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improvements in cycle calculations and component modeling techniques are
developed and introduced now.

The current method of obtaining balanced cycle data points is to use the
simultaneous Newton-Raphson iteration method. The partial derivatives are
obtained by numerical differentiation. This report documents the results
obtained by calculating the partial derivatives from analytical expressions
obtained by differentiating a cycle deck . Examples i l lustrating both the
method of obtaining the analytical derivatives as well as setting up the
control logic are given . A cost comparison was carried out between two
engine simulations using numerical derivatives and the same pair of engine
simulations using analytical derivatives. A data matrix consisting of the
same 411 operating points was used for each of the engine simulation
comparisons.

A cost saving of about 44 percent was obtained for the deck run internal ly
and 52 percent for the deck run externally (the difference is due to the
use of a larger set of output parameters for the internal deck) . It is
concluded that the greatest return per dollar of cost results when only
that portion of the model for which the coding remains relatively constan t
is differentiated. Applying this philosophy an annual saving of about
$75 ,000 is estimated for the running of internal (AEG-Evendale) cycle decks.
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PREFACE

This report describes a design study effort conducted by the General E1eo~ r~~
Company and sponsored by the Turbine Engine Division of the Air Force Aero
Propulsion Laboratory, Air Force Systems Command, Wri~~t-Patterson AFB, Ohio
under Project 3066-11-35, Contract F33615-78-C-2203. Mr. James R. Ruble, AFAPL/
TBA, was the Air Force Project Engi~~~~~~~~~~~~~~

The work reported herein was performed during the four-month period
beginning June 1978 and ending September 1978. The GE Engineering Manager was
Donald F. Berg who was assisted principally by William C. Colley and George L.
Converse . The Program Manager was Donald E. Uehiing.
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SUMMARY

3 The next generation of military aircraft weapon systems will be required
to achieve substantial improvements in design mission performance and effec-
tiveness , multimission versatility, Life—cycle costs , and survivability .
These requirements will place increased demands on the propulsion system for
advanced cycle concepts , advanced material and design technology, variable
geometry capabili ties , and a more effective engine—airframe installation with
particular emphasis on inlet—engine airflow matching and engine—airframe
thrust matching across the complete operating regime. The resulting propul-
sion system concept and evaluation and cycle selection process will require
a more complex engine—airframe interaction which will involve a substantially
greater number of engine and airframe design parameters, more extensive con-
trol and scheduling requirements, and a broader spectrum of mission and oper—
ational requirements.

The studies necessary to satisfy these increased design requirements will
necessitate calculating many more balanced engine cycle performance points.
This study program, Analytical Derivatives, was aimed at reducing the computer
cost for calculating engine cycle performance by utilizing analytical deriva-
tives instead of finite difference derivatives in the engine cycle balance
iteration procedure . The technique developed is to differentiate the engine
cycle and to use the numerical values of these analytical derivatives in the
cycle balance iteration procedure. The calculation of the analytical deriva-
tives will require less computer processor time than the calculation of fi-
nite difference derivatives which require evaluating the complete cycle for
each independent variable . This technique was applied to a Variable Cycle
Engine simulation and the resulting computer program was used to calculate
411 f l ight operating points. The results indicated that the computer costs
were reduced about 52% when using the WPAFB CDC6600/CYBER 74 computer.

During this study, an alternate approach of applying the analytical
derivative concept was devised. The differentiation of the complete eng ine
cycle requires the constant updating of these analytical derivatives whenever
a new component is added or equations are changed or added to an existing
component . This alternate approach differentiates only the low level sub-
routines, such as those subroutines which calculate thermodynamic and aero-
dynamic properties. These subroutines represent approximately 102 of engine
cycle program logic but account for about 752 of the computer processor
time. By applying the analytical derivative technique the calculation time
for these subroutine. will be reduced and since these subroutines remain
unchanged changes in the engine cycle will not require additions to this
set of analytical derivatives . Utilizing the same Variable Engine Cycle
program to calculate the 411 fl i ght operating point., the results showed
about a 47% reduction in computer processor time on a Honeywell 6000 com-
puter . Using the ratio of the Honeywell 6000 computer time savings for the
alternate method to the analytical derivative technique , it is estimated
that the alternate method would result in a 40% costs savings using the WPAFB
CDC6600/CYBER74 computer.

1
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_ _ _  _ _  .~~~~~~~~~~~~~ —~~~~~~~~~ - -

It can be concluded that in any engine simulation model using nuemrical
derivatives to obtain cycle points, a considerable savings in both computer
time and cost can be obtained by the inclusion of analytic derivatives. The
greatest return per dollar of cost results when only that portion of the
model for which coding remains rel~cively constant is differentiated . 2or
the Air Force engine simulation model (SMOTE), the entire deck should be dif—
ferentiated since the coding changes do not appear to occur frequently.
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1.0 INTRODUCTION

The Aircraf t Engine Group (AEG ) of the General Electric Company has com-
pleted a contract entitled “Analytical Derivatives” which was sponsored by the
Turbine Engine Divison of the Air Force Aero Propulsion Laboratory. The Air
Force Project Engineer was James R. Ruble of the APAPL Performance Branch .
The overall objective of the contract effort was to develop and assess the
suitability and the cost reduction potential of the analytical derivative
procedure as applied to the computer modeling of turbine engine performance .
In particular , this program developed the relevant mathematical expressions
for the analytic derivatives and applied the analytic derivative technique to
the calculation of balanced cycle performance for a selected Variable Cycle
Eng ine (VCE ) simulation .

3 
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2.0 SELECTION OP ENGINE MODEL

The analytical deriva t ive study utilized tvo point design Variable Cycle
Eng ine (VC E ) simulatio ns which are ABC inhouse computer programs . A schemat-
ic of the VCE used duri ng the study is shown in Figure 1. Both the fan blocks
and the compressor representation within the WI simulation exist in parametric
form. The rema inder of the cycle equations are consistent with those utilized
in parametric cycle decks , thereby assuri ng that all analytical derivatives
generated in the program effort would be useful in full para metric performanc e
decks . By utilizing the parametric feature , the engine can be changed easily
by selec ting different compressor and fan desi gns fro. the family of designs
available in the model.

The demonstration of the analytical derivative procedure was carried out
using two differen t engines. The initial evaluation used an engine wi th a
fan, core—driven booster, and a compressor, each selected from the parametric
system by design pressure ratios of 2.97, 1.35, and 7.00, respectively. This
was designated as Engine I. For the second engine , the design pres.~.~re ratios
of these components were 3.28, 1.52, and 5.60. The second engine was desig-
nated as Engine 

2 . 4
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3.0 DESCRIPTION OF THE ANALYTICAL DERIVAT IVE METHOD

In order to balance an engine cycle , it is necessary to solve a set of
n simultaneous non—linear algebraic equations in n independent variables ,
represented symbolically by:

Y1(X1, X 2, ... X5) — 0 1 — 1, 2 ,

Since the equations are nonlinear , direct solution is not possible. The
8 Olu t Z O f l  is found by trial and error, using the Newton—Raphson method to
guide convergence. This method is summarized briefly.

In general, for some set of approximate values of the independent vari-
ables , the equations will not be satisfied ; instead , the values of the func-
tions Y~ will differ from zero by some error

Y~(X j, X2 , ... X5) Ei 1 1, 2, ... a

The object is to determine a set of corrections ~X1 which will force the
erors to zero:

a~1 a~ 1 ax 1Y . +~~~ — 6 X 1 
+ . ~~— 4 X 2 + ...+ ~~~~~~~~ 4 X — 0  i 1 , 2 , . . .  ~

The Y 1 1 s are evaluated using the aproximate values of the X’s. In princ i-
pal , the partial derivatives can also be evaluated , so that the above equa—
tions form a set of simultaneous linear equations which can be solved di-
rectly for the corrections ~X1. The effectiveness of the corrections depends
upon the accuracy of the approximations to the root values of the X’s and the
l inear i ty  of the original  s imultaneoue equations.

In engine cycles , the functions ‘Vi are so complicated that the partial
derivatives have usual ly  been evaluated numerically:

3Y1 Y ( X 1, x~, ... x~ + oX~, ... x5) — Y ( x 1, x2, ... x2, ... x~)(X~~+~~X1J - X 3

Thi s procedure requires a + l complete passes through the engine model to
compute each set of Y’s and partial derivatives.

_ _ _ _ _  
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Direct evaluation of the partial derivatives requires tnuc.h less compu—
t ion  t ime , as w i l l  be shown , although a completely d i f f e r en t  log i c pa~ ’~
through the engine cycle is required .

3.1 ANALYTICAL DERIVAT IVE APPROA CH — COMPLETE DERIVATIVE SET

A description of the basic analytical derivative approach follows .
Each component module has a list of needed inputs (X1, X2———X~) and calculates
a set of dependent var iables (Y1, Y2, ‘V3~~~~m

) utilized in other modules.
A set of to ta l  d i f f e r e n t i a l  equat ions can be mathematically  derived :

aY 1 a~1 ay 1dY — — d x  + — d X  - — - + — d X1 ax1 I 3X 2 2 a; n

aY~ a?~ aY2dY2 — .~~~~~
— dX

1 
+ -a-- dX~ +jj . dX~

- dX m dX 
Xm dd m - iij ~ i. 

+ 1~ 2 aX 0

The partial derivat ives fl1/aX1, aY2/aX5, etc. are in general complex
group ings of parameters calculated on the base point . The total differential
equations can be derived and programmed in each subroutine . When the sub-
routines are executed in order , the values of dY1 from an upstream sub-
routine frequently become the input values of dX1 needed in a downstream cal-
culat ion. In th i s  way,  the der iva t ive  expressions can be modularized and u t i —
lized in a variety of cycles consisting of different ordered sets of sub-
program modules.

To i te ra te  a cycle to balanc e , part ia l  derivat ives with  respect to a set
of independent variables Z1, Z2, Zn are required . This set of variables
is a sub—set of total  set of Xi ’s u t i l ized  in each subroutine as independent
var iab les .  S imi la r ly ,  a subset of the Y 1 s represents a set of variables to
be driven to zero by the iterative technique . To evaluate the partial deriv-
at ives of the Y’s needed by the iterative technique with respect to , say,  Z1,
the value of dX1 corresponding to X1 is set equal to unity and all other dX
values corresponding to Z2 through Zn are set to zero. By calculation through
the derivative equations the appropriate derivat ive values can be evaluated .
The de r iva t ive  equations must be evaluated in th is  manner once for each inde-
pendent iteration variable. Although this procedure leads to multi ple evalua-
tions of the derivative equations , it does make the derivative equations inde-
pendent of subroutine order and only dependent on a fixed set of X1

1 s and
Y1 ’s in each module (unique interface parameter sets between routines). More
importantly, perhaps , it permits the derivat ive equations to be programeed in
a much more compac t manner. Large portions of derivative evaluations are
common to different independent variables and need not be recalculated for each
variable.

7



As an example , consider a core compressor . Two of the input variables
(X’ s) could be cor e speed (PCN25) and inlet air temperature (T25). Corre-
spond ing output variables (Y’s) would be stall margin (SM25) and outlet air
temperature (T3). The core speed is typical of the independent iteration
variables (Z’ s) while T25 is calculated in an upstream component . Similarly,
stall margin is typically a dependent iterat ion variable (driven to a demand
value) while T3 is used as an input to the combustor. The equations would
take the form:

dT3 — dT25 4
aPCN25 dPCN25 +

dSM25 — dT25 + aPCN 25 dPCN25 +

With dPCN25 set equal to unity and the differentials of all other independent
iteration variables dZ’s set equal to zero the set of equations reduces to:

dT3 — aT3/aPcN25

dSM25 = asM2s/aPcN2s

If , on the other hand , we set dPCN25 equal to zero and set the differential
of some other independent variable (say fan speed dPCN2) to unity, then the
equations reduce to:

dT3 — dT25

a SM2 5dSM2 5 — a dT2S

Although the magnitude of dT3 is different for the two cases, the same com—
bustor and other downstream equations (utilizing dT3) can be used .

Note that , in the second example, the temperature T25 is a function of
fan speed , so that :

dT25 — aPCN2 
dPCN2 +

through the chaining of logic in preceeding component modules. When dPCN2 —

I, and all other independent variable differentials are zero,

~T3 ~T25 ~T3dT3 — _ _ _

3T25 ~PCN2 3PCN2

although the terms are not actually collected in this 
form.8



-—~~~~~~~~~~~~~~~~~~~~~~~~
- -

3.2 SUBROUTINE DERIVATIVE STRUCTURE

in general , the total differential equations described previously were
programmed into the high—level (component module) subroutines , even though
evaluation of some variables occurs in low—level utility routines. The
utility rouitines were modified as required to provide values of partial
derivatives. Exceptions were the compressor and turbine map subroutines ,
where the differentiation was performed in the subroutines.

Differentiation of most of the formulae was straightforward , since ,
usually, a dependent variable was expressed explicitly as a function of

5 independent variables:

‘1 — f(X~, X2, ... X0)
dY !! ~~dX + !!_-dX + + .iL~ xax1 i ax 2 2 3; n

Even in cases where the equations could not be solved explicitly for the de-
pendent variables , and iteration was required for evaluation of the variables
themselves , the derivatives of the functions could always be obtained , so
that explicit linear relations for the differentials were obtained , which did
not require i terat ion .

For a system of equations :

f1(X 1, X2, ..~~ ~~ ‘V i,  Y 2 , . . .  Y~~) — 0 i — 1, 2 , .. .  m

the total differential expressions reduce to:

af1 af1 af1. d Y  + j~
...dY

2 
+ ...

faf1 af1 af
~a ..(~~j._ dX~ + jj_ dX

2 
+ + .jçdX) i - 1 , 2,

which are linear in the dy ’s and can be solved directly.

The algeb raic terms represen t ing the par t ial deriva tives in the above
formulae are evaluated during the first derivative pass , using values of
independent and dependent variables obtained during the base pass. Since ,
in subsequent derivative passes, only the dX’s change, the values calculated
in the first pass are retained in storage arrays for reuse. Additional com-
putation time was saved by performing derivative calculations in only part of
the engine model on each derivative pass. Derivative calculations downstream
of the point where the last dependent iteration variable is evaluated are
unnecessary, as are calculations upstream of the point where each independent
iteration variable first appears , except for evaluation of partial derivative
terms on the first derivative pass. First—guess and engine sizing formulae
were not differentiated .

9
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1 !
In the General Electric cycle decks , three different thermodynamic

property subroutines are used , in each of which the variables by laP (log of
pressure), FAR (fuel air ratio) and WAR (water air ratio) are independent .
Of the variables T, H and S, one is independent and the other two dependent ,
accord ing to which subroutine is called . Other dependent variables are R (gas
constant), CS (ratio of specific heats at contant entropy), ALPHA and BETA
(defined in the following equations). [a differentiating these relations ,
WAR , CS , ALPHA , and BETA were considered to be constants. The differentia-
tion formulae were derived as follows:

H H ( T , lnP , FAR)

dli dT + 
(1 P) 

d(lnP) + d(FAR)
P,FAR ,FAR T,P

by standard thermodynamic relations , (Reference 1) :

— CP CS (1 — ALPHA )
3Tjp, FAR

T I3R\ALPHA — — — (— IR \aTjp FAR

3H 
— p(.!!~ — (ALPH A)(R)T

~(laPJ T, FAR \3PJT PAR

The derivative functions CS and ALPHA were already returned from the thenno
routines. The cod ing was modified to compute and return the remaining deriv-
ative 3H/3(P.~R)T ,p.

Th us,
dli — CS (1 — ALPHA) dT + (ALPHA)RT d(lnP) + 

~~~~~ J T,p d (FAR)

This formula is readily inverted to exchange dependent and independent
variables :

dT — 
dli — (ALPHA)RT d(lnP) — 

ITFAR 1T ,P
d

~~
’AR)

CS (1 — ALPHA)

S imi la r ly :

S — S (T , laP , FAR)

dS — 
3TIF

~
1,P 3(1 p)~~d(lflP) + 

(FAR)j T,P
AE

dS - CS (I - ALPHA) - R (1 - ALPHA) d in? + a(FAR)
L 

d(FAR )

T, P

10
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__

~~~~~

and
dR — dT + 

~~1nP)~ 
d(lnp) + d (FAR)

P,FAR T,FAR T,P

using the definition of ALPHA above and

1 (3k \BETA - R~~IVT, FAR 
- 

R~.,~ (inP))T, FAR

then

dR — (ALPHA)R — (BETA)R d(lnP) + 

~~FAR) 1T ,p 
(FAR )

For lean gas mixtures not subject to chemnical dissociat ion , ALPHA —

BETA = 0 , and the thermodynamic properties at a given temperature become
l inear  func t ions  of fue l—ai r  rat io when expressed per pound of dry air ; for
example:

H Ha + ( FAR ) H f + (WAR ) H
~

311
3(FAR) T~~~

’f

where Hf 15 the enthalpy of the CO2 and H20 formed by burning a pound of
fuel, less the oxygen consumed and is a function of temperature only, and li~
is the enthalpy of the water.

