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OIGITALCOHPUTERPROGRAHFORGENERATIN6DYNAH[C
TURBOFANENGINEHODELS(DIGTER)

Carl _. Oantele, Susan H. Krosel, John R, Szuch,
and Edward J, Hesterkamp

Natton_-Asr_nauttcs and Space Administration
' Lewis Research Center ' '1

Cleveland, Ohto 44135
Q

SUNNARY

Thts report describes DIGTEN, a dtgttal computer program that simulates
two-spool, two-stream turbofan engines. The turbofan engine model In DIGTEH ..
contains steady-state performance maps for all of the componentsand has con-
trol volumes where continuity and energy balances are maintained. Rotor
dynamics and duct momentumdynamics are also Included. Altogether there are
16 state variables and state equations OIGTEHfeatures a backward-difference
integration schemefor integrating stiff systems. It "trims" the model equa-
tions to match a prescribed design point by calculating correction coefficients
that balance out the dynamic equations. It uses the samecoefficients at off-
design points and iterates to a balanced engine condition.

e,

":. Transients can also be run. They are generated by defining controls as a
: function of ttme (open-loop control) In a user-written subroutine (THRSP).

DIGTENhas run on the IBN 370/3033 computer using tmpltctt thtegratton.wtth
_ time steps ranging from 1.0 msec to 1.0 sec.

DIGTENts generallzed In the aerothermodynamtctreatment of cnmponents. I
Thts feature along wtth DIGTEN's "trimming"calculations at a design point i
makes tt a very useful tool for developing models of spectflc engines having

•-,! the sametwo-spool, two-stream configuration. Also subsets of the turbofan i
engine configuration such as a turbo3et or a turboshaft can be simulated wtth
minor modifications to the fortran coding. Wtth extensive modifications to
the co_t_g, arbitrary configurations can be modeled.

Included tn thts report ts complete documentation of DIGTEH. Input :
requirements, flow charts, modeling equationS, and a test case are given along
wtth a ltstlng of the user-written subroutine TNRSP. Ftnally the use of DIGTEH _,
to generate mOdelsfor engines whose configurations are subsets of the general- _
lzed turbofan engine conftgurattoh ts described. ,

INTRODUCTION Ii

' The development of aircraft propulsto, systems depends, to a great extent,
on being able to predict the performance of the propulsion system and tts
associated controls. Computer simulations provide the meansfor analyzing the

" behavior and interactions of these complex systems prior to the butldtng and
testing of expensive hardware. Simulations can also serve as atds tn under-
standing and solving problems that arise after the propulsion system ts
developed.
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Computer simulations can be either generalized or specific to a particular
propulsion system. Generalized simulations are desirable tn that they allow
for paper studies of manydifferent engine configurations. Many generalized
digital engine simulations exist today. Rest of them are limited to steady- I
state performance calculations for a fixed number of engine configurations
(refs. 1 to 4). But, since they are generalized, the user need only specify
which of the conftgurattQns ts to be analyzed and supply the correct input . .i
data. One generalized code, NNEP(ref. 5), lets the user build up arbitrary
configurations through input deftnttton_. Another generalized code, OYNGEN '_
(ref. 6), has transient capability but ts ltmtted to the fixed engine con- ,
figurations of references 3 and 4 (GENENGand GENENGI1). All of the general-
tzed codes described have various limitations: they are limited to steady-
state calculations, or they have manybut fixed engine configurations. Some
(DYNGENand GENENG)are difficult tO change, and none can scale tts model
equations to reflect real engine data. Thus there ts a need for a computer
code that can do both steady-state and dynamic calculations, ts flextble for
modeling various engine cm_ftgurattons, and can also be easily adapted to model
real engine data.

Such a generalized dynamic engine program has been developed for the
hybrid computer. That program ts called HYOES(ref. ?) and can handle the
samefixed engine configurations as OYNGEN. HOwever, by utilizing the capa-
bilities of both the analog and digital computers, HYDESts able to provide
improved engine model fldeltty and an interactive user environment.

Even when using the HYDESprogram, the development of hybrid simulations
ts ttme consumingand requires experience tn dynamic system modeling, hybrid
computer programming, and hybrid computer operations. To Stmpltfy thts devel-
opment process, a systematic, computer-aided approach for generating hybrid
computer simulations of a particular class of engine (i.e., two-spool, two-
stream turbofan) has ueen developed (refs. 8 and g). Thts approach features
more generalized aerothermodynamtcmodels of engine componentsand automated
calculation of scale factors and simulation coefficients. AlSo a specified
operating point, designated as the design point, Is used to scale the component
mapsand to determine correction coefficients that wtll balance the dynamic
equations at the design point. Thts assures good steady-state accuracy at the
design point.

!

Despite the advantages of hybrid simulations they are generally not port- !
able or easily modified. Thus a dtgttal computer model possessing the capa-
bilities of the hybrid model presented tn references 8 and 9 ts desirable, i
Such a model has bee. developed and ts the sub3ect of thts report. The dJgttal
portion of the hybrid model was retained and the dynamic equations that were on
the analog were added to the dtgJtal code. The model was also unscaled to make
tt easier to modify or to integrate wtth controls. A.numertcal integration .........
schemewas added to provide dynamic capability to the digital program. The
integration technique ts implicitand is well suited for integrating "stiff"
systems such as the turbofan engine model. The resultant digital computer code
ts called OIGTEMfor DIGttal Turbofan Engine Model.

DIGTERts generalized tn a different sense than DYNGEN. DIGTEH,although
having only one engine configuration tn the code, ts written tn modular form to
permit variations of the engine configuration (i.e., turbojets and turboshafts)
to be simulated. Thts provides more flexibility (at the cost of recodtng the
Fortran) than DYNGEN,which ts ltmtted to a fixed set of configurations and

2
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which ts difficult to change. Both OYNGENand DIGTEMdo componentmap scaling
to match input data at a design point. However, DIGTEMalso calculates correc-
tion coefficients to balance the dynamic equations so that a steady-state
balance at the design point ts generated. The same values of the correction
coefficients are used at off-design points. If the coefficients do not balance
the dynamic equations at the operating points, OIGTENiterates to a new
balanced engine condition. OIGTER's flexibility should allow tt to be a useful "

• tool for engtne dynamics studies and controls analysis. ,i

DIGTENhas been run on the IBN 370/3033 mainframe computer with ttme step_
, ranging from 0.1 msec to 1.0 sec. Since DIETEMuttltzes an tmpltctt Integra-

tion scheme, the larger ttme ste!', can be used to generate Fast, stable, tran-
sient solutions. However, tf the ttme step is too large relative to the
smallest engine ttme constant, there wtll be a loss tn dynamicaccuracy.

