer (condition at 1n3ector
exit) .
DxVEL ; Ex1t.diaméte¥‘of the‘oxidizer orifices
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" 7.9.37- WF, the Total: Fuel Mass Flow _Rate-

WF = WT/l + OF (7-119)

where Sh e T

WI = Total: propellant- mass flow -rate
OF = Propellant mixture ratio -

FOME A

7.9.38 WINJF, the Fuel Mass Flow Rate Passing through the Injector.

WINJF = WF + WXPREB --. WFCOOL (7-120)
where -cvanicl o xy;.;iﬂ;‘} e
WF = Total fuel mass flow rate
o WiPﬁEB ; O*ldlzer mass.flow rate for preburner. If
no preburner WXPREB becomes 0
W%tbdﬁ‘Q Fuel mass flow rate for cooling. .if'no éooling

flow-exists, WFCOOL becomes 0

7.9.39 WINJX, The Oxidizer Mass Flow Rate Passing through the
Oxidizer Orifices. .- ST .« .

- WINJX = WOX --WXPREB (7-121)

where .. L B

Total oxidizer mass flow rate (for definition
see this listing) .

WOX

WXPREB = Oxidizer mass flow rate passing the preburner
and therefore, injected with the fuel into the

main chamber
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~7:9.40 WOX, the Total Oxidizer Mass Flow Rate.

: 1
WOX = WI/ 1 + — (7-122)
e R OF . . . .
where - . . R g . - Coe T

" WT

Total propellant mass flow rate

OF

Propellant mixture ratio

7.9.41 WT, the Total Propellant-Mass Flow Raté.- "

WT = THRUST/ISP o (7-123)

o

where

THRUST = Rocket engine thrusf
“ISP- = Specific impulse - ::
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