Other low—level utility subroutines for which derivat ive formulae were
derived included the following functions :

• Adiabatic Irreversible Compression or Expansion

• Isentropic Acceleration to Sonic Velocity

• Bivariate and Trivariate Table Interpolation

• Mach Number and Pressure Drop as Functions of Flow Function

3. 3 LOW LEVEL DERIVATI VE SET

In the course of differentiating the complete engine model , an alternate
method of applying the analyt ical derivat ive concept was devised . The devel-
opment of this method was carried forward on a parallel path under separate
funding , i.e., not Contract P336l5—78—C—2203 funds. As a matter of general
information and to report completely on analytical derivative techniques , a
description of this alternate method is included .

11 
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The analytical derivative technique for calculating the derivative data
needed to balance an engine cycle requires the partial differentiation of all
of the component subrout ines .  The analyt ica l  der ivat ive  method w i l l  require
the differentiation of any new subroutines or as a minimum, the addition of
partial derivatives to account for any equation changes. Therefore, t ime and
effort are required to implement this procedure for any new engine cycle.

As an alternate approach , differentiate the lower level subroutines ,
such as those subprograms which ca lcu la te  thermod ynamic and aerodynamic
properties , and use these derivatives to update the subroutine output data.
This approach is implemented by i den t i fy ing  two separate ca l cu la t ion  paths
in each subroutine . One of the paths is the normal subroutine calculation
and this path is taken whenever a base point calculation is made . Added to
this path are the calculat ions of the partial derivatives of the output prop-
erties with respect to each of the input parameters , and the storing of both
the base point data and the calculated partial derivat ives. This added sub-
program logic does increase the calculation time for a base point (10%).

The second path in these subroutines is activated whenever one of the
independent variables is incremented for the purpose of calculating , by the
finite difference method , the partial derivatives used in the iteration
method to balance the engine cycle. This alternate path calculates the dif-
ference between the saved input values and the new input data and then com-
bines these differences and the saved partial derivatives to calculate updated
output data. This path then bypasses the first calculation path and returns
to the higher level subrout ine. This second path has considerably fewer exe-
cutable statements and therefore requires less computation time to calculate
an updated set of output data.

This approach has the advantage that once the partial derivatives have
been derived and included in each of the lower level subroutines they will
not change and can be used in any computer cycle program. Component sub-
routine changes or additions or a completely new component will not require
changes in the low level subprograms eliminating the need for updating the
derivative calculation procedures. The time and effort to incorporate these
new low level subrout ines in any computer engine cycle program are minimal.

In order to evaluate th i s  aproach , a new set of low level subroutines
was developed and checked out for the chosen VCE cycle. The low level sub-
routines which were altered to include this new procedure are listed below.

These subroutines represent approximately 10% of the total engine cycle
computer program logic ; but since they are called numerous times in calculat-
ing a balanced engine cycle operating point, they account for about 75% of the
processor t ime. Therefore, any techniq ue which will lower the calculat ion
t ime of these subrout ines will have a sub stant ial effect on the total com-
puter processor time.

12 
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ADJ.ABX Calculates an adiabatic compression/expansion process.

AENOZX Calculates exhaust nozzle throat area.

COFFEX Find s the Mach numbers and area required by a var iable area
mixer at the point of confluency.

CURVEX Two dimensional table look up procedure Z f(X,Y).

CURVSX Three dimensional table look up procedure Z = f ( X ,Y ,V ) .

PRXXXX Solves for Mach number given flow function .

SWIRLX Calculates the turbine exit swirl angle.

6 THOFHX Calculates the temperature and the thermodynamic properties
from enthalpy , fue l air  ra t io , and pressure.

THOFSX Calculates the temperature and the thermodynamic properties
from entropy , fuel air r a t io , and pressure.

THOFTX Calculates the enthalpy and the thermodynamic properties
from temperature , fuel air ratio , and pressure.

GETCXX Establishes the coefficients required to calculate thermo-
dynamic properties.

HSCALX- . .
CSALPX Calculates the dissociated thermodynamic properties.

The subroutine MODELX, which controls the order in which the components
are called , had to be changed in order to supply an indicator which informs
the low level subroutine when a base point or derivat ive point was being cal-
culated . After incorporating these new subroutines into the eng ine cyc le
computer program the calculated performance did not change (within eng ineer-
ing significance).

In order to demonstrate this alternate approach , one of the low level
subroutines from the Air Force’s computer program SMOTE was chosen to be dif-
ferentiated and reprogrammed. The subroutine chosen was PROCOM because it
is called a large number of times; and if these changes were implemented, there
could be a measurable improvement in calculation time. PROCOM calculates
the speed of sound (CSEX), ratio of specific—heats (AXEX), gas constant (REX),
molec ular wei gh t ( AIIW), specific—heat at constant pressure (CPEX), enthalpy
(HEX ) , and ent ropy (PHI ) ,  as a function of temperature (TEX) and fuel—air
ratio ( FAR X) . The procedure was to d i f f e r en t i a t e  CPEX , HEX , PHI , and AMW
with respect to TEX and FARX ; for example, for cPEX.

CPEX — (CPA + FARX * CPF)/ ( l .  + FARX)

Since CPA and CPF are functions of temperature only, then the following is
the derivation of the partial differentiation of CPEX with respect to TEX and
FARX.

13 
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CPA = a1 + b 1T + c1T 2 + d1T3 + e1T4 + f 1T 5 + g1T6 + h1T
7

CPF a2 + b2T + c2 T 2+ d 2T 3+ e2 T ~~+ f2T 5+ g2T 6~ h2T ~

= CPAUT b
1 

+ 2c 1T + 3d
1
T2 + 4e 1T 3 

+ 5f
1
T4 + 6g 1T 5 

+ 7h
1
T6

= CPFUT = b
2 

+ 2c
2
T + 3d 2T2 

+ 4e 2T 3 
+ 5f 2T

4 
+ 6g 2T 5 

+ 7h 2T
6

~CPA = aCPF = 03 FARX a FARX

acp~x = 
[~~~~~ 

+ FARX * 

~
j /~~

. + FARX )

_____ = CPEXUT = (CPAUT + FARX * CPFUT )/ ( l .  + FARX)

3CPEX 
= 

CPF 
— 

CPA + FARX * CPF
3FARX (I. + FARX) — 

(1. + FARX) 2

substitute CPA = (I. + FARX ) * CPEX — FARX * CPF

_____ = CPEXUF = (CPF — CPEX)/(1. + FARX )

Di f f e r en t  iate HEX with respect to TEX and FARX.

HEX — (HEA + FARX * HEF )/ ( l .  + FARX )

By definition

3HEX = HEXUT — CPEX

14 
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and by a derivation similar to the above for CPEX

_____ = HEXUF = (HEF—HEX)/(l. + FARX)

Differentiate PHI with respect to TEX and FARX.

PHI = (SEA + FARX * SEF)/(l. + FARX)

By d e f i n i t i o n

= PHIUT = CPEX / TEX

_____ = PHIUF = (SEF — PHI)/(l. + FAR.X)

Differentiate AMI~J w i t h  respect to TEX and FARX

AMW = 28.97 — .946186 * FARX

3AMw 
-

3TEX 
0

_____ = —0.946186

The remaining var iables  REX , AXEX, and CSEX are func t ions  of var iab les
which  have been c a l c u l a t e d .  Di f f e r e nt i a t i n g  these var iables  and combining
base values with p a r t i a l  der iva t ives t imes the change in the independent var-
iables leads to a more comlex expression. As an example , differentiate REX
w i t h  respect to TEX and FARX .

REX = l.986375/AMW = 1. 9 8 6 3 7 5/ ( 28 .9 7  — .946185 * FARX )

3 REX.—
~
--—— = 0flE X

aR Ex - (dREx\ (dMlw\
3 FARX 

- 

~X~) I~dFARX)

3 RE X 
= 

—1.986375 dANW = 1.986375 * 0.946186
a FAR.X (MW ) 2 dFARX (MW ) 2

Then

REX = [REX Jb ase + l.879480*(FARX — [FARXJbase )/(ANW) 2

wh ich is more complex than

REX — 1.986375/MW

15 
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In order to calculate the updated information it is necessary to save
the following data when a base point is being calculated .

HIST( INH) — FARX

HIST(INH+l) — TEX

HIST( INH+2 ) — CPEX

HIST(INH+3) = PHI

HIST(INR+4) — REX

HIST(INH+5) — P.11W

HIST(INH+6) CPEXUT

HIST(INH+7) — CPEXUF

HIST(INH+8) — HEXUF

HIST(INH+9) = PHIUF

H1ST(INH+lO) = LOOPER

The updated data are then calculated by the following equations:

DELF = FARX — (FARX J base

DELT = TEX — [TEX
~base

CPEX = [CPEXIbase + CPEXUT * DELT + CPEXU P * DELF

HEX j
~~ X]base 

+ [CPEXJbase * DELT + HEXU F * DELF

Pht = IPHIJbase + ECPEXJba8e * DELT/ETEXibase + PHIUF * DEL?

P.11W = [ANVibase - 0.946186 * DEL?

It should be noted that setting CPEXUT and CPEXUF to zero results in suf-
ficient accuracy to efficiently balance an AEC cycle calculat ion. There are
two lis t ings of PROCOM shoving the current version (Table 1) and the version
with the analytical derivative logic included (Table 2). In the analytical
derivat ive version, logic is inc luded which will assign the correct storage
space to each call to PROCOM and which will choose the proper path depend ing
upon whether the calculation is a base or a derivative point. Logic must be
added to the ENGBAL program to set the indicator IBASE to the correct value
depending on whether a base or a derivative point is being calculated. The
analytical derivative version assumes that the variable LOOPER is increased
on every path through the engine cycle calculation and that IBASE will be set
equa l to LOOPER whenever a base poin t calculat ion is made. In addi t ion , the

18
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Table 1. Listing of Subroutine PROCOM (Thermodynamic Property C~.1culation) .

_ 1000 - SUBROUTINE P R O C O M ( F A R X , T E X , C S EX , A K EX ,C P E X , R EX , P H I . H E X )
1010 IF (FARX .LE .0.067623) GO TO 1
1020 FARX .0.067623
1030 - WRI T E ( 8 . 1Q 1) 

-

1040 1 I F ( T E X .G E . 3 0 0 .)  GC TO 2
1050 TEX=300.

~~1060 - WRITE (8,102) - - -- —- -

1070 2 I F ( T EX .LE. 4000.) GO TO 3
1080 TEXS4000.

.. 1090~~
_ WRITE (8,103). - -

1100 3 I F ( FA R X . G E . 0 .0 )  GC 10 4
1110 FARX=O .O

. i.120__ .~~.wRiTE (8,104) — _ _ _ _ _ _ __ ._~~~~~~~. - -

113CC AIR PATH
1140 4 CPA =((((((1.0115540E—25*TEX—1 .4526770E—?1 ).TEX

~_J15
0__ X +7.6215767E—18)*TEx~ 1..5128?5.9E~j4)*TEx_6.?j75376E_12)*TEx

1160 X +6.5519486E—08 )eTEX—5.1536879E_05)*TEX,2.5020051 E._O1
1170 HEA (((((((1.2644425E—26*TEX—2 .0752522E—22)eTEX
iii _.

~X +1.2?02630f—ISJ
a TEX—3_023651 8E—13).Tlx—1.6Z94594E—1 2)eiEx

1190 x +2.1 839826E=O8 eTEx—2.S768440E~ 05 *TEx+2 .53?OO51E_Ofl .TEx
1200 X —1.?558886E+OO

_1Z1O _ _ _
~~~SEA!+ 2 .5020051E— 0 1eA LOG(TEX )+((( (( t1. . 4 .45 D?6? E~.26*Tf x - - -

1220 X —2.4211288E—22)*TEX+1 .5243153E~ 18 .TEx_3.782O648E~15)eTEx
1230 x —2 .2392790E—12).TEX+3 .�759743E—08 *TEX—5.15 768?9E—0 5 ‘TEX

_ J L4fl~~~
_ x ~.4,5432300.E?OL 

_____ - —- - - - -

1250 IF(FARX.LE.0.0) GO TO S
1260 C FUEL/AIR PATH
J210_ .CPF t ( ( ( ( 1( ? .2 67 87 1OE— -2S .TEX-i  .3335668 — O).~JEX _ - - -

1280 x + 1.021 2 9 13 E — 1 6 ) * T E X — 4 . 2 0 5 1 1 0 4 E — 1 3 ) e T E X . 9 . 9 6 8 6 ? 9 3 E — 1 0 * T E X
1290 X — 1.37 71 9 0 1 E — 0 6 ) e T E X + 1 .2 2 5 8 6 3 0 E — 0 3 ) e T E X . 7 . 3 8 1 6 6 3 8 E _ 0 2
1300 1EF,kLLcicc9~o.E4.83B8E~z6*.sEx~l.9o.sa9.4

gF—;1).T,I
1310 x +1.7021 52 5 E — 1 7 ) *T E X — 8 . 4 1 0 2 2 0 8 E — l 6j e T E x ,2 . 4 9 2 1 6 9 $ E — t O ) . T E x
1320 X =4.59~ 6332E — 0 7) eTEX + 6. 1293 15 0E—04 ) . TE x .7 .3 81 66 38E—O 2
i13D .__1 eTEX+3 .O58 1330Ese1~~~~~~~.__  -—_________ - -  - -

1340 SE F S+ 7 . 3 8 16 6 3 8 E — O 2 e A L O G ( T E X D ( ( ( ( ( ( 1 . 0 3 8 2 6 ? O E — 2 5 . T E x
1350 x —2 .2 226 11 8 E= 2 1 ) *T E x ,2 . 04 2 5 8 2 6 E — 1 7 ) *r E x = 1 . 0 S 12 ? 7 6 E ~ 13 .T E x
1~~A0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1370 X +6.48 3398E— O 1
1380 5 C P E X ( C P A + F A R X ~~CPFJ/ ( 1. . F A R X )

__1320. .MEX (H E A t F A R Z *N E f J J ( 1.+FARxJ_____________________ 
- - -

14.00 PHI I ( S EA ,FARX .$ E F)/ ( 1  .+FAR X )
1410 AMW$28.97—.9461 86*FARX

._... 1420 .._ _ ..MEXaI.98637.SLAIIN —-

1430 A KEX s CP EX/ ( CP EX— RE X )
1440 CS EX ~ S~ RT (A K (X a R EX * T EX * 25031.37-)
taca _.-_JEIURN —-_________________________________________

1460 101 FORMATC 1HO,63H!NPUT FUEL—AIR RATIO ABOVE LIMiTS. IT HAS BEE N RESET
1470 I TO 0 .067 623 . 6H SSSSSS)
1L*~ 102 co,*ALU.~O.~3sJ4p_,o.cOM -1~PuT Tf ~~P ( h A TijI f  Sf jp~ 3 fl..SNI$$$41.) - —_  -

1490 103 FORMAT (INO,3614P50C0M INPUT TEMPECATUBE ABOVE 4000..6H1U8$$I
1500 104 FO RMATC I-H O .3 BH PROCO M INPUT FUEL—AIR RATI O BELOW ZERO.6141$$US)
icin j a n
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- -  Table 2. Sample Listing of Subroutine PROC0M (with Analytic Derivatives)
(Subroutine Not Checked Out) .

..~~10O0_ SUBROUTJNE PROCOM (FA RX ,TEx ,CSEx ,AkE~~,Cp~J,RfX,Pj.s~ ,HEX,jNH)
1010 COMMO N /HISTRG/!8ASE .INHS.LOOPER,HIST (891),INHI (81)
1020 DIMENSION IHIST(891)

~
_ i030 EQU IVALENCE (HIST(1).IHLST (1)) _~~~~~~~~~~~~~ . --

1040 IF(INH .NE.O ) GO TO 10
1050 INH INHS

_ J060_
~~~~. INHS=INIIS.i1 - -- _______-_____ - - -

1070 10 IF (IHISTCINH+1O) .NE .IBA SE GO TO 20
1080 ~~~~~~~~~~~~~~~~~~~~~~

_1O90~~ - -  DELT T E X — H I S T ( I N H +1) - - -

1 100 C P EX S H IS T ( I N H + 2 ) + H I S T ( ! N H ,6 ) . D E L T , H IS T C I N N ,? ) * D E L F
1110 HEX HISTC INH+4 ),HIST (INH.2).DELT,Hi$T(INH+8)*DfLF