Thls report provides documentation of the DIGTEHprogram.. Input require-
ments, flow charts, and modeling equations are provided. A test case ts
included that makes use of a user-written, open-loop control subroutine, TMRSP.
Also, a complete users manual ts provided as a section of this report. Check
with COSMIC,University of Georgia, Athens, Ga. 30602, for the availability of
this program. Ftnally the use of OIGTEMto model turbo3et and turboshaft
engines ts described.

MOOELOESCRIPTION

The engine model supplied wtth DIGTEMrepresents a two-spool two-stream ;IP I

augmentedturbofan engine. Figure 1 showsa schematic representation of that ,
engine. A singleinlet Is used to supplyairflowto the fan. Alr leavingthe ,I,i
fan Is separatedInto two streams- one passingthroughthe enginecore and

F

another passing through an annular bypass duct. The Fan Is driven by a low-
pressure turbine. The core airflow passes through a compressor that ts driven
by a high-pressure turbine. Both the fan and compressorare assumedto have
variable geometry for better stability at low speeds. Engine airflow bleeds i
are extracted at the compressor extt (station 3) and used for turbine cooling
(flow returns to the cycle). Fuel flow Is tn_ected tn the main combustor and
burned to produce hot gas for driving the turbines. The engine core and bypass
streams combine In an augmentor duct, where the flows are assumedto be Ithoroughly mixed. Additional fuel ts added to Further increase the gas tem-
perature (and thus thrust). The augmentor flow is discharged through a vari-
able convergent-divergent nozzle. The nozzle throat area (station 8) a_d
exhaust nozzle are_ (station E) are varied to maintain engine atrflow and to
minimize drag during augmentor operation.

Figure 2 contains a computational flow diagram of the engine model. All
symbols are defined tn appendix A. The analytical model includes multivariate
mapsto model the steady-state performance of the engine's rotating components.

• Fluid momentumtn the bypass duct and the augmentor, mass and energy storage
within control volumes, and rotor tnerttas are included In the model to provide
transient capability. The complete engine model ts presented tn appendix B.

The integration technique used tn DIGTEMts a backward-difference
(implicit) integration schemethat ts well suited for integrating "stiff
systems." A typical engine model wtll have ttme constants that differ by three
or four orders of magnitude. This requires the use of very small time steps

3
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when using forward-difference (explicit) integration schemesto insure stabil-
ity. The backward-difference schemeuses a multtvarlable Newton-Raphson itera-
tion method for convergence at each time point. A complete description of the
integration technique ts given tn appendix C. In OXGTEMthe iteration vari-
ables correspond to the state variables. The 16 state variables are the

two rotor speeds NL and N,; tho slx stored masses H3, "4, H4.1,T1W6, _and W13; the six gas temperatures T3, T4, T4.1, T6, T7, and 3; and

two mass flow rates w13 and w6. The ordering of the state variables tn

the state vector V"S tS important. The elements of V"S and the corresponding

state derivative vect_ _ are def-lned in terms of computer variables as
follows:

VS(1) - XNL VDOT(1) • DXNL
VS(2) - XNH VDOT(2) = DXNH
VS(3) , W3 VOOT(3) = OW3
VS(4) = T3 VDOT(4) = DT3
VS(5) . W4 VDOT(5) = ON4

_/ VS(6) . T4 VOOT(6) = OT4
; VS(7) = W41 VOOT(7) = 0W41

VS(8) = T41 VDOT(8) = DT41
_ VS(9) = W6 VDOT(9) = DW6

vs(_o) = T6 VOOT(IO)= OTS
vs(11) . w_ VOOT(ll) = ow_
VS(12) = T7 VOOT(12) = OT7
VS(13) = WA13 VDOT(13) = OWA13
VS(14) = WG6 VOOT(14) = DWS6
VS(15) = W13 VDOT(lS) = OWl3
VS(16) = T13 VDOT(16) = DT13

The order of the state variables ts set up such that the duct variables
and the core nozzle variables, are at the end. This facilitates the use of
DZGTEHfor stmulatlng engines other than two-spool, two-stream turbofan
engines. This wlll be discussed later. DiGTEHsubroutines associated with
the integration scheme(ENGBD,TMRSP,ERROR,GUESS,DMINV, and BDPRNT)are
written tn terms of the state variable vector VS and the state derivative i
vector VDOT. The state variables and their corresponding derivatives do not
appear explicitly tn these subroutines. The user must be careful tf he or she i
wishes to redefine the state vartable order tn DIGTEM. Subroutines ENGBD,
THRSP,and BDPRNTare order dependent (the others mentlon._d above are not). "
All three subroutines must be changedaccordingly. Thts wtll be discussed
later.

Although the Integration schemefeatured tn DIGTEHis a backward-
difference integration scheme, a forward-difference integration scheme(Euler)
ts also provided (a user option). How to invoke the different options tn
D[GTEMts described tn the section USERSMANUAL.

USERSMANUAL

Simulation Flow Diagram

The overall simulation structure ts shown in figure 3 tn the form of a
flow chart for the matn program DIGTEM. First, DIGTEMwrites out a heading

4
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identifying the type of engine being simulated. User data are then read tn to
define the tntegratlon ttme step, printout interval, operating point, and tran-
sient duration. Next, INDATAIs called to read tn componentmapsand steady-
state operating-point data. Both nonaugmented (dry) and augmented(wet) oper-
ating points may be input. By definition, the first dry point and the first
wet point are design points. Once the desired design point or points ts speci-
fied, DSfiNPTts called to calculate the scaling coefficients for the specified I
dry and wet design potnts. Next the engine parameters are calculated tn ENGINE 'f

. and vectors are set up for the integration routines. Then BOINTGor FOINTGts
called to generate transient results depending on which integration method ts 'i
desired. Once the transient Is completed, the simulation ts stopped, t

t

Flow charts for the subroutines are shown tn appendix O. The following i
ltst defines the functions of the various subroutines: i

DIGTEM The matn program for the simulation ts used to control the simulation. _=
BDINTG The BDINTGsubroutine performs implicit integration of the dynamic

equations tn DIGTEN.._hts subroutine Is discussed tn detatl in i
appendix C. I

BDPRNTThe BDPRNTsubroutine prints out either a short or a detailed output i
when backward difference ts used. : i!

DCTINT The DCTINT subroutine calculates the derivative of the duct flow and
performs a forward-difference integration tf desired. I

DRINV 1he DRINV subroutine performs a double-precision matrix inversion of
the Jacoblan error matrix.

OSGNPTThe DSGNPTsubroutine ts used to calculate correction coefficients from
design-point data. At the dry and wet design points the scaltng

coefficients are calculated from input values of pressure, tempera-ture, flow, etc. The correction coefficients are used to compensate
for small modeltng errors (e.g., map interpolation errors or mts- i1
matched componentmodels) and to gtve zero derivatives at the design
points. Additional coefficients are calculated at the wet design ,
potnts so that a balanced condition exists tn the augmentor at the
wet design (maximumthrust) point. Thts subroutine ts discussed tn
more detatl tn appendix B. ._

DUCT The DUCTsubroutine calculates the duct integration constants and
losses.