_ 1l2.0_~~~~PHIsHlS.TLlNj~+.3)+j~1STt.lNj4+2J.,DELTjktISTUNH±1j 
__

1130 X + l 4 I S T (Z N H + 9 )
~~DEL F

11 40 AM U HIST (INH,5)—0.946186.OELF
_113~

___ .
~~ GO TO -_ _

~~~~~ _ __ _ - —________________ - — -  -

1160 20 IF( FARX .LE.0.067623 ) GO TO I
1170 FA R X S D . 0 6 7 6 2 3
u R n  ~~ WRL TE1 8.1~~1J_ _._~~_ ____ -  — - - - -

1190 1 IF (TEX .GE.300.) GO TO 2
1200 TE X Z 3 00 .

- .WR-ITE (8.1-02) - - .  ---- —__ .  — —— - -- -  - -

1220 2 IF (TEX.LE.6000.) GO TO 3
1230 T E X 4000.

___ 1?’.D _ WR2I- L8..30.i)~~~. __________________________- _

~~~

_

~~~~ 

- -

1250 3 IF (FARX.GE .O .O) GO TO 4
1260 F A R X O.O
1 Ø _ ~_ . WR1 IL3.i04~~~

_ _
~~~

_ .- — - -

128 CC A IR PATH
1290 4 CPA a (((CC (1.O115S4OE~~2S*TEX~ 1.4526?7OE=21)*TEXI ~~~fl_ ..__JL_+2.. ~~21 5?67L—18)k!Lx—_t.~.512A23Of—1 L TEl 21_2437~6L~.1.2.)~tIEX.. - —

1310 X +6.5519486E— 08)*TEX=S .15368791— 05).TEX ,2.5020051E—O1

1320 C P AU T ~~ ( ( ( ( 7 . * 1 .O1155 4 OE ~ Z 5 . T E x ~~6. * 1 .452677OE ~ 21 ) ‘T E x
I x_ .5_ *J.6.2 1.57671—18) ~.TU—4. s1.3328259ET14..)..ajLZ—3.,.*6..71753 76Ee1 2.) -

1340 x .TEX+2 .*6,5519486E—08).TEx~~5.15368?9E—0 5
1350 HEA S((( ((((1.2644425E—26*TEX—2.0?52522E—22).TEX
i ~~n _~~~~~I.27p2630~~~~.$,).* TE.X 3. .Q23631.8E~tS)-.* TE1 1 46~ °4S94E~12J~A.TER._ - - -- -  — -

1370 I •2.1839826E—O$)*TEx—2 .5768440E—O5)*rEx+2.5020051E—01)eTEx
1380 x —1.?558886E+0O

__t39O_ .__...SEA.+2.50 200.511—01 * At.OGUE.X.J~+.LjLU.Lt.. 4 45.Q74ZL~ 26*.LEX - - - - - -

1400 x ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1410 I —2.2 39 27 9 OE—12 ) . TEx , 3 .27 S97 43E= 0 8) *TEx—5 .1Sl 6 879 E~ OS .rEx
1L20___ __.x_.*4.,34.3.230-0f—02—
14 30 1 F ( fA R X . 1 . E . O . O )  GO TO S
1440C F U E L / A I R  P A T M

tP, .a.LL(LL1.2.678J108=t5f.LE.X~1p3r33566U=?O14Tfl - — -

1460 x •I.021?9t3E—16).TEx— 4,205t104E—t3)’TEx,9.96$6?93f—1O .rEx
1470 x —1.3771901E—06).TEX+1.22S$630E—03).TtX•?.3816638E--02
ILIO f~ FUT —C ’ (((J..-*2 787101_2S~U1_6,.a1..333S66U_20J~ TEZ
1490 I •5.*1.0212913E—16)*TfX—4.*4.1051104E—13)*TEZ•3.*9.9U67938.1Q)
1500 x •TEX—2 .*1.3??1901E—o6)*TEX,1.225$630*—03

—_i.S1 0 ---__a4F-F.aL( I (9..0.$483$U-26*LEX—1 9O~~949I=fl)~ Ifi — -  ——

1520 1 •1.7021525E—17)*TEX— B.410220$€—14).TEX+� ,4921698E—10).TEx

1530 1 —4.5906332E=07).TEX .6.12931501—O4)*71X .7.3816638E-02)
ic & n x .Y SY&* ._.0381c30E..p1
1550 SI F..7.3816638E—O2eAL Oc (TU).((((((1.O3$Z6VQ-f—~ S.Tft
1560 x —2,22261 1 8E—21IeTEI.2 ,O42S$26E—17).TU—1.0~ I2? 76I—13)eTEx
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~~~~~~ ~~~ ~~~~~~ ~~~~~~~ P~~~TI~G,4~~~
TRO~ COPY F~IBI~IS1f~~ TO D~Q ~~~~~~~~~~~

Table 2. Sample Listing of Subroutine PROCOM (with Analytic Derivatives)
(Subroutine Not Checked Out) (Concluded). -

— - 1570 x +3.3228928E—1O).TEx—6.8859505E—07J *7EX,1 Z2~~$63OE—O3) ‘T IX
1580 I •6.483398E—01
1590 5 DUMa 1 .0+FA RX
1600 . - CPEX .(CPA+FARX*CPF)JDUM  — -

1610 CPEIUT (CPAUT ,FARX*CPFUT) /DUM
1620 CPEX IJF=(CPF—CPEX) /DUM

__1630 . _HEX .CHEA+FARX*HEF)IDUM _____ —

164 0 HE X LJF a ( HEF— H EX ) /D U M
16 50C HEX I. T C P EX

.~~~166O . PNI’(~ EA+ FARX ~ SEF)1DUM — 

1670 PHIUF (SEF—PHh)/DLJM
1 68C C PHIUT CPEX/T EX

._ .i690~~~ ._ AMW*2L9?—.946186*JARX_ ____~..________ ____— -

1700 H I S T ( I N H) S FA R X
171 0 HJ S T ( 1 P 4 H + 1 ) B T EX
i720_.. HIS LCINH,2 ) CPEX -— ______ - - .  -

1730 H IST ( INH+3 ) . PH I
~?40 $IST (INN.4) HE X

_i7.S 0 _____ H1STL1NH+5 ) .A MW.~.  ______— -

1760 H I S T ( I N H + 6 ) S C P EX UT
1770 J 4 I S T C Z N H + 7 ) a C P E X U F

_178D .~~
_ h$IST (INN+8) HEXUF._ . ____ _

~~~~

_

~~~~

_

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

_ _ _  -- -

1790 H IST ( IN H + 9) PHILJF
1800 INIST (INH+1O) LOOPER

— —____________ — - -

1820 A KE X C P E X / ( C P E X — R E x )
1830 CSEX S~~RT C A K E X * R E X . T E X * 25031 .37)

1850 101 FOR MA T ( 1HO.63 HINP UT FUEL—AIR RATIO ABOVE LIMITS. IT HAS øEEN RESET
1860 I TO 0.067623.6HSSSSSS)

_t&70 10 LIOIMALUJ4O.JSMPR 0 CO&1J4P tLLJINPE.R&T U RLJLLOL..3~0 .s 6H 5$ 5$ $S.L - - --
1880 103 FORMAT (IHO,36HPROCOM INPUT TEMPERATURE ABOVE 4000,.6H5$$$$$J
1890 104 FORMA T (IaiO,38HPROC0M INPUT FUEL—A IR RATIO BELOW ZERO.6i4$$$$S5)_ 190D E$~~~~~~~~

_
~ __________________

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

. -

19
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call sequence to PROCOM must be increased to contain a unique history array
pointer. Since there are 81 possible calls to PROCON the history storage
ar ray (HIST ) is d imensioned by 891 (81*11) and the history pointer array
(INHI) by 81.

There is added logic at the beginning of the subroutine PROCOM which
determines if that specific call to PROCOM had been executed previously and
if not , sets the storage indicator (INH) and updates the history counter
INHS by 11. This logic has been added to ensure that the first time that
each call to PROCOM is executed the history storage array for that storage
indicator has been filled with correct data.

This alternate approach was incorporated into the VCE cycle and the
performance for the 411 approved flight operating points was calculated .
The results showed that this approach used 47% less computer processor
time than the original computer program but required 5K more computer stor-
age. The alternate method is easily implemented using minimal time and cost.

• 20 
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4.0 APPLICATION OF THE METHOD TO SMOTE

4.1 CONTROL LOGIC

As a vehicle to illustrate the application of the method using the com-
plete analytic derivative set the Air Force engine cycle simulation program
was selected . This program , t i t led SMOTE (Simulation of Turbofan Engine) was
developed in the Components Branch , Turbine Engine Division , Air Force Aero
Propulsion Laboratory and is described in References 2 and 3. A simultaneous
Newton—Raphson iteration method is used to calculate balanced cycle perfor—
mance . The partial derivatives are obtained by numerical differentiation .
A matrix of differential error equations is then solved to determine the cor-
rect values of the independent variables which would produce zero errors. A
flow chart of the program is shown in Figure 2.

As an examp le of the method , the derivation of the analytical derivatives
and the associated computer program logic for a compressor and a coinbustor
will be shown. It should be pointed out that none of the Fortran IV sub—

8 routine listings referred to in this section have been checked out. The
listings are intended as an aid in understanding the examples, not as execu-
table code . Control of th~ SMOTE program is contained in the main subroutine
ENGBAL. This subroutine controls all engine balancing loops checks toler-
ances and number of loops, and loads the matrix. The functioning of this
subroutine is shown schematically in Figure 2, and a listing of the sub-
routine is given in Table 3. The incorporation of analytic derivatives
would necessitate the rewriting of the ENGBAL subroutine . The new flowpath
would be similar to that shown in Figure 3. In Figure 3 the differentials
of the independent variables are desi gnated by the symbol VU with an appro-
priate subscript . These differentials are incremented sequentially (from 1
to 6) by unity. When the indicator IDERV — 1, the deck is on a deriva tive
path. In this case , the subroutine base point logic (the block labeled
ENG INE) is j umped and only the derivatives are calculated in the individual
subroutines. The errors can be calculated from the equation:

ERR(I) — ERR(I))M$E + d (ERR (I))
POINT

The error differentials are obtained by differentiati ng the individual
error definitions . The unknown term s will then represent derivative s and /or
differentials evaluated in the individual subroutine .

For examp le , Table 4 shows the independent and dependent variables
(errors) for the SMOTE deck. The differentiation of the first error would
proceed as follows :

21
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Table 3. Listing of Subroutine ENCBAL.

1 0010 SURROLJTINF ENGRAL
10 10 ~~

) MMON / A T L /  
-, P4ORr) ,IPFS .JD FS ,KflPS .NOD F ,!NIT .IDUM P .IAWTP

1030 2I GA SMX , I DB U RN .IAFTB N .IDCD • IMCD , I DSHOC.IW SHOC ,NO7 FLT ,
I 3ITRYS ,LOC)PFP, NOM AP • NUMMAP . MAPFflC .TOT .A Ti, FPP( ~c)1050 a)MMON /DESIGN/
1060 IPCP4FGU.PCNCGU,T4GU .DUMD I ,DUMfl~ ,D ELFG ,1~F1.FN ,DELSFC,1070 2ZFDS •PCN Fr)S,PRFDS .FTAFDS,WAFDS ,PRFCF ,FTAFCF ,WAFCF
1~180 3ZCDS .PCNCDS ,PRCDS .ETACDS,WACflS ,PPcCF ,FTftCCF,WACCF

4Tdr)S • WFBDS .DTCODS. FTARDs,WA3cDS,flpcOns,rTcOcF,FrARcF.
1100 5TFHPDS,CNHPD S,ETHPDS.TFHPCF,CNHPCF ,ETPPCF,r~KFPCF,T2DS ,

III 01 ‘STFLPDS .CNLPDS.FTLPDS,TFT..PCF,CNLPCF. FTLPCF,E)HLPCF,T71 DS
11 70 7T 24DS ,WFDDS ,DTDUDS,ETADDS.WA 23D5,DPDIJDS,DTD(JCF,ETA DCF,
1130 8T7DS •WFADS ,DTAFDS,ETAADS.1’4O~SCDS,DPAFDS,flTAFCF,FT*ACF .1140 9A55 .A25 ,A6 ,A7 •A8 ,A9 •A28 •A?9
1150 APS55 ,AM5S ,CVDNOZ ,CVMNOZ,A8SAV ,A9SA V ,.A285AV .A29SAV
II ‘Q’ COMMON / FRONT/ -

fl70 ill 
- 

,Pl 
- 

,H1 
- -  

•S1 
- 

,T2 
- - 

P2 ,H2 
- -  

,S2
11R01 ‘T7l ,P2 t ,H21 ,S21 .13 ,P3 ,1~3 ,S3
1190 314 P4 ,H4 

- 
S4 .15 - ,F15 

- 
,S5 ,

12001 4T55 ,P c55 ,H5c ,S~~ •BLF •RLC •P1.T)U ,RLOB
1210 5CNF •PRF ,ETA F •WAFC ,WAF ,WA 3 •?04 •FAP4I 720 

- 
6CNC , P PC , ETAC , WA ~~ , MAC , ETA~ , DPCOM • DUN F ,

7CNH P ,FTATHP .DHTCHP .DHTC ,RLHP ,W05 .FA PS ,CS
1240 8CNLP ,ETATLP ,DHTCLP , DHTF • BLLP ,W055 •FAP5S •HPFYT •

9AM 
- -  
,A LTP •FTAR ,ZF ,PCNF ,ZC ,PCNC •W F~~~~, -1 760 ATFFHP ,TFFLP ,PCBLF • PCBLC ,PCBLDU ,PCRLOR,PCRLHP ,PCBLL P

12791 COMMON / SIDE/
1 280 XXPI ,X PIAF .XWAC .XBLF .XBLDU .XH3 .DUNSI ,DUM 
1290 XXT2 I .XP21 ,XH2 I ,XS21 •T23 •P23 ,I7~ ,S23
110101 3124 .P24 .H24 .S24 ,T25 .P25 .1425 ,S25
1310 4128 .,P28 ,H28 •S28 .129 P29 ,H29 ,S29 ,

1 320 ~WAD ,WFr) •WG74 •FAR’4 •rFAD •DPDUC .RYPASS,NJWS3
1 330 61S28 ,PS2R ,V28 ,AM28 ,T529 ,PS29 ,V29 ,AN29
1 340 COMMON / RACK/

- 
I35 0 ~XT55~~ .XPB5 ,X1155 ~.XS55 ~~XT25 •XP25 ,XH25 XS25 - -

1360 XXWFB ,XWG5S ,XFAR S5.XWFD ,XW074 ,XFAR~4,XX P 1 •DUMB ,

1 370 316 ,P6 .146 ,S6 .17 P7 ,147 ,S7 
-

1380 
- 

418 ,P8 ,H8 ,S8 ,T9 •P9 ,H9 ,S9 ,

1 390 5W06 •WFA ,W07 ,FAR7 ,cTAA •DPAFT ,V55 ,V25 .
1400 P56 

-~~~~ ,V6 ,AN6 ~~.TS7 ~,PS7 ,V7 ,AN 7 ,AM2 S ,  
- —

~410 7T58 ,PSR ,VR SAMB ,T5O •PS~ •V~’ •AM9
1420 OVA ,FRD ,VJD .FGMD ,VJN ,F~~M ,FGPD •FOPW
1430 9FOM •FCP ,WFT •WGT FART ,FC _ FM J.SFC
14~ 0 1)1N~ NSION VAR(6);bELC6) ,ETh~~(6J ,bEI.VA R(6 i1~MAt(6,6) ,VMAT (6 ) ~1450 IAMAT (6)
14~~~I0 DATA AW C)~~/dSHFNOR A!1 

-

1470 DATA VDELTA,VLIM, VCHNGE,P4oMI$X/
I4801 I 0I.9lQl 1,0.t091,0L850,4/
1490 CALL INPUT 

_____  __________ 
____

I5e0 IFt fF~Ir .EO .TrOo-To 5ø~
l~~l0 TFFHP—T.FHPDS
1570 TFFLP-TFLPDS
vc o#~o’ LDOPER— g
1540 NUMMAPaO
1550 NCWlSS~0 - 

____  ______  _________  ____—______ ____
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Tab le 3. Listing of Subroutine ~ 1GBAL (Continued). 
[

1c701 M I SMAT — PI
1 580 NOMAP O
1590 100 2

1)1) 7 Ia I ,
~~ THIS p~~~ IS BEST QUAL11’~ ~~~CTI~~B~~

1630 DFLVAR (I)a01.
1640 DO 2 L 1 ,6.

FMAT(I.L)—0.
I 66003 L(X)PER LOOPER+ I
1A70 CALL COFAN -

1 680 ~)RD A MORD
1690 IF(L(X)PEP.GT.ITRYS) GO TO 20
1 7010 IF (NOMAP.GT.0)G() IC) I
1710 NIJMMAP—0 

- -

1 7201#~ 6 V A P ( I ) ZF* 1 00,
I 7301 IF( MODE. NE .3) VA R( 2)SPCNF 

-  - -

1740 IF(MODE.EO.3) VAP (2)—T4/,0.
1750 VAR (3) ZC*1001.
1760 IF(NODE.NE.I) VARL4) PCNC
1 770 

- IF(MODF.FQ.t )V AR(4.)—T4/l0. 
-

1 780 VAP (5, TFFHP
I 7001 VAP I ~s)- TFFLP1 800 rX) 4 1 1 ,6 

- - - -

1810 1F(ABS(ERP(I~~~..GT.,ToLALL) GO TO 31820 4 CONTINUE
1830 - CALL PERF 

- 

1840 CALL FRROR
185005 IF(LOOP.CT.0) GO TI) 7
1860 MAPEDO—0 - -.

~~ 

. - .  .• - -- - -

1870
1880 DO 6 1 1 ,6
18001 ERRB(I ) ERR ( I-)
I 9~0l6 DEL (I )aVj)aTMVAR( I)
19101 01) TO 9
92007 - IF(MISMAT.GT. 03 Oo TI) 30  - -

1930 IFCMAPEDG.EO.0) 01) TI) 70
1940 MAPFDG O
I950 ”~ 

- NAP SET.Y - — -

I QAO VAR (LOOP)—VAR ( LOOP)+ 7.*DEL(L x)p)
1970 GO To 10

- 1 98~#70 
-- IF (MAPsET.Eo. 0). vAR~too~i VAR ( L(X)P)+DEUtOdPV~~ 

— -. - - -

1 900 IF(MAPSFT. FO. I )  VARCL CX )P ) —VAR(LCX)P .)—Da ( L(X)P.)
2000 MAPSET O

2020108 EMAT(1,LC)OP)a(ERRB (I)—ERRC.I ))/Da-(L(X)P )
703009 LOOP LCXP+ I
2040 ~~FTL (x)p 6) oo Tr,T
2050 VAR ( LOOP ) VA P( LOOP)—DEULOOP )
70c0010 ZF VA R( 1)/100 .
2070

— - 1FCM C~DE. NE.)) ~PCNFivA~r2r— “
~~~~ 

- —-  - - -

701801 IF(MODF.FO.3) T4 VAIH2)*10,
2090 ZC VAR (3)/I00.

“2100 ~~ 1F(MflDE.NE ,i) PCNCäVAP~4 ) ’ ~
21I0 IF(MODE.~~~.1) T4—VAR(4.)*I0.21 20 TFFI4P—VARL5) 

____ ______2 I 3~~~~~~~ TFFLP~V~R( 
~~~~

_ _ __  _ _ _ _ _
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iBIS PAI~E IS BgSI QUAL!TY F LCTLCAN,4
FIbOM 1OP~ !l~~I_S1I~~ TO 1~Q ~~~~~~~~~~~~~~~~

Table 3. Listing of Subroutine ENCBA~ (Continued).

7140 IF(ZF.LT.01.) ZF—0.05
7150 IF(ZC.LT.Q’.) ZC—0.~~21601 01) TI) C I ,3) .IGC)
21 70#II Do 12 1—1 .6
2 I 8 0 ~~I2  AMAT ( I) —— ERR B( I)
71001 DC) 14 ~~~~~
22010 IZERO—0
22 10 DC) 13 100P

7700t3 IF( FMAT ( I ,L(X ) P ) .EO.0.) IZERO—IZERO+ I
2230 IF( IZEPO . T T . 6 )  01) II) I4
72401 WR1T~~(iS,l 0’01)I -

2750 LOOPEP— ITPYS+ I00
CC) TI) 701

2770014 cONTINUE

2260 DO 16 LOOP I , 6
7290 IZFRO—0
23010 DO 15 Ia 1,6
73I 01#I~ i F ( E M A T C I ,L(X) P) .FO.0.) IZFR0-IZFRO4 I
2320 I F ( I ZE RO .LT.6) Co To 16
2330 WPITECo, I01)LOC)P
2340 - LCX PFR—ITRYS+ I 00 

_ _ . - - -

2350 (~) To 20
7~~~ Ci# IA CONTINUE
7370017 - -  

CA LL MATRIX (EMAT,VMAT,AMAT ) - -  - - - -

7380 1.810—0
2390 VAR RIG O.0
2400 DO 18 L 1 ,6
74 10 A RSVAR — AB S (V MA T ( L ) )
2420 

- 
IF (ABSVAR.LE.VL IM-hVAR (L)) Go TI) 18

74301 I F (A R S V A R .LF.VA RR IG )  CC) TI) 18
2440 I.B IG— L
2450 VAPRIO ABSVA R
74~ 00IP CONTINUE
24 70 V RA T IO—1 .0
74801 IFCT .RIG. GT.Q1) VP ATIO—VIJN*VAP (7RIG)/VARRIQ

* 24 901 ERRA VESO.0
25€0 V M TAVE — 0 ,0

DFLAVF—0.01
2520 [X) 19 L I ,6 

— .

D!LVAR(!.)aVPATIO*VMATZL)
2540 EPRA VE ERRA VE+ABSCANAT (L)) 

____

2550 VMTAV E—V MTAVE.A8S(V MAT(t~~~~~~ 
--

2560 DELAVE DELAWE+ABS (DELVAR (L))
2570019 YAR (L)—YAR1L)+DELVAP~L)- -  -_ 

~~~~~~~~~~~~~~~~~~~ 
- -

2590 VMTAVE VMTA VE/6.
7A010 flE LAVF I) PLAVF,’~5. 

_______

2670’ IF C NOMISS-.EO.cI) NISMAT 1
2630 IF(MISMAT.EO.0.) 10O I 

_____- 
2~~4øO~~0 

- WWT? Ei87102) L(RPF~~ 
—_

7~ 50 DO 71 Ial,~~2660021 W RITE(8 ,103 ) AMAT (I),(~~ AT (!,L),L— I .6).VMAT (I),DELVAP (I),VA pi!)
- 747~~~~~ wwrr Eto ;9)~~ pp AvE, vMTAvF;DFLAv~2680022 IF(LOOPEP.LT. ITRYS) GO To 10

26901 CALL ERROR 
______ ________________ __________

25
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Table 3. Listing of Subroutine ENCBAL (Concluded).

2710030 VMTAVX—VMTA VE
2720 DI) 31 1 1 ,6
27 30011 AMAT (I)w-FPR (I)
2740 CC) IC) 17
?7~~~#12 W RIT F(R .l~~~

) A MA T ,1RR*V ~~.flFT VA R ,DFLA V~~,VM~IT ,VMTAVF ,VAR
2760 NISMATMI SMAT+ I
2770 IF(VMTAVE. LT .VCH NCE*VMTAVX) GO TI) 77
7780 W P J T F ( B . 106)
2790 I F ( M I S M A T . L T . N O M I SX ) NOMI SS I
7800 M rSM A T= 0’
2810 UX)P 0 - - - - * -
2820 100-2 

- -

28391 00 TI) 5~28400 1 00 F ORMA T-C 4H ORO W, I ?, 16H 15 ZERO IN EWAT)

78S0#lOt FORMAT (7H0C1LUMN .I2, I~ H IS ZERo I-N FMAT)
28600102 FORVAT ( BHB ERPB, 28X 23HE PROP MATRIX A FTER L0(P • 14 . 79X4 HVMA T ,
2q7 0 I6X6HDELVAR,7XI 4HVARI ABLE~ SssSs)788010103 FORMAT ( lH0,FR .4.RX6F I0.4,10XFI0.4,FI1. 4,4XFlI. 4,6HSS$S~~ )28900104 FO RMAT ( IHO,F8.4,32X 14HAVERACE VALt1FS,3 l X ,2FII.4,6fiSSSS~ $)
2Q00#Iø~ FORMATL 12HO—— AMAT,7F16.6,SH$SSSSS ,_ 

- - - -

29101 I/. 12H ———DELVAR,7FI6.6,6HSSSS$S,
79701 2/. 1 2H ——— —— VMAT,7F1~c.6.6HSSS$SS.2930 3/, 1 21-C ————— VA R ,6F16.6,6HSSSSSS)
29400106 FOPMAT ( IH0,5OX22HCHANCE 1(X) SNAT.LSSSsSS)
79~~0 END

-

26
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Table 4. Variable Sumary for SMOTE Deck (Turbofan).

Numbe r Independent Variable Dependent Variable (E rrors)

1 ZF (TFHCAL-TFFHP) /TFHCAL

2 PCNF (DHTCC-DHTcHP) /DHTCC

3 ZC (TFLCAL—TFFLP) /TFLCAL

4 PCNC (or T4) ( DHTCF-D*ITCLP)/DH~~ F

5 TFFH P (PS25—PS55)/PS25 (Sep Flow)

6 TFFLP (P7R-P7) /P7R

28
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ERR ( l )  — (TFHCAL - TFFHP) /TFHCAL

dERR(l) - TFHCAL * (TFHCA L — d TFFHP) - (TFHCAL - TFFHP) * d TFHCAL
(TFHcAL)2

dERR ( l ) — - 
dTFFHP 

+ 
TFFHP * dTFHCAL

TFHCAL (TFHCAL)2

dERR(l) - TFFHP ’\ ~(dTFFH~\ + 
(T~~~~

’\~ (dTFHcAI~
\~~FHCAL) ~~~FFHP ) ~~~FHCAL) ~TFHCAL)

dERR( l ) — ~ (TFFH P 
\ * r(dTFHc\~~ — (dTFFHP\~

~TFHCAL J L~TFH~~ L / \TFFBP /
* Note that  all terms on the right—hand side of the above equation would

be evaluated at the base point . The quantities TFFHP and TFHCAL are normally
computed when the base point is calculated . The two differential terms are
evaluated on the der ivat ive  pa th .

In general ,

dERR( l ) — 
aERR ( l) dV + 

3ERR(2) dV + .. .+ 3ERR(n) dV
)V 1 1 3V2 2 aV ~ n

On any given derivative path all, the dY’ s will be zero except one whose
value will  be unity.

Therefore,

dERR ( l )  — af ter the f i rs t  pass (L — I)dERR(l) — after the second pass (L — 2)

and dERR (n ) — 
RR(~~ after the nth (last) pass.

The subroutine ENGBAL as it might appear with the analytic derivative
control logic in place is shown in Table 5. The subroutine AERR referred to
in the listing would return the individual error derivative., i.e., dER R ( i )  —
ERRU(I). It would contain the logic for all the error term derivatives dc-
rived in a manner similar to that shown for the first error term . The base
poin t values and the value of the derivative and/or differen tial terms could
be co~~unicated to the subroutine via labeled co~~on.

29



—---~ -- -. -- - -~ - _.-~ ——-_——~ ----

THIS PAI~E IS ~~&T ~UALlTY pR~CTICA~~~
FJ~.OM OOP1 F~~~IS1~~ TO D~C

Table 5. Samp le Listing of Subroutine ENGBAL (with Analytical
Derivative Logic) (Subroutin e Not Checked Out) .

1 000 SIJ8ROUTINE ENG I3AL
1010 COMMON / ALL/

1W C ) ~D •Ir)FS •JDFS .KDFS •NODF ,INIT .IDUMP ,I.AMTP
7IGASMX . I DBUP N.IAFTBN.IDCD •IMCD •IDS~-3OC .IW SHuC.NOZFLT.IITRYS .T M0P~ P,NOM AP ,NUMM*P ,MAP ~ T)C,TOTA ‘J • PRP( ~)CO MMO N /DESIGN/

Ii~60 IPCNFGIJ .PCNCGIJ ,T4GU ,DL JMr)I ,DUMD7 ,DELFC ,[)E!.FN ,Da~ FC ,
1 070 2zFr)S .PC~JFDS.PRFDS .~ TAFDS,NAFDS ,PRFCF .FTA FCF.MAFCF

3ZCDS ,PCNC D S,PRCOS .ETACDS I PIACDS ,PRO~F ,ETACCF.WACCF4T4DS ,WFRDS ,DTCODS ,ET A BDS ,WA3CDS,DPCODS.rTCOCF.FTAPCF.
5TFHP OS ,CN P05, ET~-1PDs . TFFCPCF • CNHP CF , E1W C F. DHHP cF,

0 ~TFt PflS,c!~1T PflS,~T~PflS •TFT9cF,cN!pcF,~T~PcF•rI4LPcF,T7lr)S7T 24DS ,WFDDS ,DTDUDS.ETADDS,WA 23DS,DPW DS,DTDCI CF .,ETA DCF ,
I !30 BT7DS •WFADS .DTAFDS,ETAADS,wthcCDS,DPAFflS ,PTAFCF.FTA ACF,
1140 9A55 ,A25 ,A6 •A7 ,A8 ,A9 .A28 ,A79
1150 AP555 ,AM55 .CVDNOZ.CVMNOZ,A8SAV ,A9SA V •.A2RSAV ,A29SAV
I I  ~‘.0 COMMON / FRONT/ 

-
1170 1T 1 ,P 1  - 

,H I  •SI ,T2 ,P2 ,H2 .52
2171 ,P7I .H21 .571 .13 •P3 .1-13 ,S3

1190 
- 3T4 ,P4 ,144 ,S4 .15 ,P5 — ,H5 .55 • -12001 4T55 ,P55 .H55 .sss • BLF • RLC .RT .DU • RLOR

1 2 10 5CNF ,PRF ,ETA F ,WAFC ,WAF .WA 3 ,~ C4 ,FAR4
1220 

-- 6C NC ,PPC , ETAC ,WAcC 
- ,

NAC ,ETAb - ,DPCOM ,DUMF
7CNHP .FTATHP ,PFITCHP.D1-ITC .RLHP ,WG5 ,FAP5 ,CS

1 240 8CM.P ,ETATLP,DHTCLP.DHTF ,BLLP ,P1G55 ,FA P55 •KPEXT
OAM 

- 
,A LTP •FTA R .ZF ,PCNF ,ZC . ,PCNC ,NFB

ATFFHP ,TFFLP .PCBLF • PCBL C ,PCBLDU,PC&OB ,PCRLHP ,PCBLLP
t~~ 7~’ COMMON / SIDE/
1 280 . - - 

XXP I 
-- 
,X NAF ,XW&C ,XBLF 

- • XBLDU ,XH3 - •DUMS~ ,DIJMS? , -1290 XXT21 ,YP2 I ,~ H21 ,XS2 I .123 
- 
,P23 ,H73 .573

. T24 ,P24 .H24 .S24 ,T25 ,P25 .1125 .525
1310 4128 .P28 ,H28 

- 
,S28 

- 
,T29 ,P29 _ .H29 - 

,S29 -
13~ 01 

- 

~MA T) .MFD ,WG24 ,F’R’4 .ETA D ,DPDIJC .RYPASS ,011MS3
1 3391 6TS2R ,PS2 B ,V28 ,AM 28 ,T529 ,PS29 •V29 ,AM29
I 1401 COMMON / RACK/ 

* - -1350 XXT55 ,XP55 ,XH5S • X555 .XT25 .X P25 ,XH25 .XS2S
1 360 XY WFA ,XW055 ,XFAR 55 ,XWFD ,XW074 ,XFAR 24.XXPI .DUMB
1 370 3T6 ,P6 ,H6 .56 ,T7 ,P7 ,H7 ,S7
1380 4T8 .P8 ,H8 

- ,S8 T9 P9 f(~ ~~~~~~~ 
-

11901 ~WG~s ,WFA ,l’1C7 ,FAR7 ,FTA A ,DPAFT ,V55 .V25
14091 ÔPS6 ,V6 .AM6 .157 ,PS7 ,V7 ,AM 7 .AM25
1410 ~~.7TSA ,PSR ~VB ,AMR TSO ’ PSQ VQ TAM~~~T — -

1420 RVA ,FRD ,VJD ,FGMD ,VJM ,F~~~ •FOPD .FGPM
,FGP~~~~~~FT • ,WGT ,FART ,FG F J • ,

1440 COMMON /DFRIVX,’ZIUX,Z2UX,ZIUY ,Z2UY,Z2UZ I ,CPA ,CPF ,CPFX.A~ EX.
1450 t REX, HUFAR. PUPA P, PUFAP , ZFU , PC NFU , XT4 , ZCU , PANCU,T FFH PU,

- &TFFI PU 
*

1470 DIMENSION VAP(6),DEL(6),ERRB16),DE1.VARC 6),EM~TCo,6 ,VMAT(6),
14801 I AMATC6),VU (6)
1490 DATA AWORD/oHENOBAL/ 

____ _____

1 500 DATA VDELTA,VLIM ,VCH ND E ,N0MISX/
1510 1 0.00I,0.I010,0.850,4/
1520 CALl. INP UT 

______

Ic,_’~0’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1540 TFFHP—TFHPDS
155 I~ TFFLP—TFLPDS 

____ _________ _______

i5S0#~0’- ~~~~~~~~~~~~~~~~~~ 
. - 

~~

_—_ _
~~ 

_ _ _ _ _ _ __ _

~~~~~~~~~

- * — -
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Table 5. Sample Listing of Subroutine ENCEAL (with Analytical
Derivative Logic) (Subroutine Not Checked Out) (Continued).