ENGINE The ENGINEsubroutine solves the turbofan engine model by using the
correction coefficients from OSGNPTand by calltng the 14 engine
subroutines tn order. Thts routine ts called by DIGTENto calculate
Intttal conditions when forward-difference integration ts specified.

ENGBD The ENGBDsubroutine performs the samefunction as ENGINEbut ts used ;
when backward-difference integration ts specified.

ENG1 The ENG1subroutine calculates fan performance. _:
ENG2 The ENG2subroutine calculates compressor performance.
ENG3 The ENG3subroutine calculates continuity and energy balances tn the

fan mixing volume and performs integration tf not In steady state.
ENG4 The ENG4subroutine calculates bleed flows.e

ENG5 The ENG5subroutine calculates continuity and energy balances In the
compressor mtxtng volume and performs integration tf not In steady

• state.
ENG6 The ENG6subroutine calculates the high-pressure-turbine performance.
ENG7 The ENG7subroutine calculates the continuity and energy balances tn

the combustor and performs integration tf not tn steady state.
ENG8 The ENG8subroutine calculates the low-pressure-turbine performance.

5
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EN69 The ENG9subroutine calculates the continuity and energy balances tn
the hlgh-pressure-turbtne mixing relume and performs integration tf
not In steady state.

ENGIO The EN610 subroutine performs continuity and energy balances in the
law.pressure-turbine mtxtn9 volume and performs Integration If not tn
steady state.

ENGll The ENGll subroutine calculates nozzle performance.
ENG12 The ENG12subroutine calculates continuity and energy balances tn the

augmenter mtxlng volume and performs tntegrstton tf not tn steady , .,
state.

EN613 The EN613 subroutine calculates the 1ow_ and high-spool derivatives and ,_
performs integration tf not in steady state.

ENG14 The ENG14subroutine calculates duct parameters and performs Integra-
tion if not in steady state.

ERROR The ERRORsubroutine calculates the error vector for tmp_tctt
integration. ,i

FOINTB The FOINTG subroutineperformsforward-dlfFerenceintegrationof the
dynamlcequations.

FLCONO The FLCONOsubroutinecalculatesambientpressureand fan Inlet total
_i pressure and temperature from specified values of altitude, Mach

number, and sea-level ambient temperature.
FOOR The FOORsubroutine indicates when data input to a function ts out of

i range of the functiondata. It alsn indicatesIf the Impll_It
integrationroutineIs generatinga 3acoblanmatrix. If MATRIX - O,
the routineis not.generatlnga new matrix and the data should be
checked.

FUN1 The FUN1subroutine does a single-value Interpolation.
FUNIL The FUNIL subroutineIs called followlngthe c111 to FUNI when the same

_i patr of breakpotnts can be used to compute a second function value.
_! GUESS The GUESSsubroutine upd.a_t.e.s.._lleguess vector for the implicit Integra-

tion scheme.INOATA The INDATAsubroutine initializes and reads tn map data.
MAP The MAPsubroutine does a double-value interpolation.
MAPL The MAPLsubroutine ts called following a call to MAPwhen the same

four breakpotnts can be used to. compute a second function value.
MOOR The MOORsubroutine indicates when data input to a map are out of range

of the map data. It also Indlc_es If the Impllcltintegration
_- routineIs generatinga 3acoblanmatrix. If MATRIX = O, the routine

Is not generatinga new matrix and the data shouldbe checked.
NOZZL The NOZZL subroutinecalculatesnozzleperformancefor both subsonic

and supersonic flow condttton_.
PROCOMThe PROCOMsubroutine calculates the values of 3P-4/atr thermodynamic

properties based on supplied values of temperature and fuel-atr
ratio. The thermodynamic properties are the specific heats, the
specific heat ratio, and the specific enthalpy.

!_i SPLINT The SPLINT subroutine calculates the spool speed derivative andperforms forward-difference integration tf specified. I

7'i._! SPOOL The SPOOLsubroutine calculates the spool integration constant from .the momentof inertia.
TPRINT The TPRINT subroutine prints out short or detatled output when

i_ forward-difference integration ts used. '
_j_ TRAT The TRATsubroutine calculates the tsentroptc temperature rtse param-
i-i:_" eter based on specified values of pressure ratio and specific heat

i
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VOLINT The VOLINTsubroutineperformscontinuityand energy integrationsfor
forward-difference Integration and forms derivatives for the
backward_dlfference Integration.

VOLUMEThe VOLUHEsubroutine calculates control volume stored mass by using
the 1deal-gas law,

A ftnel subroutine TMRSPts user wrttten, It defines open-loop eontrols as a
function of ttme for transient operation.

w

Program Setup

: Data are input to D%GTERvta three methods. First, all componentmap data
and operating-point data are specified tn an input data sut; second,
Integratlonroutineselectlon,integrationtlme step, printoutoptions,and
transientdata are specifiedIn the maln routlneO%GTEM;and third,open-loop

: controls are specified tn a user-written subroutine TRRSP.

InPUt data set. - The input data set supplied wtth OIGTEMts shownin
figure 4. These data are read In by the matn program OIGTEMand by subroutine
INOAIA, The first llne containsconstantsfor the fractionof turbinecooling
bleedsthat performwork for the high- and low-pressureturbines,respectively.
For the test case the constantsare KBLNHT and KCIWLT and the input format

L ts (5F12.5). The next six sets of data are componentmapsthat are normalized
', ' to dry design oper_tt.ng-potnt values.

k: Before the contents of each of the component ._,apdata sets are described,
t_ a general discussion of the data input procedure Is presented. Figure S shows

_ an example of mapdata where there are three commonfunctions of the tndepen-
' dent variables. The first ltne of the data contains ftve numbers tn (513) ,
_ format. They are

i'

MAPNONCV NPT NFCT NCOM '

? where MAPNOIs a mapnumber to be used tn the Zt = ft (X,Y) function call;
_ NCVIs the numberof curves Y on the map; NPT ts the number of points (X,Z)
)_;. on each curve; NFCTts the numberof commonfunctions Zt of the same

independent variables; and NCOMt s the switch to indicate that the X break-
point values can be used for all of the NCVcurves, (A zero indicates that .......
the X values are different for each curve.)

The next line indicates the formats to be used in reading the remaining
map statements. A (8X,l(4A2)) format ts used to specify the formats of (1)
the X values, (2) the Y values, and (3) the Zt values. The rel_tatntng
lines tn the data set contain (in order) the Y values, the X values for

): the first curve, the Zt values for the first curve, of each function, the
., X values for the second curve, the Zt values for the second curve of each

. function, and so forth. For those functions where each curve can be defined
by exactly the same X values (NCOM. l) those X values need be only input
once immediately following the Y values.