NUMMAP—0
1580 NOMISS O
I 5900 1 UU)PE 0
1600 NISMAT O
1610 NOMAP O
1~ 70 

- - 
100— ? 

-

1630 Do 2 I=I ,~1640 
* 

VMAT (I)0. 
-

AMAT (I)~~0.1 660 VIJCI)— 0.0
7 6 701 - - * - DELVAR (I)aO.  - 

*

1680 DC) 2 L~ I ,6
169002 EMATCI,L ) 0.

- 1 70003. - L(X)PFR LOOPEP+1 -

1710 CALL COFAN
1 770 W ORD zA W O~~1730 IF(L X)PER.GT.ITRYS) Go Th 20
1740 IF(NOMAP.CT.0) CC) TO I
17~ 0 N UMM~ P~01760 55 IDERV O
1 7701 VU ())=1Q10.01*ZFU
1780 IF(MODE.NE.3)VU (2)— PCNFU
7 .700 . - _  - IF(NOt)E,EO.3)VU(.2)~ XT4*T4/l01.0 . -

1 800 VU (3)=I00.0*ZCU
1810 IF(MODE.NE.I)YU (4) PCNCU
78201 IF(MC)DE. EQ. I )VU (4)aXT4 *T4/ )0.0
1830 VU ( 5 ) TFFHPU
7840 VU~~)~ TFFLPU
7850 IF-(IDERV.NE.1)Go 10)200 -- - 
1660 CAT).. AEPR 

- -- -  - - -

1870 DO 200 Ial .6
1880 ERR II) ERRB (I)+ERRU (I)
1890 To 210 

— - - -

19~0 200 IDERV I
19101 ‘10 DC) 4 Ial ,6

“ 1 920 1FCABS(ERR(I).0T T(CALL) 00 105 
-*  — --

l9.~0 4 CONTINUE
1940 - CA LL PERF  - -

1950 CALL ERRo R
1960 ~ IF(L X)P.GT.0) CC) IC) ~
19 70 1)0 6 I-~ l ,6 

- -

1080 F R R R ( I ) — F R R ( I )
1 990 D~~ U — 1.0

2070 ’ 7 DI) A
2020 8 EM AT ( I , L ( X ) P ) — ( E RRB ( I ) — E RRC !)) /DEL LL OOP )
2030 VU (L (X)P ) V1,01 

- _____

2040 9 L(X)PaL (X)P+ I
2050 I.FLLCX)P.GT.6)0() TI) ‘Ii

VU C ~~~~ a ____  ________
* T0_*Z~ J.V *I~TYø

_ _ __  
—-* -_. —

701801 IFO M(~)F. PIE. 3) PCNFU—VU ( 2)
- - - — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -___

2700 2~ U .VU(3)/I0Ol .0’ 
- ____ - -

2110 IF(MODE.NE. I)PCNcU.VU(4)
2 7 20 . IFiMaDE.~~~. I ~~~~~~~~~~~~~~~~ -_____ -- —~~~~~~~~~~ --2 1301 TFFHPU—VU(5.)
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Table 5. Sample Listing of Subroutine ENCBAL (with Analytical
Derivative Logic) (Subroutine Not Checked Out) (Continued).

7 7 4 0  1FF!. PU .VIJI&
21 50 IF(ZF.LT.0.) ZF— 0.05

IF(ZC.LT.0.) ZC—c1.05
2170 Go To) (7 ,3),100
2180011 DC) 12 1 l ,6
7190072 AMAT II)a— FPRR (I)
22o0 DO 74  1 — 1 ,6
7 7 1 C M  IZFRC)E01 

- * *22701 7)0 13 LOOPa I .6 *

27301573 IFCEMAT (I .1.OOP).FQ.OI.) IZFR0-IZ~ PO+ I
7240 IFCIZE RO.LT.6 GO To 14 

- *2250 PIRITE(6,Io0)1 
- - -

2760 L x)PFPaITPYS+I 010
2270 00 To) 20
2780074 CONTINUF 

- * - -

2790 DO 16 LOOP*7 ,6
71010 IZERO— o
2310 DC) IS IaI ,6
2320015 !F(EMAT(I ,1.OOP) .E Q .0 .)  IZER0-IZERO+ I

Ir~’IZFpn.LT.6) 01) TI) 162340 V $ RITE C6 ,JOI ) LIx p  —*- ..

21601 1.CX)PFR ITPYS+ 1001
2360 CC) To 20
2370016 CONTINUE *  * - -

23800)7 CA?.!. MATPIX (FMAT,VMAT,AMAT)
2390 LBIG—0 

-- .  
7400 V ,* Rff1QsQl .~~2410 1)0 I A  LaI,6
74291 A BSVAR —ABS (VNAT ( L ))
2430 -- IF (ABSVA L LE .VL I M *V AR CL ))  00 10 78 
2440 IF (ABSVAR.LE.VARBIO) GO TI) 78
2450 LBIC L
2460 VA PBI0~ ABsYA R~~ 

- — 

74700IR CONTINUE
2480 V RATIOa1.0
2490 IF(LBIC.OT.o) YRATI0—VLIM*VA R~LBI0),VARB1G2500 FRR AV F— 0. 0
2510 VMTAVE—O.0
25201 DFLAVF—01.P1
2530 DC) 19 LaI ,6
7649) 

-

2550 
- * 

FRRAVE—~ RRAVE.AB5CAMATCLfl 
--

2560 VMTAVE— VMTAVE+ABSCVMATCL))
2570 DFLAV~~~~~ ftYF~ AB 5CflFL V~ R CL ) .)  

__________ -

7690 FRRI* VFSERRAVE/6.
2600 YMTA VE—VMTAVE/ 6. 

__________

26101 DEL AVE—DELAVE~6.2620 IF(MISMAT.GT.0.) CC) Tn 32
2630 IF (NO M I SS. EO.0) MI SMAT—il _____________________——  • • *~~~4~ _~_ 

!F1MTSN~T.Fa.Ø1 XG~i12650020 WRITEL8, 102) LOOPER
7M01 DC) 21

-
_ 
267002r -- - .WRrTE 16 I O3VAMA” NI ),(EMATf1 L1,táI ,6T,VMATU ) ,DELVAR( I)~ VI.RI I )
26801 WPITE~8, 1014 ) ERRAVE ,VMTAVF.DELA V!
26900 22 IF(LC)OPER.LT.ITRYS On Tn 39 

____- 2700 tAU ERR0R -.____ ___ -
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Table 5. Sample Listing of Subroutine ENGBAL (with Analytical
Derivative Logic) (Subroutine Not Checked Out) (Concluded).

2710 RETURN
7720030 VMTAVX —VMTA VE
77301 Do 31 1— 1 .6
77401037 AMATCI ).—ERR (I)
2750 CC) TO) 17
2760032 WRITEL8, I~~~) AMAT,ERR A VE ,DELVAR .DELAVE,VMAT,VMTAVE,VAR
27701 MISMAT—MISMAT+ I
2780 - 

IF(VMTAVE.LT .VCHN GEhVMTAVX) 01) TI) 22 -

7790 WRIT~ (R ,I0ec)2800 IF0MISMAT.LT.NOM ISX) ~IC)MISS— l
78701 MISMAT*01 -

28701 LOOP —0
2830 100—2
7640 

* 
CC) TO 55 

*
28500100 FOPMATC4HOROM , 12, I6H IS ZERO) IN ENAT) - - *

786010701 FORMAT (7HOC(LUMN.12,1 6H IS ZERo IN EMAT)
287001 02 FC)RMATCBHB ERRB ,2AX 23HERRC)R MATRIX AFTER LOOP , 14. 29X4HVMAT,
2880 I6X6HDELVAP, 7XI 4HVAR IAB LESSSSSS) *

76000 7 03 FORMAT C 1HO,FA.4,RX6F IQI.4,IOXF IO .4,F11.4,4XF 11.4 ,6HSSSSSS )
29000104 FORMAT( IHO,F8.4 ,32X I4HAVE RAOE VALUES,3 IX ,2F11.4 ,6H S S S S S S )
701910 7 9’S * FC)RNAT( 17H01-~———— AMAT.7F16.6,6HS$$SSS , -

29201 1/, 1211 —--——DELVAR ,7F16.6 ,6HSSS$$S ,
2930 2/ , 1211 VMAT ,7F16. 6,614SS $SSS .
7940 - 3/,~~~ 1211 VAR ,6F 16 .6 ,OHSSSSSS) 
29500 106 FC)RMAT( .1110,5OX22HCHANGE T(X) SMALLSSS$SS)
7960 EN!)
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4.2 MAIN COMPRESSOR SUBROUTINE DERIVATIVES

A listing of the main compressor subroutine (CO cOMP ) is given in Table
6. A flowpath showing the inputs and outputs required on the derivative
path is shown in Figure 4. As can be seen from the figure , the inputs to the
subroutine (cOCOMP) are obtained from four different sources. The.e sources
are:

1) Calculations from the upstream components. These calculations
deter mine the derivatives of the thermodynamic properties , i. e . ,
dP2 l , dT2l , dH2l , and dS2l .

2) Inputs from the control logic (subroutine ENGBAL). This logic will
increment the independent deck variables.

3) Derivatives calculated from the compressor map . The derivatives
of all the dependent map variables (PRC, W&CC, ETAC) with respect
to the independent variables (ZC, CNC) .

4) Values of thermodynamic properties and derivative values returned
from the ther mo—subroutines .

All of these input values could be returned either through expanded
argument lists or through labeled coamon. The outputs from the subroutine
include the derivatives of the outlet thermodynamic properties as veil as the
flow derivatives (including parasitic flow derivatives).

The procedures for differentiating the subroutine will now be given. The
source equation to be differentiated will be given firs t; the di fferen tia ton
will then follow together with a FORTRAN statement of the derivative formula.
A listing of the subroutine (CO COMP ) with analytic derivatives is given in
Table 7.

Note that in the equivalent FORTRAN statements an X prefix has been used
to indicate a log derivative (i .e . ,  XT — dT/T) , a trailing U to indica te a
differential ( i . e .,  HU dH) , and an imbeded U to indicate a derivative ( i . e . ,
PRCUZC — aPR/~~C).

I) ThETA — SQRT (T21/518.668) Equation

dTRETA 1 dT2l .

ThETA — 2 T2l Derivat ive

THETAU — 0.5 * THETA * XT21 FORTRAN Statement
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Table 6. Listing of Subroutine COCOMP (Main Compressor).

7 0091 SUBROUTINE C(X~0MP
1070 Co MMo N / AIL/
10170 I WORD ,IDFS SiDES ,KDFS .M(X)~ •INIT ,IDHMP .IAMTP
7030 2IGA SMX ,IDBtJRN ,IAFTB N.IDCD • IMCD ,IDSHOC,IMSH0C,NO7FLT,
I ~4(~ 3ITRYS ,L OOPFP, N.OMAP ,NUMM A P, M aP~flO.ToL* 77, FRR( is)
70591 COMMON /DFSION/
1060 IPCNFGU,PCNCOU.T4GLJ •DUMI)I ,DUMD7 .DELFO ,DEI FN ,DELSFC,
7070 2ZFDS - ,PCNFDS,PRFT)S .FTAFDS,WAFDS ,PRFCF .ETAFCF,WAFCF ,

3ZCDS ,PCNCDS .PRCDS ,ETACDS,WACDS ,PR~~F ,FTACCF,WACCF10001 414flS • WFRDS ,DTCOI)S • FT~*8flS,WA 3CT)S, DPCODS,rTCOCF.FTARCF.I I 00 STFHPDS,CNHPDS,ETHPDS,TFHPCF,CP*~PCF,ET1pcF,pI*~cF,T2!)51110 ISTFLPDS.CNJ..PDS,FTLPDS,TFLPCF.Cpfl.PCF.FTIPCF,PH!PCF,T,IflS .
1720 7124DS ,WFDDS ,DTDUDS.ETADDS,WA 23DS,DP~ iDS, DTDtJCF,ETA DCF.
1130 8T7DS ,WFA DS ,DTAFDS.ETAADS ,WG6CDS.DPAFDS ,D*r~IFCF .ETAA CF ,
1140 * 9A55 ,A25 .A6 ,A7 - -  ,*AR * ,A9 * j 78 ,A29 ,

1150 APS55 ,AM55 ,CVDNC)Z,CVMNOZ,A8SAV ,A9SAV ,A28SAV ,A29SAV
I I 60 COMMo N / FRONT/ -

7 170 IT? ,P I  - - 

.11! ,S1 - - 
.12 ,P2 .112 - ,S2 ,

7171 ,P7I ,H2I •S7I .13 ,P3 ,H3 ,S3
- - 

1190 314 ,P4 .114 . .  ,~~~... ,Th ,P5 ,115 •S5~. * - ,
7200 4155 ,.P55 ,H55 ,S55 ,BLF •BLC ,81.DU ,BLOR
1 210 SCNF .PRF ,FTAF •W*~~ .WAF ,WA3 ,WG.4 ,FAR4 ,

- 
7220 6CNC .PRC ,ETAC .WA~~ ,NAC ,ETM3 ,DPCOM ,DUMF 

- ,7CNH P ,FTAThP,DHTCHP,DHTC ,RLHP ,W05 JARS ,CS
7 240 RCNLP ,ETATLP,DHTCLP,DHTF ,BLLP ,P1055 ,FAR55 ,HPEXT

- - - AM .A !.TP - - ,FTAR 
~~~~ - - ,PCNF * ,ZC - - .PCP~ ,WFB 

~~~~~~~ -

7260 ATFFHP .TFFLP ,PCBLF .PCBLC ,PcBLDU,PCØ..OB,PCBLHP ,PCBLL P
1270 CC)MMON / COMP/CNX ( 15),PRX-( 15, IS) ,~ACX (I5, 15),ETAX C IS, IS).$ 280 - I NCNS NPT( IS). * * - . - - -7290 DIMENSION WLH-(2)
7 *00 DATA AWC)~~

).WLH/6HC(X~OMP,6H (10) ,6H (11!) /1310 *)RD.AWORD 
_____- - 

1320 - - THEtA SORT(T�O51~.6681 - - * - -

1 330 CNC—PCNC/ ( 100. *THETA)
1340 IFCZC.LT.0.) ZC ’O.
1160 IF(ZC.OT.I.) Wa,.
1360 CNCS CNC
3701 - - CALL SFA1~~HC ZC,CNC,PRC ,WAcC~FrAC, --- - . ---- 

~i380~ 1~ Nxu.5;N i.p pxi1, I ) ;wA ~~~i , u ,E1Ax (J ,Irw~ rL i ) , -15, I~ ,Ico
7390 IF(MODE. EO,I) GO TI) I
7400 1F((CNc—CN-cS) .OT.0.e0~~*cNC) MAPEDO- t
14J00 1Ff ~~~~~~~~~~~~~~~~~~~~~~~~~~ 8 IOaa) CNCS,W1B(IOb)
74700 7 09191 FORMAT~ I9H0* * * CNC OFF MAP,FIL4 ,2xA6,1114* * *SSt $$$ )
1430 MAC. WACO*P2IfTHETA 

________ ____________________

~~
(a wrir~s.wr;rrwcm ~~~~~1450 PRCCF— (PRCDS—I.)/(PAO—I.)
14691 ETACCF.ETACDS/ETAC 

______A à WAtDS~P~A1 -
~~~~ 

—
7480 WRITE-C 6, 700) PPcOF,ETA~~F, WAccF,T2 IDS
14900 100 FORMAT( 18H0COMPRE~~OR UESION.6X8H

__
PPCCF.,EI5.R,~~7 ETACCF— .E IS. A .~~~~~~~~~~~~~ _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— - —.— - -* *

1610.7 PRC.PRCCF*(PRC—1.).I.
- -  . .~~~ ~~~~~~~~_ & T ~~~ FITA.~~~~

___ 
_ _ _ _ _ _  - - - .7530 MAC WA CO1~*WAC

7540 CALL THCOMP(PRC.ETAC,T21 ,H23 ,S21 ,P21,T3, H3,S3,P3.)
* - - -- L5~~ _~~~~.LE1 ~~~~~~~~~ ~J_~ I L ~~~AQ_________________ ..  -7560 WA3—WAC—RLC 
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Table 6. Listing of Subroutine COCOMP (Main Compressor) (Concluded).

1670 RIDIJ.PCRLDtJ*R!.C
1580 BLOB PCBLOBkBLC
1699! RLHP.PCRLHP*RLC
I 600 RLLP—PCBU.P*BLC
1610 IF (MCIDE.NE.I) CC) TI) 3
1670 IF(ARS (CNC—CNCS).iE.0.00l*CNC~ ) Go II) 41~530 PIRITEC8,2000)CNCS,CpIC
764007000 FORMAT (1PHOCNC WAS— JIS.A,IIH A N!) PJOW. ,F15.R ,
1 6591 )24H CHEC1( PCNC INPUTSS$SS$) 

-

1 660 CALL ERROR
$67003 PCNcaIOg.*THETA*CNC
168004 CALL C(~~1)MB - - - - . .

$ 6091 RFTURN
7 700 END 

- -

36



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

4 a —

~~~~~ .

~~~~ ~~~

2 ~~~~~~~(e.. .~~ ~~~ ~~ . 
4J ‘

~ S

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

. 

~
.

U • 
U

C

.~



THIS PAGE 1$ B~~T QUALITY PB.&CTICABLI
1~OM OOIPY T1~~~S1~~ TO DDC

Tablc~ 7. Sample Listing of Subroutine COCOMP (with Analytic
Derivatives) (Subroutine Not Checked Out).

SURRI)IJTINF C(C()MP
1 0 7 9 1  CO MMON / A LL/

IWO R D .IDES •JDFS ,kD1 S ,M(Z)F • IN I T  •ID?JMP .IAMTP
191391 2IGASMX ,I D BURN ,IAFTB N.IDCD • IMCD .IDSHOC ,I MSHO)C,NoZFLT .
7~~491 3T TRY S •L(X)PER, NOMAP • N UM MAP ,MAPEDG ,TDLA 1.1, EPP( 6)
7050 COMMON /DFSIGN/
I~~691 IPCNFGU ,PCNcOU,T4GU •DUMr)I ,DUMr)2 • DELFG •PE!FN ,DET SFC,

7ZFDS .PCNFDS,PRF!)S •FTAFDS .WAFrI S •PRR~F ,FTAFCF ,WAFCF1080 3ZCDS ,PCNCDS ,PRCDS ,ETACDS,WACDS .PRcrF ,FTA CCF,PIACCF
I 4T4DS ,wFpr)S ,DTCODS, ~TARns,wA 3 nS.r)PCor)c ,pTCoCF,~ TA RCF.
Ii 00 5TFHPDS ,CNHPDS ,ETHPDS,TFHPCF ,CNHPCF,FTHPCF.DHHPCFIT7D S
II ~0 6TFT .PDS,CNLPDS,FTLPDS,TFI.PCF.CNLPCF.ETLPCF.DHLPCF,T 7;DS
7770 7T24DS .WFDDS .DTD IJDS,ETADDS.WA 23DS,DPDIJDS.DTDUCF,FTA DCF.
1130 BT7DS .WFADS .DTAFDS,ETAADS,WG6CDSSDPA~DS,DTAFCF .EL*ACFS
J 1 4 9 1  0A 65 ,A75 ,A6 ,A7 •A8 ,A9 .A2R ,A2 9
II~~0 AP555 ,AM55 ,CV DNOZ,CVMNOZ, A8SAV •A9SA V ,.A2 PSAV .A2 9SAV
T I  691 COMMON / FRO)NT/  

- *
1170 I T t  ,P I  •HI ,S1 ,T2 ,P2 ,142 ,S2
11 80 ‘T7~ ,P71 ,H2 1 ,S?I .13 ,P3 ,f43 ,S3
7190 

- 
314 ,P4 ,H4 - - .S4 

~lS - ,PS .115 - - ,SS -
7 2 00 4T55 ,P55 ,H55 .555 •BLF ,BLC ,R!.DU .BLO P
1210 SCNF •PRF ,FTAF .WAFC ,WAF •WA3 ,~ Q4 •FAP41220 

- 
6CNC ,PRC ,ETAC ,WAcC • WAC - - ,ETA~ ,DPCON ,DLW F
7CNHP ,FTATHP.DHTCHP .DHTC ,BLII P •WGS •FAPS •CS

7 740 ACNLP ,ETA TLP,DHTCLP,DI4TF ,BLLP ,W055 ,FA PSS ,HPFYT
9AM ,A LTP ,FTAR ,ZF •PCNF ,ZC .  .PCNC ,WF8

1760 - -  ATFFHP~,TFFLP .PCBI F .PCBLC ,PCBLDIJ,PC~~C)B.PCRLHP.PCBT.LP7270 COMMON / COMP/CNX (I5),PRx (75,l5),WACX (I5,,5),ErAy(,5,I5),
7280 I NCN.NPT(I5)
1 290 Co MMON /DERI VX/ZIUX ,Z2UX,Z WY, Z2UYIZ2UZ I .cP~.;cpF;cPEy , AK FX:7 3097 &R~X ,HUF A R .RUFAR ,PUFAR ,ZF1J.PCNFIJ ,XTd ,ZCU ,PCNC!J,TFFHPLJ ,
1310 &TFFLPu,xP2 I,~~r2I ,H2I’;,S2Iu
7370 

-- nIM Fu S mpu wLH(~~r -  -- .— - —  - -

1330 DATA A WC)RD.WLH/6HCOCOMP,6H (LO ) .611 (HI ) /
7340 IF (IDERV.EO.1)Co) IC) 3000
7 350 1’IC)RDI.AWORD  -

1360 ThETA SORT(T2 1/5 18.668)
7370 CNCaPCNC/( 1010. *THFTA)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —.—-—  —— --—-—- - - - - - - -

7300 IFCZC.CT.I.) ZcaI.
7400 CNCS CNC 

- * _________- -

l~~I0 CALL SEA RCH~~~,CP1C,PPC,WACO,ErAC,
7420 ICNX ( I ) ,NCN,PRX(- 1 .l) ,W ACX ( 1, 1) ,ETA-X.(I,I) ,NPT(1) ,15,15. 100

- ~~~~~~~~~~~~~~~~~~~~~ .__ --______ ______  - -  --

7 440 PRCUCN.ZIUY
74 50 WACCUZ Z2IJX
7460 WA COUN~Z2UY 

_____________

$4795 FTACUZ Z3UX
1480 FTACU.N Z3UY
7490 IF(MObE :EO , 1) 00 TO) J - —7500 IF((CNC—CNCS.).GT.0.0005*CPIC) MAPEDO . I
7510 IF(IGo.EO..t.C)R.IOO.E0.2) WPITE(8.I000) CNCS,WLH(IG0)
76291 FOR M ATCIOH OIe * * ~ 3C OFF MAP,F10~4 aA6,1IHe * *SSSSSS)
7530 WACaWA C~.AP2i,1HEtA 

.

p5491 IF(IDES.NF.7) 00 IC) 2
7550 PRcCF— (PRCDS—I .)/(PRC-1,) 

______ _____________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— — —— -
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THIS PAGE IS B~$~T QUALITY PELC~Lç,A.B~4
FROM COPY F1JRi~IS1~~ TO DDC ~~~~~~~~~ —

Table 7. Sample Listing of Su)routine COCOMP (with Analytic
Derivatives) (Subroutine Not Checked Out) (Concluded).

7 570 WAC CF WAC DS/WAC
I~~R0 WRITF(6, 7091) PRCCF, ETACCF ,W ACC F,T7IDS
7590 FORMAT ( I8HOCOMPRESSO R DE$510N ,6X8H PR(X F— ,F 15.8,8H FTA CCF— .
IISC’I0 1PIS .R,RH WACCF— ,~~16.8,RH 171flS—,F15.8)
7670 . PRCZPRCCFk(PRC—I.)+1
1 620 FTAC.FTACCF*FTAC
1630 WAC WA CCF*WA C

CALL THCOMP (PRC,ETAC,T27,H2,,S2,,P2,,T3,H3.S3,p3
7650 CPA3— CPA
1660 AI(EX3 AKEX
7 670 - -  REX~ — REX - . . . .  -

7 680 IF(PCBLC.GT.0.) BLC PCBLChWAC
7 690 WA3 .WAC—RLC
1700 BLD(J=PCBLDU*BLC -
77 I 0 RLOB.PCBLOB*BLC
I 720 RUIP—PCRLHP*RLC
1730 RLLP—PCBLT.PkBLC - -

1 740 IF(Mc)DF:NF.1) GO TO) 3
7750 IF(ABS (CNC—CNCS).LE.0.OOI-kCNCS) CC) TI) 4
1769’ - WRITECR ,,QIQ10)CNCS,CNC - - -.   - *
1 770 FI)RMAT (IOF1OCNC WAS— ,E 15.R .I IH AND NOW— ,FI5.R,
1780 I 24H CHECK PCNC INPUTS$S&SS)
1700 CAT .!. ERROR
1 800 PCNC 700. *Th~~ A hCNC
1 810 CC) TI) 4
IR?OC DERIVATIVE PATh
1830 30o0 CONTINUE
7840 THETAU.0.5*THFTA*XT2I
7850 CNCU—CNSCk( PCNCU/PCNC_0. 5-hXT2,I )
1860 PRCU—PRCCF*(PRCUZC*ZCU+PRCUCN*CNCU) - - - -
7870 ETACUSETACCF*.( WTACUZ *ZdU+ETA CUN*CNCTfl

- WACCU.PIACOF*(WACCUZ*ZCU.WA CCUN*CNCU) -- .~~~~~ --
-I 890 WACU—WACCU/WACC+ XP 21 —THETAU/ThETA
19~ O RT.CU O.0
.1.010 * .._IE(PCRLC.GT.0)RLCU PCBLC*WACV .. -  

- 
- -

1920C FLOW DERIVATIVE
I 0391 WA3U—WACLI+RLCU
I 940C IA RA SJII C FLcfl~.PEPIVATiV1$.... ~~~~~~~~~~~~~~~~~~~~~~ —-$ 950 RLDUU—PCBLDU*BLCU
1960 RLORIJ PCBL OR*BLCU
1970 RLHPU—PCBLHPkBLCU
79891 RLLPIJ PCBLLP*BLCU
1 990C DERIVATIVE S OF EXIT ThERMODYNAMIC PROPERTIES

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - — - - - — - — -.- .- - - * -

2070 XT3 XT2 I+(A K FX3— l.0) /AKEX3*PRCU/(PRC—EXP( I.0/AKEX3*
2020 &ALOO CPRC)) )—ETACU/ETAC

2040 S3U—CPA3.kXT3—REX3aXP3
29560 4 CALL COCOMB
20691 RETURN 

_________ _________ _________ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _
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2) CNC — PCNC/(IlO0 * THETA) Equation

dCNC dPcNC dTHETA
— aCNC PCNC THETA

dCNC dPO2IC 1 dT2l
- PCNC — 

2 
DerivatLve

CNCU CNC * (PcNcu/PcNc — 0.5 * xT2l) FORTRAN Statement

3) The following compressor map derivatives are returned from SEARCH

PRCUZC — aPRC/aZC)CNc — Z1UX

PRCUCN — aPRC/aCNC)zc — ZIUY

WACCUZ — ~WACC/aZC) CNC — Z2UX

WACCUN — aWACC/aCNC)zc - ZZUY

ETACUZ — aETAC/aZC)CNC — Z3UX

ETACUN — aETAC/3CNC)Zc — Z3UY

4) The total differentials are then obtained as follows:

dPRC — 3PRC’~ dZC + 
aPRC\ d~NCaZC /CNC

PR~U PRCUZC * ZCU + PRCU~N * ~)7c IJ

The e f f ic iency  and flow differentials are obtained in a similar manner.

ETACU ETACUZ * ZCU + ETACUN * CNCU

WACCU - WACCUZ * ZCU + WACCUN * CNCU

5) WAC • WACC*P21/TRETA

dWAC dWACC dP2l dTRETA 4WACC dP2l dT2l
— —  + — _____ — — + — — — —
WAC WA CC P2 1 THETA WACC P21 T21

WACU - WAC*(WACU/WACC + XP2 1 — 0.5*XT2L)

40
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6) The correction (or scale) factors must now be applied to pressure ratio ,
e f f i c i e ncy , and flow .

PRCU • PRCCF * PRCU

ETACU — ETACCF * ETACU

WACU - WACCF * WACU

7) The parasit ic flow derivat ives are obtained as follows :

dBLC O

(ELCU • 0)

IF(PCBLC .GT. 0) BLCU — PCBLC * WACU

WACU • WACU — BLCU

BLDUU — PCBLDU * BLCU

BLOBU — PCBLOB * ELCU

BLNPU — PCBLHP * BLCU

BLLPU — PCBLLP * ELCU

8) The thr iva t ives  of the compressor exit thermodynamic properties can be
obtained in the following manner.

PRC — P3 1/P2 1

dP3 , J?2l~~~ dPRC
P’ P21 PRC

XPj ‘ YP2 1 + PRCU/PRC

T3 T2l ~~(PR)~~- 1)

— ____ 
+ 

y d (PR ) 
- ~~~~~~~

T3 T21 PR—PR1/Y flc

41
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T T (AK E3—l )/A 1I.EX3 * PRCU ETACUX 3 X 21 + PRC~~~P( l O/AR~~~ * ALOG(PRC)) - ETAC

dH3 Cp dT3

H3U — CPEX3 * T3 * XT3

dS3 — Cp dT3 — RdP3
T3 P3

S3U = CPEX3 * XT3 - REX3 * ](p3

4.3 MAIN COMBUSTOR SUBROUTINE —

A listing of the main combustor subroutine (COCOMP) is given in Table
~~~. -~~ flowpath showing the inputs and outputs required on the derivative
path is shown in Figure 5. As was the case with the main compressor inputs
are obtained from four different sources . Note that the couibuator inputs
frozi~ upstream are the outputs from the main compressor subroutine . A l i s t ing
o~ the subroutine (COCOMP) with analytic derivatives is given in Table 9

The procedure for differentiating the subroutine will now be susinarized .
s was the case with the compressor the source equation will be g iven f i r s t
cllowed by the derivative formula and its FORTRAN equivalent:

P3PSI = 14.696 * P3 (Source Equation)

dP3PSI 14.696 * dP3 (Derivative )

P3PSIU — 14.696 * XP3 * P3 (Equivalent FORTRAN Equation)

2. WA3C = WAC * SQRT (T3)/P3PSI

dWA3C dWAC 1 dT3 dP3PSI
= + — ——

WA3CC WAC 2 T3 P3PSI

WA3CU WA3CC * (WA3U /WA3 + 0.5* XT3 — XP3)

3. DPCOM - DP~~DS * (WA3C/WA3~~)

dDPCOM - DPcA~DS/wA3cDS * dWA3C

DPCOMU - DPcXThS/WA3cDS * WA3~U

4. IF(DP~OM .GT . 1) DP~~ M — 1

IF(DP~~M .EQ. 1) DP~~MU • 0.0
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1~ IS PAGE IS BE-ST QUALITY PPLCT1C.A3~~
FROM COPY FW~HIS}~~ TO DDC ~~~~~~~~~~~~~~~~

Table 8. Listing of Subroutine COCOMB (Main Combustor).

SU 8POUTI NE C x ~OMB
7010 COMMON / A LL/ .
1020 IWC)RD ,IDES ,JDE S ,KDE S ,MODF ,IN I T ,I DU MP .I AMTP
1030 2IGA SMX,IDRURN ,IAF TBN .Ir)CD .IMCI) .IDSHOC .IMSHOC .NOZFLT.1J40 3ITRY S ,T (X)PER, NOMA P , NUMMAP , MAPEDG ,TOL A LL, FPPO6)
1050 COMMON /DFSI flN/
7060 IPCNFGU ,PCNCOU ,T40U ,DIIMDI ,DUMD2 ,DELFG .DEI FN ,DFLSFc .