Now, returning to figure 4, the first input data set ts for the fan
": variable-geometry effect. Thts map gives the ad3ustment to the value of cor-
=i rected fan airflow due to off-schedule geometry. The effects are modeled as a

blvartate map wtth fan variable-geometry position and fan corrected speed as
the inputs. That ts,

• '.,t
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(,,
The first llne of data ts

1 14 11 1 0 (understood) '_

Thus the map number is 1; there are 14 curves_ 11 points per curve; 1 function . _d
of Z for each X value; and 0 ts understood to be the NCOHswitch value. The
next line indicates the formats for reading the data. Lines 3 and 4 are the Y
values (normalized speeds), lines 5 and 6 are the X values for curve 1 i
(the FV6P values - not normalized), and lines ? and 8 are the Z values for
curve 1 (the flow shifts). Lines 9 and 10 are the X values (FVGPpositions)
for curve 2, and lines 11 and 12 are the corresponding flow shifts. Oata for
12 more curves of flow shift as a function of FVGPand speed follow. Note
that the twelfth value of corrected speed ts 1,000, Therefore the correspond_
lng curves (lines 49 to 52) pass through the design point (X = 1.0, Z = 1.0).

The next set of data defines the compressor variable-geometry effects map.
This map gives the shift in corrected airflow due to off-schedule compressor
geometry, As is the case of the fan, the shift is assumedto correlate with

i_o actual variable-geometryposttton and corrected speed:

_""" _w2.2 f12 VGP, NH/e2.2m

_i The first line of data ts

_ 2 14 ll 1 0 (understood)

_ which ts similar to the fan variable-geometry data. The 2 corresponds to the
_, map number. The next line is again the formats for reading the data. Lines 3
_ and 4 are the normalized speeds; lines 5 and 6 are the CVGPvalues and lines 7
i:_ and 8 are the flow shifts corresponding to the first corrected speed (0.70).
_;? Thirteen more curves are defined for the compressor.

_ The next data set is the baseline (scheduled FVGP) fan performance. Here '
-:_ NFCT= 4; thus there are four mapswtth the same input values. Lines 3 and 4 i

I

. Lines 5 and 6 are the fan duct
_ are the normalized fan speeds NL/e_/2
_: pressure ratios P13/P12. Beth input values are normalized to the design-_ point value. Lines 7 and B define the corrected fan flow curve for the first

-__ co.rrected speed (0.3000): /_ Ne1__)
= f6 (3)

_ fan,M _P2' .
_!_i In addition to the corrected flow map there are three other mapsassociated
,!! with fan performance. They are fan tip region efficiency

._ P1 NL
': nfan,OD f9 3 (4)L = ' !

it...... ................ O0000001-TSAll



i i'_ the fan ttp regionpre_.re ratio. ORIGINAL PA_ i_
;. OF POOR QUALITY.

" e2 " 2' _/ 1_)o
ic' and ftnally the fan hub regton efficiency "

The next set of data ts for the baseltne (scheduled CVGP)compressor per-
_; formance. Her,JNFCT. 2. Thus there are two mapswtth the same tnput vari-

ables, namely pressure ratto and speed. Ltnes 3 and 4 are the normalized
/ 112

corrected speeds NH/e2. 2. Ltnes 5 and 6 are the normalized compressor
: pressure rattos P3/P2. 2 for the ftrst speed (0.700). Ltnes 7 and q contatn

the corresponding compressor corrected flows for the ftrst speed:

(WC)c,M• fll ' .1/2 (7)
u2.2/

The second map.for the compressor Is the compressorefficiency:

NH

nc = f13/P2. 2\ u2.2 / ",

The next set of data ts for the high-pressure-turbine performance. Here i
NFCT= 2. Thus there are two maps. Zn thts case, NCOR= I. Hence a11 curves ,:
for both mapsare deftned by the samepressure ratto breakpotnts. Each map
has etght curves wtth ntne potnts per curve. Ltne 3 contains, the etght

':" normalized speed values NH_;/:. L,ne 4 contatns n,ne normalized pressure
ratto values P3/P2.2. Ltne 5 deftnes the.normalized flou parameter curve

_---

for the ftrst speed (0.7129):

•(Up) " f14 ' (9)
HT T_I

Ltne 6 deftnes the ftrst curve of the map(t.e., the turblne enthalpy drop
parameter):

(hp) " f15 T_/2) (10), HT k P4

i'i!!i_'il L,nes 7 a_d _ def,ne the same t_o maps at the second speed (0.754_). Note tha'_'" the samepressure ratto breakpotnts are assumedfor all speeds.

._75_...

; -:._.' ........................
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The final set of componentm_pdata ts fQr the lnw-pressure-turblne per-
formance, The data are organized In exactly the sameway as those for the
high-pressure turbine, Line 5 1_ the normalized flnw parameter for the flr_t
speed (0.4076):

(Wp) _ fl& g_' ;1 (111 "
LT 4.1 "4.1/ ' ,,

and 11no 6 ts the normalized turbtne enth_lpy drop p_rnm_tor:

(hp) " f17 ,_,' 1/2
LT 4.1 T4.1

After the co_onent mapdata are read tn, a blank 1the must bo Inserted.
The next set of input data are the btas values for the fan and compressor
vartable geometry. These values are subtracted from the actual variable-
geometry pos_tton values tn the simulation so that inputs to the flow shift
mapsare always positive (a requirement of the Interpolation routine). The

_ biases are 0.000 and 4.000 for BSFVGPand BSCVGP,respectively, and the format
ts (2F10.0). The next two numbersare the number of dry and wet operating
points (NDRYand _U6, respectively) to be input by the user. The format is
(1X,2(I2,2X)).

The following number ts a label for designating the operating point
(POINT). The format ts (9X,I3). The first operating potnt Is assumedto be ;

the dry design point. The operating-point data are organized as follows:

PO P2 P13 P22 P3
P4 P41 P5 P6 P7
TAH T2 T13 T22 T3
T4 T41 T6 T7 _A2
_A13 NA22 HA3 NG4 _G41
NG6 _G7 DH4 OH41, ETAB
ETAAB FN XNL XNH NF4
NF7 A8 AE ALT XHN
CDN CVN FVGP CVGP FG

The format ts (5F12.5). The next set of variables read tn are the phystcal
volumes, reactances, and rotor momentsof tnertta:

Vl 3 V3 V4 V41 V6 V7
AQL13 AQL6 XXH XZL

The for_t ts (6F12.5). The ftnal values read tn for the operating point are
the fan ttp region, fan hub region, and compressor efftctenctes:

ETAOF ETAZF ETAHC

The format ts (3F12.5).

The following sets of data contain additional dry-operating-point data.
Oncea11 the dry o_erattng points are read tn, the augmentedoperating points

,.. are read tn. Again, the first wet operating point ts assumedto be the wet
design point.

:_ 10
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Transient soeclflcatlons tn OXGTEM.- Setup data far DIBTEMtransients
(except f_r open'loop controls) are specified in the main routine O]6TEM, The
data. are l_sted in tab3e Io NOPERdenotes the deslred _nitlal-condlt_an oper-
ating point; fl is the integration time step; and TMAXls the duration of the
transient In seconds, If THAX- O.O, a steady-state (converged) paint w111
be generated, Steady-state so]utlans far the ftve operating points }lsted in
figure 4 are gtven An appendix E. TOUT Is the printout interval. No_e that ,,
TOUT_nd H need not be the same. The integration method to he used is set by

' [BYINT, If IFlDINT . O, a forward_dlfference Euler integration t_ used; tf
IFlOINT. 1, b_ckw_rd_dtfference (Implicit) integration is used. The lmplictt

. integration _chemo_s discussed in appendix C. XHPCNVprovides for matrix
generation and convergence at every time potnt, if do_trod. If IHPCNV, O,
tntornal logic _ to be u_od to determine when now matrices are computed,
Finally N is the systemorder (IG foe the turbofan engine model in OI6TEM). L

P__oj=_W=_t_===_JLO=_o_#__c___O_=TJ_JL_, ° Transients are run in .__
OIQTEHby spec.t-fytng open-loop controls as a function of time In a user= i
written subroutine THRSP, Control _nputs for the two=spool, two-stream turbo_
fan engine in OIGTEHare

O

wr,4 main combustorfuel flow

WF,7 augmenterfuel flow

_; A8 nozzle throat area

FVGP fan variable-geometry parameter

_,. CVGP compressorvarlable-geOmetr_parameter

Figure 6 showstime histories of the control inputs for a typical engtr,, =
.... toleration from operating point 3 (low dry power) to operatlz_g point 4

_ (high wet power). Rain combustor fuel flow WF,4 is ramped in 2 sac from 0.37
to 1.7 lbm/sec. FVBPand CVGPare varied in a manner designed to stay w_thtn
the ranges of the fan and compressor flow shift maps. After 10 sec after-

e

burning is initiated. Augmenter fuel flow wF,7 ts ramped in 3 sec from 0 to
G,O lbm/sec. Also, at 10 sec the nozzle throat area A8 and the exhaust nozzle
area AE are rampedto their new operating-point values (also in 3 see).

Figure 7 shows the corresponding Fortran coding to produce these open-
loop controls (subroutine THRSP). All the inputs have been described except
for dSS, which is set internally in OIGTEM, 3S5 t_ set equal to O whena
steady-state run is requested. Thus specifying TRAX= O._,tn DIGTERcauses

• 3S5 to be sot equal to O. Note that in figure 7 the FV_Pand CVGPvalues are.
both biased and inverted before leaving TMRSP. This is done to accommodate
the map interpolation routines.

11
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OUTPUT- TEST CASE

The previously defined transient Is used as a test case. The lowest power
operating point, operating point 3, Is used as the initial condition for the
transient. The engine ts to be accelerated from low power to full afterburnlng
tn 20 sec. The maln routine DIGTERto run thts transient ts shown In f_gure B.
Note that backward-difference integration ts desired (I_DINT , 1); the tntegra- ,
tton ttme step Is to be 0.01 sac (H _ 0.01); the printout interval ts to be
0,1 sec (TOUT , 0.1); the transient duration ts to be 20 sac (TMAX, 20.0);
the tntttal condition ts operating point 3 (MOPER, 3); tnternal logtc ts to
be used to determine whena new aacobtan matrix ts needed (IHPCNV _ 0); and
there are 16 state variables (N - 16).

The output 11sttng from DIGTEMts showntn figure g. At the tnttta.1 con-
dition (tn thts case, OPERATINGPOINTNUMBER3) a detailed printout of the
engine parameters ts generated at TIME , 0.0 SECONDS.Thts printout corre-
sponds to the user-supplied INPUT DATA. However, the input values may be
sltghtly different from the input data because of the effects of the correction
coefficient scaling described earlier. Pressures, temperatures, temperature
derivatives, mass flows, mass flow derivatives, stored mass, stored mass
derivatives, energy derivatives, and enthalptes are ltsted for the various
engine stations. Below the table, low and htgh spool speeds and their corre-
sponding derivatives are listed along with main combustor and augmenter fuel
flows,bleed flows,and variablegeometries. The variablesFSHIFTand CSHIFT
are near zero since the specified values for the variable geometry positions
result tn small flow shifts out of the fan and compressor flow shift maps.

-!
; A second printout ts generated tf implicit integration is selected. This

second printout ts generated after DIGTEMconverges to a balanced steady-state
"_ condition. If explicit integration ts used, a startup transient will occur (tf

all the centre) inputs are held constant) because of any nonzero derivatives
that exist at the initial operating point. Whenexplicit integration is used,
DIGTEMprints out the input data table as described for the implicit lntegra-

_ tton and then prints out a message

FORWARDDIFFERENCEINTEGRATIONIS BEING USED. IF ALL THE DERIVATIVESARE NOT
CLOSE TO ZERO,A TRANSIENTSHOULDBE RUN TO BALANCEOUT THE ENGINEBEFORE
CHANGINGANY OF THE CONTROLSIN TMRSP.

Since implicitintegrationIs being used here, DIGTEMiteratesto a converged
conditionand then prints out CONVERGEDSTEADYSTATE POINTand again gives a
detailedprintoutof the engineparametersat TIRE = 0.0 SECONDS. Note that

) all of the derivatives have been driven to near zero and also that the con-

;_! verged data are very close to the input data. Thts indicates that the input
_ data along wtth the correction coefficients calculated at the dry design point
_,: led to a nearly balanced engine at the operating point. Steady-state results
_l are given tn appendix E for all ftve DIGTERoperating points. Note that tf .
_! explicit integration ts used, thts second printout of converged data does not

occur.

Next DIGTEMprints out transient results at each specified printout point.
Thts is done for both integration schemes. Shownare TIME and the pressures at
all engine stations tn row 1; temperatures at all stations tn row 2; and
speeds and control inputs tn row 3. MATTOTts shown in row 3 when implicit In-
tegration is used. Thts ts the total numberof Jacobtan matrices calculated to

12
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_!
that point in the transient. In this case data are printed out every O.1 sac
for 20 sac. At the end of the desired transient,run (TMAX. 20,0 tn this case)
DIGTEMagain prints out a detailed list of the engine parameters at all sta-
tions, This occurs independent of the Integration schemeselected. Figure 10
showsplots of someof the results. Shownare plots of high rotor speed NH,
low rotor speed NL, combustor pressure P3, turbine inlet Eemperature T4,
and augmenter temperature T7 as Euncttons of time. As showntn figure 6, main
combustor fuel flow was ramped for 2 sac and then held constant. All five vart- "

' ables shown In figure 10 increased smoothly to their new values and then held
constant unttl augmenter fuel flow was added at t , 10 sec. Note that all engine
variables stayed constant during afterburntn9 except the augmenter temperature,
which increased smoothly to tts final value.