2ZFDS ,PC NFDS ,P RFDS .ET A FDS,PIAFDS .PRm F .FTJaFCF.WAFCF
7080 3ZCDS ,PCNCD S,PRCD S .ETACDS,WACDS ,PRmF .FTA~~F.WACCF7090 4T4DS ,WFF1DS ,DTCODS,ETABDS ,WA3CDS ,DPCODS ,rTCOCF ,ETABCF .

- 6TFHPPS,CNHPflS,FTHPDS,TFHPCF,CNHPCF,F~~çCF,D}~~PCF •T~J5
7 7 1 0  6TFLPDS .CNL PDS ,FTLPDS,TFLPCF,CNLPCF,ETLPCF.fl-I1.PCF,T2IDS
11,0 7T?4flS ,W FDOS .DTDUDS .FTI&OD S,WA 7 1nS.DPDIJDS ,rITN,CF,FTAflCP,
1130 RT7DS ,W FADS ,DTAFDS.ETAAD S ,WG6CDS,DPAFDS ,DTAFCF ,FT~ *CF
1 14 0  QASS ,A75 ,A6 ,A 7 ,A8 ,A9 ,A28 ,A29
1150 APS5S ,AM55 ,CVDNOZ.CVMN’Z,ABSAV .A9SA V ,Ih 2PSAV ,A29SAV
II 60 COMMoN / FRO NT/
1170 ITT ,PI ,HI ,SI .17 ,P2 , t~2 

- 
,S7

1 780 2127 ,P21 ,H21 ,S2 1 .13 ,P3 ,H3 ,S3
1100 314 ,P4 • H4 ,S4 ,T5 ,P5 ,PS .S5
1 700 4155 ,P55 

- ,H55 ,S55  ,BLF - 
,BLC ,~ LDU ,BLOR

1210 5CNF ,PRF ,ETAF ,WAFC ,WAF ,WA 3 ,MC,4 ,FAR4
1 770 6CNC ,PRC ,ETAC • WACC ,WAC ,ETAB •Dpa)w ,DIJMF1230 7CNHP ,FTATHP~DHTCHP,DHTC ,BLHP - ,P1035 - ,FAP5 ,CS
1 740 RCNLP ,FTATLP ,DHTCLP,DHTF .RLL P .W055 ,FAR S5 .HPFXT
1250 

- 
9AM ,ALTP ,ETAR ,ZF ,PCNF ,ZC 

- 
,PCNC ,WFR

A TFFHP .TFFLP .PCRLF .PCRLC ,PCRL flU ,PCBIOR,PCRLHP,PCB T L p
1 270 COMMON / CC)MB/PSICIS),DELT(.15,15).ETA (15,t5),14ps,NPT(15)
1,80 DIMENSION 00 0) ,DUMBCX 15, iS)- - 

I 290 DATA AWORD/6HCOCOMB/
1300 WORD=AWORD 

_ _ _. •

7320 0(3)— 0 .
1 330 P3PSI=I4.696*P3
1340 WA3C WA3*5ORT(T3)/P3PS1
1 359’ IFLIDES.E0.I) WA2CDS—W A~*~7 360 DPCOM—DPCODS*( WA 3C/WA3CDS)
7370 IF(DPCOM.CT.I.) DPCC)M—-l. 

_____ ______

1 1891 p4 p3*(t.—DPCC)M)
1 39041 IF(T4.GT.3999.) T4 3999.
‘49191 ~~~~~~~~~~~~~~~~~~~~~~~~ ——--—--*—------—.-____ -- -~~14 1 0 T4 t000.
1420 IF(MODE. EO.I) MAPEDG— i
143002 DTCC) T4—TL ___  _ _ _ _144 — - IFfI bE~. NE • I 11)0) IC) ~74595 DTCOCF—DTCODS/DTCO
$46043 DTCO.DTcC~CF kDTC() 

______________- p 4795 P~.WSIN—P3PSI
1480 CALL SEARCIl (—I ..P3PSIN,DTcO,ETAB,DUMMY,
7490 IPSIO 1) ,NPS ,DELT( 7,4) ,ETA.( 7 ,1) ,DUMBO( 7, 1 ),NPT( 7), 75.15,100)

- -

151004 IF ( IDES.N E.1 )  GO) II) 5
1520 FTARCFaETA RflS/~TA8 

____-. 
~ 15 30~~ ~~~~~~~~~~~~~~~~ ~ 

- ____- - —

7640 H V a ( ( ( (~~~ .46943t7P.I9*T4)—.2O34l 16!_l5)*T4+’.27R 3&43F_ ,,) *T4
1550 I’ .2051501E—0 7.)*14—.2453116E—03)*T4—.9433296E—e l ).k14+. I845537E+053~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -  -
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Table 8. Listing of Subroutine COCOMB (Main Combustor) (Concluded).

1570 FAR4S (HA—H3)/(HV*ETAB)
FAP4 O.

7 590 WFBX FAR4kWA3
1 600 IF(MC)t)F.NF.7) CC) TI) 8
i6~ 0 FRRW— (WFB— PFBX)/WFB
1-6 20 DIR SORTCYIFB/WFBY)
7630 CAll. AFOUIR (flI l),T4,ERRW.0.,20.,0.P00t.DI R ,T4T,ICO)
7 640 (‘,O TI) (6,9,7),IGI) - -

765006 T4 T4T
7660 CC) TI) I
1679147 CAT.L ERRO R - . - _ - -  - - - -

7 689108 WFB WFBX
769049 CAI..L ThERMO(P4,H4,T4.S4,XX7,1,FARA .0)
I 7910 W04 WFB+ WA 3 *

7770 - IF(IDES.EO.I) WRITE (6, IOOY WA3CDS,FTABC F,DTCOCF
17700100 FORMATI1IHOCC)MRUSTOR DFSICN.JXBH WA 3a)Sa,F15.8,RH FTABCF=.F1c .8.
1730 IRM DTCOCF ,E 7 5.8)
7 740 CALL C(*IPTB
7750 RETURN
1 760 END
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PROM 0~~~F1 1UBNIS1~~ TO -

Table 9. Sample Listing of Subromtin~ C0C~~~ (with Analytic Derivatives)
(Subroutine Not Checked Out).

I 000 SIJRROUTINF C(~~()MB
1010 COMMON / ATL/ 

-- 

I WOR?) ,Ir)FS .JDFS • KIWS ,W~~W .INIT ,IPUM P • I A P T P
1030 2ICASMX ,IDBURN ,IAFTBN.I DCD ,IMCD ,IDSHOC, IMSHOC ,NOZFLT.

IITRY S • r.tx)PrR, NOW AP • NIIMMAP , MA P~ flC ,TOLA 1)., FPP C A)
7350 COMMoN /DESIGN/
1060 IPCNFGU ,PCNcGU.T4GIJ ,DUMD I ,DUMT)7 •I)ELFG .CE FN ,DE1 SFC ,
7070 2ZFDS ,PCN FDS,PRFT)S .FTAFDS.WAFD S •PRFCF .FTAFCF.WAFCF37.CDS ,PCNCDS.PPCDS ,ETACDS,WACDS ,P R~~F ,FTACCF,IWACCF4T4r)S ,W FRr)S ,nlcons.FTARD5,wA3cr)s.npcons.rTcocF.FTftRcF.
7 7 0 0  

- 
5TFHPDS.CNHPDS,ETHPDS,TFHPCF ,CNHPCF ,ETHPCF,DH IfCF,T~~s -

1 0 ‘STF T.PDS ,CN I.PflS ,FTLPDS.TFLPCF ,CN LPCF .ETIPCF,DHIPCF .T77 CS
7120 7T24DS ,WFDDS ,DTDUDS.ETADDS,.WA 23DS,DPDJDS,DTDUCF,FTA DCF,
II 3~ 8T7DS ,WFADS SDTAFDS.ETAADS,WG~SCDS,DPAFD S,CTAFCF,E *~CF ,
7740 9A55 ,A25 ,Ao .A7 ,A8 ,A9 •A 28 ,A2 9
7750 APS55 ,A N55 ,CVDNOZ.CVMNOZ,A8SAV ,A9SA V ,P2 B SAV ,A29SAV

COMMON / FRI)NT/ -
7770 III ,P l  .HI .51 ,T2 ,P2 ,H2 ,S2
fl 891 7171 .P21 •H21 .S21 ,T3 •P3 ,H3 ,S3
7 7 9  - - 3T4 ,P4 - aH4 .54 . ._ .T5~ * .P5 .H5 - -- •55 -

7200 4T55 ,P55 .H55 .555 ,BLF •BLC ,BL DU ,BLI)P
171 0 SCNF ,PRF ,ET AF .WAFC ,WAF .PIA3 .I~G4 ,FAR4
$220 6C?K~ ,PRC . - ,ETAC ,PIA~~ * 

,WAC - - ,ETAS ,DPCOM ,DUNF -

7CNHP •ETATHP,DHTCHP,DHTC ,BLHP ,W05 •FARS ,CS
7 240 RCNLP .ETATLP.DHTCLP,DHTF ,BIJ.P ,W055 .FAR55 ,HPEXT

9AM ,ALTP ,FTAR ,ZF - ,PCNF ,ZC ,PcNC ... ..,WFR - -.

I 760 A TFFHP ,TFFLP • PCBLF .PCBLC ,PCBLDU.PC~ .OB.PCRLHP,PCBLLP
7270 COMMON / COMR/PSI (15),DELT(,5,,5).FTA (75,,5),NPS ,NPT(15)

- -- 
COMMON /DFR!VXiZIUX ,Z2tJX,ZILJY ,Z~~1Y,Z2UZ),CPA ,CPF ,CPFX.A~ FX ,

7290 & REX, HUFAR , RUFA P, PUFA R,ZFU, PCNFU, XT4 , ZCU ,PCNCU, TFFHPU.
&TFFLPU ,XP2 l,XT21,H2 IU ,52IU,XP3,XT3,F73U.S3U,Wø~3U,wF8u

1370 DIMENSION a(9),l)UMB()L $5, $5) 
-- ~~~ -1120 DATA AWO Rfl/AHC(

~~I)MN/
7 330 IF(IDERV .E0.I)Go TO 150
p34 o WO RD—A WORD
1350 0(2) aO.
7360 013)s0.
73795 P3PS IaI4 .~cQ~S*P3 

____

WA3C-WA3*ST3RTCT3)/P3PS1 - -— - -  -

1 390 IF(IDES.E0.I) flA~~DS—WA3C14950 DPCOM—DPCODS*( WA 3C/WA3CD5)_
14 10 ~~IFcDPC~M ;oT.I.) DPCcn4—:t . ~~~~~~~~~~~~~~~ —— — -— -“ —  - - -r n  -

74 70 P4 P3* ( l.—DPCI)M)
7430 I IF(T4.GT.3999.)T4 3999. 

____ _______

144~~~~~~~ IF(T4.GF.JQ’00.T0O T h 2
7450 T4— 7 000.
J~ 6 I .FCMçDE ...gQ.!LM~PJQp~ L_ ____— —— -.— ~~~~~ --  -—1470 2 DTCO T.4—T3

7480 !F(IDES. NE.I) 00) TI) 3
_I 49~ DTCqQF5PXcPfl.S~DICQ ___________—____ -
15950 3 DTCO—DTCOCFbDTCO
75 791 P.3PSIP4 P3PSI
7520 CALL SEARCHC—I .,P3PSIN,DTCa,ETAB,00MMY1 .1530 ,P~TI 7) .P 4PS,b af (  I ,  l)~ ETA C , 1) ,DLJM000 I )

~~~~(i ~~~5,i~~tGO)
7540 FTAR(JP Z2UY
7550 ETABUD—Z2UZ I _______________________________

IS AO !F1~ 0O.~~~.7) CALL F~~oR
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Table 9. Sample Listing of Subroutine COCOMB (with Analytic Derivatives)
(Subroutine Not Checked Out) (Continued).

1570 4 IF(IDFS.NF.1)CI) TO S
7580 ETABCF—ETABDS/ETAB
1590 5 ETARZETARCF*ETAB 

- -- -

7 600 HV4~~(C((((—.45943I7F—I9*T4)—.2034ll6E—I5)*T4+.27R3643F—It)*T4I+ .205 150IE—{77)hT4— .2453116E— 03)kT4—.9433?96E—e1)kT4+. I845537F+~i
CAT.!. THFRMO(p4.HA,T4.XXI,XX 7,Q,.Q’.0.0)

1630 HA4~ HA
1640 FAR4 CHA—H3)/(HV.*ETAR) - - .. - -

1 650 IF (FAR 4.1.T.0.) FAR4 91.
I 660 WFBXUFAR4kWA 3
7670 - IF (M ODF.NF.?) GO TI) 8 - -

768 97 E RRW S(W FB— .WF BX)/WFB
1690 DIR SOPT(WFB /W FBX)
7700 - C~LL AF0UIR (0(I),T4,ER RW ,0...,20..0.000I~ D1R.I~4T.IGO) - - - -

7770 CD TO (6,9,7),IGO
1720 ~c Ti—TaT
7730 ~~) To I -

7740 7 CAL!. ERROR
1750 8 WFRSWFBX
1 760 9 CALL THERMO(P4 ,H4 ,T4 ,S4,XX2 , I,FAR4 ,0-) - - . -

17 70 W04—WFB+WA 3
1 780 HUFA R4aHUFAR
$790 RUFA R4 RUFAR
1800 PtJFA R4aPUFAR 

* - -

$ 8 7 0  REX4 REX
7820 CPEXi-CPEX
tRIO CPA4—CPA
7 840 IF(IDES.E0.I) PIRITE(6, 100) WA3CDS,ETABCF,DICOCF
18595 700 FORMAT( 17H0’COMBUSTOR.DESIQN,lxBH. ~flCDS-., FILS.R.RH ,IRCF- , —- -

1860 IEI5. R• SM DTCOCF— ,EIS.8 
-

7870 CC) TO 200
IRROC DFRIVAT IV F PATH -

1 8995 750 P3PSIUaI4 .696kXP3hP3 * - -

i99591 WA3CU WA 3C*( WA 3U/WA3+97.5*XT3—XP3)
1910 DPCC)MUaDPCOM*UPCOM*WA3CU/NA3C

- 
I920 TF~DP~OM.EO. l)DPCOMUmO.0 

- -*

1 070C EXIT PR~~S!JRE DFRIYAT!VF
$ 940 _ X P  ‘~Jt_ ~~~~~~J_ _ _ _ _ _ ._ _ ._~~~ .._ _ 

. - . - -  — - -.— - *

IF (T4. EQ .3 0Q9,. ) XT4aO. 97
7 960 IF(T4 .EO.l000. ) XT4.—0.0

- 
7970 t~ DTCOCF*JT4*XT ~~~~~~ -~~~~_ _-. -_—- . . -— — -- . - -

FF~ 1C1ENCY DFT1IVATIVF 
-

199 0 ETABU ETABCF *0 EIABUPhP3PSI U+ETABUD*DTCOU)
.2~00C~~ . _EUELitEAT 1M.VJLUE DERLYATIY~ _ _ __ ._ _ . - —

2010 HVUT4a(.C (((—0.2756590E—IR)h~4-.0.Jt~77~j8E— l4).hT4
7~795 &+9’. 7 1 73457E— t 7)*T4+9p :6I545953~-457)*T4—Ø .4997(ç;3~F.453)eT4

-_____________ —2040C FUEl. TO AIR RATI O DERIVATIVE —

795695 FAR4U—FA R4* ( (CPA4/0HA4—H3 ) -HVUT4IHV4) *T4*X14—
-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ___ - --

7070 IF(F~R4~~0.0)FAR4U.0029780 IF(MODE.NE.2)0fl TO 710
29’~~~~_._ ..fAR —~AP4*W1.3U~’WAJ _ - — - -* -

27 00 XT4-T4*1 H3W (HA.4—H3)-4ETABU/ETAB3 /(ø’W 0 HA4—H3.~—HVUT4/HV4.7 
- -- -

2.7 .1 0 770 CONTINUE
7770 WFRU FAR4*WA3U+WA3*FAR4U 

_________

PIG4Ua BLI+.WA3J 
- - _ _ _ _ _ _ _

* 
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THIS PAGE IS 3EST QUALITY PRACIICA~L&
FROM COPY FURNISHED TO L~DO

Table 9. Sample Listing of Subroutine COCOM.B (with Analytic Derivatives)
(Subroutine Not Checked Out) (Concluded).

2140C DERIVATI VE OF THE EXIT THERMODYNAMIC PROPERTIES
71 591 H4UaCPFXS*T4*XT4+HUFARA*FAR4U
2160 S4U CPEX*XT4/ ( ,Ø +Ffr1~4 )—R EX4 hXP4+(PUFAR4—RIJ FA R4 *
2770 &A!.060P4))*FAR4U
2180 2091 CA LL COHPTB
2190 RETURN
77 0505 FND

48

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r —-------
~~ 

— - - ----- - — ------ -----
~~
-- --