%NTEGRAT.IONTIHE STEPSTUDY

1he integration time step for the test case was 0.01 sec. The 20-sec
transient took 13.1 sec of central processing unit (CPU) ttme on the IBH
370/3033 computer when the tmpltctt integration schemewas used. Stx Oacobtan
matrices were generated during the transient. To detePmtne the effect of ttme
step on the simulation response and on CPUtimes, the integration time step was
varied from 0.001 sec to 1.0 sec for the same20-sec transient. Figure 11(a)
shows the effect of time step on CPUt_me. For the O.O01-sec integration ttme ......
step, 98.34 sec of CPUtime was needed for the 20-sec transient. This ts
primarily due to the large numberof steps (i.e., passes through the model_.
Increasing the. ttme step to 0.01 sec caused an 87-percent. reduction tn CPUttme
to 13.1 sec. A further increase to 0.1 sec caused another reduction of 69
percent in CPUttme to 4.01 sec. Ftnally an increase to 1.0 sec caused another ...
reduction of 9.8 percent to 3.69 sec.

Figure ll(b) shows the corresponding number of 3acobtan matrices needed
for the 20-sec transient wtth the various integration ttme steps. As the ttme
step increased, the numberof Jacobtan matrices needed for convergence also
increased from two matrices at the O.O01-sec ttme step to 31 at 1.0 sec. For
ttme steps less than 0.01 sec the CPUttme was primarily a function of the
numberof passes through the model. For larger ttme steps, however, the ::
generation of Jacobtan matrices (and subsequent inverses) contributed a great i1
deal to the CPUttme and offset much of the expected speedup.

In all cases, stable and converged solutions were obtained. However, wtth
the 1.O-sec ttme step, someproblems occurred early tn the transient with
inputs to maps and functions going out of range. Also somedampedoscillations
were observed. For ttMe steps between 0.001 and 0.1 there was little differ-
ence between the transient responses. Figure 12 showsa comparison obtained
with the 0.01 and 1.0 ttme steps. Low rotor speed is shown In figure 12(a).
Note that at 1.0 sec ¢here was a large speed dtf.ference betweel_ the two
responses. Thts occurred because the inputs to the map and function input

• routines went out"of range. By 2.0 sec the H = 1.O-sec response recovered but
then overshot at 3.0 sec and finally showed someoscillations about the final
value of speed. The combustor pressure responses are showatn figure 12(b) for

" the first 2 sac of the transient. Note the loss in accuracy for the larger
time-step solutions. Although not shownIn figure 12, the high rotor speeds
and turbine inlet temperatures exhibited the samecharacteristics.

13
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Ftnally a transient was run using the expltctt Euler integration scheme.
supplted tn DI6TEM, To obtain a stable solution, the integration time step had
to be less than or equal to 0,1 msec, For the same20-sac transient, 417 sac
Of CPUttme was needed,. •

SI_IULATIONOF OTHERCONFIGURATIONS "

OX6TEMcontains normalized componentmapsand a generalized aerothermo- ' "
dynamic treatment of Its components, It also can scale the analytical model to
match a user-specified design point. These features make tt useful for simu-
lating turbofan engines other than the one described tn OIGTEM. Also, with
minimal Fortranreprogrammlng,variationsfrom a turbofanengine such as a
turbojetor turboshaftenginecan be simulated. With major modlflcatlofisto
the coding It Is posslbleto model arbitraryengineconfigurations,

• To stmulate an ehgtne suc._as a turboshaft, the user need only mask
(comment) out those areas of code that are not neededand equate variables
where needed. The order of the state variables has been set to facilitate the
required modifications to the implicit integration routine. Simulation of a
turboshaSt engine Is described tn appendix F.

For particular engine configurations somechange to the state vartable
order may be necessary. The user ts cautioned that the state vartable deriva-
tives must also be ordered as described tn the section MOI)ELDESCRZPT.ION. For
example, one may wish to simulate a single-spool turbojet such as the one shown

, In figure 13. In comparingthls configurationwlth the turbofanconfiguration ,,
of figure 2, ttts clear that the fan duct, fan, and low-pressure turbine must _
be eliminated. A suitable state variable and state variable derivative order ;'=

t s !
!

VS(1) = XNH VDOT(1) = DXNH
VS(2) = W3 VOOT(2) = OW3
VS(3) = T3 VDOT(3) = DT3
VS(4) = W4 VDOT(4) = OW4
VS(5) = T4 VOOT(5) = OT4
VS(6) = vie VDOT(6) = DW6
V$(7) = T6 VDOT(7)= DT6
VS(8) = W7 VOOT(8)= OW7
VS(9) = T7 VOOT(9) = OT7
VS(lO)= W66 VDOT(IO) = DWG6

Variables must be eliminated or equated as follows:
e

WBLLT - 0 (13)

FVGP= CVGP= 0 (14) .

e

wl3 - 0 (is)
:iliC
t ° °I_ = W2 (16);"" W2.2

14

-' 00000001-TSB03



P2.2 P2 (17)

T2. 2 - T2 (16)

P6 " P4.1 (19)

T5 _ T4. 1 (20) °i

W5 • W4.I (21) ',

%nthe matn routine OIfiTEH the numberof state variables must be reduced
to n = 10. The Fortran recodtng to accomplish the vartable changes ts done tn
the OSGNP1and the appropriate ENGtsubroutines. The state vartable reordering
ts done In the ENGBO,TMRSP,and BOPRN1subroutines.

CONCLUOING.REHARKS

The destgn and development of aircraft propulsion systems depends to a
large extent on computer simulations. The generalized computer codes for
developing these simulations must be flextble tn being able to model many dif-
ferent engine configurations and also must predict engine performance tn both
steady-state and transient operation. Oncean engine configuration ts picked,

_i the simulation must then model the specifics of that engine. Generalized
_ codes, however, do not lend themselves well to modeling specific engines

because of their generality. Also, the stmulatlons must perform the engine
,: calcUlations In a reasonable amountof computer time,

1!

Unttl now, the generalized computer codes available performed somebut '!j
not all of the above functions. OISlEH, the digital turbofan engine model _: t
computer code presented In thts report, has been shownto provide all of these _ i
functions. Besides being able to model manydifferent configurations, OIGIEM

_,. provides both steady-state and transient capability, and scales ttself to match
engine operating-point data and thus tatlors ttself to model specific engines, i

.- DIGTEHprovides all of thts capability at the expense of requiring much
more user interaction than the other generalized codes. However, tt ts wrttten.
tn such a manner that even someoneunfamiliar with gas turbine engine simula-
tions can modify and use the simulation. To do so does require the user to
have knowledgeof Fortran. DIGTEHcontains both tmpltctt and expllctt numer- I

1ca1 integration schemes. It ts segmentedon a componentbasis (each component
and mixing volume ts tn tts own.subroutine). Thus tt can be used to do numer-
Ical integration studies using integration method_other than those supplted

_ with the computer code. Also, because of the segmentation, parallel processing
methodscan be studied. Open-loop control Implementation ts described tn t
OIGTEH. Closed-loop controls can be tmplemenCedby adding control equations

• and integrating the controls and state variables simultaneously or by ustng
the subroutines tn appendix C of Sellers, which were derived to be compatible
with the modtfted Euler solutton method. In addltton to betng a useful tool

" for simulation research and development, DIGTEHprovldes the flexibility to
study a variety of engtne dynamtcs and controls problems.