~~~~~~~~~~~~~~~~~~
-- 

~~~~~:

5. P4 — P3 * (1 — DPcOM)

dP4 
— 

dP3 — dDPGOM
P4 P3 1 — DP OOM

XP4 - XP3 - DP~~MU/(l - DPc0M)

6. IF(T4 .GT . 3999.) T4 — 3999 .

IF(T4 .EQ . 3999.) XT4 • 0.0

7. IF(T4 .GE . 1000.) GO TO 2

T4 — 1000.

IF(T4 .EQ . 1000.) XT4 — 0

8. DTCO — (14 - 13) * DTCOCF

dDTCO — (dT4 — dT3) * DTCOCF

DTCOU DTCOCF * (T4 * XT4 — T3 * XT3)

9. The following combustor map der&vatives are returned from subrou tine

SEARCH

ETABUP — aF.TAB/ 3P3PS IN) DT~0

ETA3UD - aETAB/ aDTCO) P3PSIN

dETAB — P3PSIN ~ dP3PS IN + ) dDTCOa DTCO a P3PSIN

ETABU - ETABUP * P3PSIU + ETABUD * DTCOU

10. ETAB — ETABCF * ETAB

ETABU — ETABCF * ETABU

11. UV4 • —0.45943171—19 * T46 — 0.20341161—15 * T45
.0.27836431—11 * T44 + 0.20515011—07 * T43
—0.24531161—03 * T42 — 0.94332961—01 * T4
+0.18455371+05
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HVUT4 a (((((—O.2756590E—18) * T4 — 0.1017058E—14) * T4+O.1lI3457E—1~1) * T4 + 0 .6 154503E—07) * T4
—0.4906232E—03) * T4 — —0.9433296E—01

12 . FAR4 (HA — H3)/(HV4 * ETAB)

d FAR4 ~ d(HA4—H3) — 
d(HV4 * ETAB)

FAR4 - 

HA4-H3 HV4 * ETAB

dFAR4 
- d HA4 dM3 

- 
MV4 * dETAB 

- ETAB * dHV4
FAR4 - 

HA4-113 
- HA4— H3 HV4 * ETAB HV4 * ETAB

dFAR4 CPA4 dT4 
— 

dH3 dETAB 
— 

dHV4 dT4
FAR4 = 

(HA4-H3) (HA4—H3) ETAB ~~~~ 11V~
FAR4U = FAR4 * (CPA4/(HA4-H3) - HVUT4/HV4) * T4 * XT4

—H 3U/(HA4 — 113) — ETABU/ETAB

IF(FAR4 EQ. 0) FAR4U = 0

13. IF(MODE .NE. 2) GO TO 170

FAR4 — WFS/WA3 (Cons tan t WFB)

dFAR4 
- 

dWA3 1.. CPA4 dT4 
— 

dH3 
— 
dETAB 

— dHV4 dT4
FAR4 WA3 

[ 
(BA4-H3) ( HA4-H3) ETAB ~~4 11~Z

FAR4U a - FAR4 * WA3U/WA3

dT4 
( dH~ + dETAB - d}LAi\ /1 CPA4 - ~ii~a ~~~\~(HA4—H 3) ETAB WA3 )/ ~(HA4-H3) dT4 HV4J

XT4 — T4*(H3U/(HA4_H3)+ETABU/ETAB_WA3U/WA3)/(CpA4/(~~4~~3)~~~~T4/~~4)

14. 170 CONTINUE

WFB WFBX • FAR4 * WA3

dWFB — FAR4 * dWA3 + WA3 * dFAR4

WFBU FAR4 * WA3U + WA3 * FAR4U
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15. W G 4— W F B+ W A 3

dWG4 — dWFB + dWA3

WG4U — WFBU + WA3U

16. The derivatives of the tnermodynamic properties of the exit are obtained
as follows :

a) Enthalpy Derivative

H • (Ha + fH f ) / ( 1  + f )

!!L~ .
Hf
~~~

H HUFAR
af,~ ~ 

1 + f

dli — 

~~)P ,f 
dT + 

~~
)T , f 

dp + 
a
~)P T  df

- + ._!_. ~~ +e~~~H df
dT 1sf dT 1sf dT 1-;i:~~

- dT

_ _ _  
df

dT 1+f 1+f l+f dT

dH 
— 

CPA + f*CPf 
+ 

Hf-H df
1sf 1sf ~Y

dH - Cpd T ..(Hf_H) df

H4U — CPEX4 * T4 * XT4 + HUFAR4 * FAR4U

where HUFAR and CPEX4 are returned from the thermo subroutine PROCOM.

b) Gas Constant Derivative

4MW • 28.97 — 0.946186 * FARX

REX — 1.986375/4MW • 1.986375/ (28 .97—0 .946186 * FAR4 )

The above equations define the molecular wei ght and gas constant and
appear in subroutine PROCOM .
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3RE X’\ - 0.946186*REX

~~ “P T

RUFAR4 —
a P T

where RUFAR4 is returned from ther mo subroutine PROC OII

c) Entropy Derivative

S — — R * ALOG(P) — S(P ,T,f )

whe re • — •,(T , f)— _____ — PUFAR

d, — dT + 

~~~~ 

df

d$ a d~~ :fd$f 
+

But d, — c pdT/T (by def in i t ion)

d~ — CPa :fCPf ~~ +

d~ 
~~~~~~~~ dT 

+ :3) d f

dS — d~ — — ALOG(P ) dfp af

dS - ~~ + I
~

’
J

T 
df - !~1!~ — -

~~~~~ ALOG(P) df

S4U - CPEX4 * XT4/( 1+FAR4 ) + PUFAR4 * FAR4U

- REX4 * XP4 - RUFAR4 * 4jO~~~( 
p4) * FAR4U

where PUFAR4 is calculated in the thermo subroutine PROCOTI
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5.0 COST ADVANTAGES OF THE ANALYTICAL DERIVATIVE METHOD

5.1 SELECTION OF FLIGHT ENVELOPE AND MATRIX OF TEST POINT S

The eng ine dat a matrix used in the current Analytical Derivat ive pro-
gram is shown in Figure 6. The data matrix is a modification of a similar
matrix found to be use ful in a typical mili tary customer deck. It contains
a total of 411 operating points. The figure shows the flight envelope with
the matrix of data superimposed . Each of the locations indicted by a circle
consists of seven points while those identified by a triangle consist
of five points. A].]. of the designated locations were run at the follow—
ing power levels:

(1) Maximum Afterburner Power

(2) Roughly 50 Percent Afterburner Fuel Flow

(3) Intermedia te (Max Dry) Power

(4) Idle

In addition , the locat ions indicated by triangles were run at one part power
level roughly equally—spaced between Idle and Intermediate (maximum dry )
power. At the locat ions designated by circles , three Intermediate part
power levels were run so as to divide the range between Idle and Intermed-
iate power into four approximately equally spaced intervals.

All points were run at standard day conditions and the ram recovery
was in accordance with MIL Spec 5008B.

5 .2  COST COMPARISON FOR INTERNA L DECKS

Computat ion cost comparisons were made between runs using analytical
deriva t ives and runs using a reference deck which had not been modified for
analytical derivatives . Valid comparisons could not be made using the
same deck , even though numerical derivative capability was retained in the
modified deck , since the computation and storage of partial derivatives in
the low—level subroutine s extended the time for comput ing base passes signif i—
can t ly. The comparisons were made using the 411—point matrix of flight con-
di tions , with both the primary (Engine 1) and alternate (Engine 2) eng ine
model..

Processor time was measured over an interval that included all the
actual engine cyc le calculation. but not the program initialization or
input—output processing . The analytical derivat ive model required 62 per-
cent less t ime than the numerical derivative model using Eng ine I , and
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lo. of Power
_______ 

Sett ings Note: Aug — Max and 50% A/B
_______ 

Aug Dry _ Dry — Intereediate, Idle,
~ 0 2 5 snd Part Power

_ _  
2 3 _

— 50 HP (Constant)
1133 a 1.5% (Constant) Total Points — 411

80,000

70,000 — — — — — ifr —fr ~~tr~~

/ A A A ~~~~~4

60,~~~ - - -I-I-I- -
0 0  ~~~~~~~~~~~~~~

50,000- --/- -J I - -
/0 0 ~~~~~~~~~~~~~~~~~~~~

40,0® -i-i-T-~— i i i - -
1 0 0 0  A A ~~~~~A A
I I I I I I I I

3o,000 — — . —0—0-0 —-a—A—A—A—A— —

/ 4H 4 4 4)”
20,000 — — —0—0 O—A- A-—L~— 

— — —
10,00~ I — 0—O—O-O—~~—1 

I 
— — —

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Macb Number

Figure 6. E ngine Data Matrix .
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61 percent less time using the Engine 2. Processor t ime is not a complete
measure of the relat ive to ta l  cost of running the models , as the analytical
derivative model requires 25% more computer memory .

The majority of the time gain ( 54%) was d i rect ly  a t t r ibu tab le  to the
inclusion of the analytic derivat ives. About 8% was due to the rewrit ing
and inclusion of a new and faster version of the subroutine COFFEX. ihis
was a re la t ive ly  new subrout ine , and the coding had not been opt imized .
The remaining subroutines were not new and the coding had already been
opt imized .

A total cost comparison was made between the two models , each run from
loader output files without any subroutine recompilat ion , and using Engine 2.
The total cost of the run using the analytical  derivative deck was 44%
lower than the run using the numerical derivative deck (38% due to ana-
lytic derivatives and 6% due to the new subrout ine COFFEX. The total cost
includes not only the processor time and memory residence charges associated
with performing the actual cycle calculat ions , but also the model initiali-
zation, input processing, and output formatting and conversion charges. The
output processing cost alone has been measured to be 30% of the total
cost of running the analytical derivative deck.

It is estimated that the first method (i.e., the complete set of ana-
lyt ic derivatives) if completely implemented internally would result in an
(ABC Evendale) computations cost savings of about $100 ,000 annually .  How-
ever , the many second order effects which are included in production cycle
decks result in nonstandard logic in the higher level subroutines. For
th is  reason , about $10,000 per deck is estimated for inclusion of the com-
plete derivative set . In addition , cont inued modification of component
logic would require continual updating of derivatives and a cost gain would
be hard to realize .

The second method (low level derivative) would result in a cost savings
of approximately $75 ,000/year. Moreover , it would require only about $500
in total cost per deck to implement the method. Method 2 is the one of
choice for all but the most heavily used parametric custome r decks .

5.3 COST COMPARISON FOR EXTERNAL (CUSTOME R) DECKS

A total cost comparison between the base deck and the deck with full
analytical derivatives included was made at Wright Patterson Air Force Base
on a CDC 6600/CYBER—74 computer. Both Engine 1 and Engine 2 were compared.
Engine 1 showed a 51.6% savings in cost while Engine 2 shoved a 52.2%
savings. If these numbers are taken as fairly typical , a cost savings
of about 52% should result from the inclusion of the method in an
external customer deck. The difference in cost savings between the
external and internal decks can be attributed to the greater number of
output parameters printed out with internal decks.
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As described in the previous section , the majority of this gain
(i.e., approximately 45%) is due to analytic derivatives. The remaining
6% is due to the inclusion of the new faster version of the subroutine
COFFEX.
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6.0 ASSESSMENT OF THE CENERALITY AND UTILITY OF THE APPROACH

The ana ly t ic  der iva t ive  method can be applied to any cycle deck which
uses numerical derivatives. Based upon the experience at LEG , the best
approach is to d i f f e r e n t i a t e  that portion of the deck for vhch the coding
remains constant ; for example , the subroutines used to evaluate thermo—
dynamic properties are usually good candidates since their structure is
fairly constant and they are called frequently. This approach should re-
sult in the greatest savings per unit cost.

For the Air Force Deck (SMOTE) the deck coding appears to be relatively
constant (based upon a comparison of the current coding and that given in
Reference 3). This is due largely to the neglect of second order effects
such as tip clearances , etc . Since this deck represents the principal engine
sim u la t ion model used by the Air Force, the entire deck should be differ-
entiated .

It is d i f f i c u l t  to est imate cost savings , since d i f fe ren t  computer
installations use d i f f e ren t  cost algorithms. However, it is possible to
estimate processor time gains. An approximate formula for estimat ing pro-
cessor time gain which can be obtained from analytic derivat ives was derived
during this program. If no other information is available , processor time
gains can be used as a rough estimate of cost gain. The derivation of this
formula together with several examples of its use is given below.

In order to estimate the balanced point time gain due to the inclusion
of analytical derivatives in a gas turbine engine cyc le deck, the following
inform at ion is required :

I. The number of base points per cycle balance point.

2. The number of derivative points per cycle balance point .

3. Ratio of the time required to execute an analytical derivavtive pass
to the time required for a base point.

Items I and 2 can be obtained from the iteration history of the deck
averaged over a typical flight envelope. The third item may be estimated
based upon past experience. For example, for the parametric VCE deck , the
ratio is known to be about one—tenth (0.1).

The estimating formula is obtained as follows:

Let NBP — number of base points
TBP — processor time required to execute one base point
NDP — number of derivative points per cycle balance point
TDP — processor t ime required to execute one analytic derivative

point
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Assume 1. The time required to execute a base point is 10% greater after
analytic derivat ive log ic is inc luded (due largel y to curve and
thermo derivat ives which must be evaluated on base points).

2. The time required to execute a base point is the same as the time
required for one numerical derivative pass.

Then ,

Time for Balanced Pt. with Analytic Derivatives
Time Required with Numerical Derivatives

— 
NBP * TBP * 1.1 + NDP * TDP

- 

NBP * TBP + NDP * TBP

After  simplificat ion ,

1 1 (TDP \ fNDP

Time Ratio - *

~ 
(NDP

The maximum possible t ime savings can be obtained by assuming that  the t ime
for an analytical derivative pass is zero , and that the t ime to run the base
point is unchanged by the inclusion of the analytical derivative code (i.e.,
the 10% increase in base point run time does not ex is t) .  With these two
restrictions , the above equation reduced to:

Maximum Time Ratio — ________

These relationships have been plotted in Figure 7. The percent reduction in
run time in the present deck is about 62% over the 411 point flighr matrix.
The ratio of derivative passes to base points averages about 2.3. The
approximately relationship shown in Figure 7 would predict a reduction of
about 60% which is within two percentage points of the actual value. The
maximum time gain possible would be 702. Therefore, about 90% (622/70%)
of th~ possible time reduction has been obtained with the present deck
setup. For engines and/or flight envelopes having a greater ratio of
derivatives passes to base roints. considerably greater time gains can be
achieved with analytic derivatives.
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100 I I
Max Possible Time Gai n

TDP/TBP = 0 . 1
80 - —

I Potential Gain
60 -j Remaining 

i
Alternate Method
TDP/TBP = 0.29

o 4 0 _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _

0
.1
4)

Realized Time Gain
(CE Deck G0005V)

2 0 -  - _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _

0 _ _ _ _ _  — _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

0 2 4 6 8 1.0
No. of Derivative Passes/No. of Base Points ,

(NDP/NBP)

Figure 7. Estimated Reduction in Run Time Due to Analytic
Derivatives.
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For i teration algorithms which evaluate derivatives after every base
point , the rat io of derivat ive passes to base point passes is equal to the
number of independent variables. For the VCE computer program file , the
number of independent variables is 9. Had derivatives been taken afte r every
point , the reduction in t ime would have been 802 or about f ive to one.

For the second method (low level derivative set), it was determined that
the ratio between the t ime for a derivat ive pass to a base point pass is 0.29.
The curve for TDP/TBP 0.29 is shown on Figure 7; and it indicates that if
derivatives were calculated for every base point (NDP/NBP 9) the theoreti-
cal gain would be 63%. These results compare favorably with the complete
analytical derivative technique and the method requires only a minimal
amount of time and effort to implement.

11
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7.0 CONCLUSIONS

It can be concluded that in any engine simulation model using numerical
derivat ives to obtain balanced cycle points, a considerable savings in both
computer time and cost can be obtained by the inclusion of analytic deriva-
tives. The greatest return per dollar of cost results when only that portion
of the model for which the coding remains relatively constant is differenti
ated . For the Air Force engine simulation model (SMOTE), the entire deck
should be differentiated since coding changes do not appear to occur fre—
quently.

The cost savings obtained during this study were 44% of a deck
run internally and 52% of the same deck ru~ externally (the differ—
ence is due to the use of a larger set of output parameters on the internal
deck).
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