". 15
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APPENDIXA i!
I

i I

SYMBOLS ,t

A cross-sectional area, cm2 (tn 2)
a.. altitude, m (ft)
Cd nozzle flow coefficient
Cv nozzle veloctty coefficient
CC correction coefficient
CVQP compressor variable-geometry parameter, deg
Cp specific heat at constant pressure, kgtJ K (6tu/lbm °R)

specific heat at constant-volume, kg/J K (Btu/lbm °R)Cv
d_ differential time, sec
F thrust, N (lbf)
FVGP fan variable-geometry parameter, deg
ft() functional relationship, t = 1,30
f/a fuel-to-air ratio
gc gravitationalconstant, I00 cm kg/N sac2 (386,3 lbm In/Ibfsec2)
H heat, 3 (Btu)
HVF heating value of fuel, 3/kg (Btu/lbm)
h specific enthalpy, 3/kg (Btu/lbm)

;;'_ Ah enthalpy change, J/kg (Btu/lbm_ 2
'_ h turbine enthalpy drop, 31kg K_I rpm (Btullbm "RI12 rpm)_./ _P polar momentof inertia, N cm secZ (lbf in sac2)
_-_ J mechanical equl.valent of heat, 100 N cm/J (9339.6 lbf tntBtu)
_ KA8 augmentor pressure loss coefficient, N2 sec2/kg2 cm4 K
,- (Ibf2 sec2/lbm2 In4 °R)
i_, KB matn combustor pressure loss coefficient, N2 sec2/kg2 cm4 K
!_. ( lbf2 sec2/lbm2 tn4 °R)
)_ KBLWHT fraction of high-pressure-turbine bleed doing work
_ KBL_L1 fraction of low-pressure-turbine bleed doing work
_' K0 duct pressure loss coefficient, N2 sec2/kg2 cm4 K (lbf 2 sec2/
i_,. ibm2 in4 OR)i__•
:_ KpR5 low. pressure-turbine discharge pressure loss coefficient
;_ g length, cm (in.)
....," M Mach number

N rotational speed, rpm
;:" P total pressure, N/cm¢ (pSta)
,_ P/P pressure ratio
i:_ p static pressure, N/cm2 (psta)
_. q torque, N cm (tn. lbf)
iJ R gas constant, N cm/kg K (in lbf/lbm °R)

l total temperature, K (°R)

!_ III temperature ratio
_ _T/1 temperature rlse parameter
_ t time, sec

._ U internal energyx 31kg (Btutlb_)
:_. V volume, cm_ (in_)
!"( v velocity, cm/sec (tntsec)
,:_ W stored mass, kg (lbm)

massflow rate, kg/sec (lbm/sec)

3: Wc corrected massflow rate, kg/sec (lbm/sec)
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Wp turbine flow parameter, kg K cm2/N rpm sac (lbm °R in /lbf rpm sac)

X,Y map inputs
x variable
Z map output

Interpolatlonconstant
a ratio of total pressure tO sea-level pressure

' X ratio of specific heats
n efficiency
e ratio of total temperature to standard-day temperature

e

Subscripts (note that subscripts may be combined, e.9., WF,4):

A alr
AB augmentor
a actual value
am ambient
B matn combustor
BL bleed
BLHT hlgh-pressure-turb4ne cooling bleed
BLLT low-pressure-turbine coollng bleed
BLOV overboard bleed
C compressor
cr critical flow
O deslgn input
E exit nozzle plane
es expelled nozzle shock
F fuel
fan fan

• H high-pressure spool
_: HT high-pressure turbtne
_ I inlet

I tntttal condition
IO fan hub region

_ Id _deal
tn tnto volume
3 station, 3 = O, 2, 2.1, 2.2, 3.4, 4.15, 6, 7, 8, 9, 13, 16
3' entrance to volume at station 3, 3 = 3__7_,._13
L low-pressure spool
LT low-pressure turbtne
load load

_ M map

n net
new new

i_' O0 fan tlp region
• old old

. out out of volume
x upstream side of shock

".__ y downstreamstde of shock

_! 17
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Superscripts=

( )* monte flow condition

( ) derivative
q

-1 inverse matrix

Computer variables:

AE nozzle exit area, cm2 (in 2)
ALT altitude, m (ft)
AOL6 augmentor reactance, kg cm21Hsec2 (lbm tnZ/lbf sec2)
AQL13 duct reactance, kg cm2/N secz (lbm tn2/lbf sec2)
A8 nozzle throat area, cm2 (tn 2)
BSCVGP bias on CVGP,deg
BSFVGP bias on FVGP,deg
CON nozzle flow coefficient
CSHIFT ...change tn compressor flow due to variable geometry
CVfiP compressor variable-geometry parameter, deg
CVN nozzle veloctty coefficient
pELT change tn time, sec
OELTAV vector change in guess vartable
OH4 enthalpy change across high-pressure turbine, 3/kg (Btu/lbm)
0H41 enthalpy change across low-pressure turbine, _/kg (Btu/lbm)
OT3 temperature derivative In compressor mixing volume, deg/_ec
DT4 temperature derivative tn combustor mixing volume, deg/sec
DT41 temperature derivative In high-pressure-turbine mixing volume, deg/sec
OT6 temperature derivative in low-pressure-turbine volume, deg/sec
OT7 temperature derivative in augmentor mixing volume, deg/sec
OT13 temperature derivative in fan mixing volume, deg/seC
DWA13 fluid momentumderivative in duct, kg/sec 2 (lbm/sec 2)
DW3 flow derivative in compressormixing volume, kg/sec (lbm/sec)
DW4 flow derivative in combustormixing volume, kg/sec (lbm/sec)
OW41 flow derivative In high-pressure-turbine mixing volume, kg/sec

(lbm/sec)
OW_ flow derivative in loW-pressure-turbine mixing volume, kgtsec

(lbm/sec)
OW7 flow derivative in augmentor mixing volume, kg/sec (lbm/sec)
OWl3 flow derivative, in fan mixing volume, kg/sec (lbm/sec)
OWG6 fluld momentumderivative tn augmentor, kglsec2 (lbm/sec 2)
OXNH high-rotor-speed derivative, rpm/sec
D_XNL low-rotor-speed derivative, rpm/sec
E error vector
EMAT Jacoblanmatrix
ERRBSE vectorof past errors
ETAAB augmentorefficiency
ETAB combustorefficiency
ETAHC compressorefficiency
ETAIF fan hub efficiency
ETAOF fan tip efficiency
FG gross thrust,N (lbf)
FN net thrust,N (Ibf)
FRAC external controlfor matrix convergence
FVGP fan variable-geometry parameter, deg

18
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FSH%FT change In fan flow due to variable geometry
H ttme step, sac
IODINT integration select switch
%HPCNV matrix calculation select switch
IPR[NT print select swlLch
%SS Initial-condition switch
aSS steady-state switch "

, RAPNO Indicator for componentmap _dHATRIX switch for generating a new 5acobtan matrix
MPAS maximumallowable Iteration passes

' N system order
NCOM map interpolation switch
NCV humber of curves on a map
NFCT numberof commonfunctions
NOBUG debug printout select switch
NOPER operating-point select switch
NPT numberof points on a curve
PO Inlet pressure, N/cm2 (p!ta)
P2 fan tnlet pressure,^N/cm_ (psta)
P13 duct pressure, N/cm_ (psla)
P22 compressor Inlet pressur E, N/cm• (psta)
P3 combustor pressure, N/cm_ (psta)

_-' P4 high-pressure-turbine inlet pressure, N/cm2 (psta)
_, P41 low-pressure-turbine tnlet Rressure, N/cm_ (psta)
-": P5 intermediate pressure, N/cm_ (gsta)
7_ P6 augmentor Inlet pressure, N_cm_ (psta)
---_ P? nozzle tnlet pressure, N/cm_ (psta)
± PCNCHG Iteration convergence rate
_-, POINT operating pol_t

REF desired value of summation of errors
_' TAR ambient temperature, K (°R)
:_ ' T2 fan Inlet total temperature, _ (°R)
"_' T22 compressor tnlet temperature, K (°R)
_, T3 combustor inlet temperature, K (°R) i

T4 high-pressure-turbine tnlet temperature, K (°R)
_ T41 low-pressure-turbine tnlet temperature, K (*R)

T6 augmentor tnlet temperature, K (°R)
T7 no:zle inlet temperature, K (°R)
T13 duct temperature, K (°R) I

_ TNAX transient duration, sec
._. TOLl lower ltmlt for parttal derivative
_ TOL2 upper ltmtt for partial derivative
:-_-_ TOLPCG convergence rate at whtch a new 3acobtan matrix ts generated
--, TOLSS error tolerance

_, TOUT output ttme step, sac
_ V3 compressor volume, cm3 (tn 3)
:_, V13 duct volume, cma (tn_) .
:_ " V4 combustor volume, cma (tn _) . .
....:" V41 high-pressure-turbine volume, cma (tn a)
_:i! V6 low-pressure-turblnevolu_e, cma (Ina)
--_'i V? augmentor volume, cm_ (in _)
_:- VDELTA tntttal perturbation tn state variables for matrix generation

yOOT vector of state vartable derivatives at current ttme
'_ VDOTtV vector of state variable derivatives at previous ttme
:--_ VDOTT vector of average state vartable derivatives

_ 19
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V_-S vector of state variables 2HA13 duct fluid momentum,kg/sec (Ibm/sac2)
WA2 mass flow rate at _tatlon 2, kgtsec (lbmtsec)
WA22 mass flow rate at compressor inlet, kg/sec (Ibm/sac)
_3 mass flow rate at combustor inlet, kg/sec (Ibm/sac)
WG4 mass flow rate a_ high_pressure_turbine tnlet, kg/sec (lbm/sec)
Wfi41 massflow rate at low-pressure_turblne inlet, kglsec (lbm/sec) '
WG? mass flow rate at nozzle, kg/sec (Ibm/sac)
W13 duct volume stored mass, kg (lbm) '
W3 compressor volume stored mass, Kg (lbm)
W4 combustor volume stored mass, kg (lbm)

', W41 high-pressure-turbine volume stored mass, kg (lbm)
,; W6 low-pressure-turbine volume storefl mass, kg (lbm)

W7 augmenter volume stored mass, kg (lbm)
NBLHT high-pressure-turbine cooltng bleed flow, kg/sec (lbm/sec)
WBLLT low-pressure-turbine cooltng bleed flow, kg/sec (Ibm/sac)
WBLOV overboard bleed, kg/sec (Ibm/sac)
WF4 main combustor fuel flow, kg/sec (lbm/sec)
WF7 augmenter fuel flow, kg/sec (lbm/sec)
WG6 augmenter fluid momentum,kg/sec 2 (lbm_sec2) .
XIH high rotor momentof lnertta, N cm/sec_ (lbf tn/sec t )
XIL low rotor momentof inertia, N cm/sec2 (lbf tn/sec 2)
XMN Mach number
XNH low rotor speed, rpm
XNL htgh rotor speed, rpm
XXX summationof squares of changes tn errors to maximumerror
YYY state change vector

20
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APPENDIXB

ANALYTICALMQGEL

The mathematical model describing the two-spool, two-stream turbofan engine
tn DIGTEMis described In data11 in reference 8. Overall performance maps are
u._edto provide the steady-state representations of the engtno's rotatlng com-
ponents. Flutd momentumtn the bypass duct and the augmenter, mass and energy ,,

. storage within control volumes, and rotor tnerttas are also tncluded to provtde
transient capability. For cnmpleteness, the maLhemattcal model ts presented
below.

e

Steady-State Model

F..__1on and _nlet. - The following conditions define the flight
conditions and tnlet model:

Po = fl(a) (01)

TO = f2(a) + Tam (62)

nX.._.._.O tf M0 E 1.0

. 1.0 - 0.075 (MO- 1.0) 1.35 tf M0.> 1.0 CB3)

f '(Yz" l)M
T2 - TO .0 + 2 (64)

T(_)Yll(YI - 1
P2 = Ponl (B5)

,!

YI " YO = 1.4 (06)

where functions fl and f2 are curve fits to atmospheric data from
reference10.

/

Gas properties. - Curve fits of data found in reference 11 are used to ii
compute variable thermodynamicgas properties. 3P-4 ts assumedto be the fuel. :,
F-o_-4_ach.con_rol volume_thel_Qllowtng equations are used:

Cp = f3(T,f/a) (87)

R = f4(f/a)_R A (B8)

Cv = Cp - 3

. % (BlO)
CV

h = f5(T,f/a) (Bll)

21
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_111, - Fan performance ts represented by a set Qf overall performance maps.
Separate mapsare used for 1:he tip and huh sections, The maps are a_sumed to
represent fan performance with vartable geometry at n_mlnal, scheduled posi-
tions, Nap-generated, fan-corrected airflow Is adjusted to account for off-
schedule geometry effects, The following equations describe the fan made1:

" f6 "_ 18121 '_(WC)fan,M o

e

o__oo_Qum_ e2.1" %.2 %f? _ _
• P2' e_t 16131

,-, nfan,OO f9 NL (615)
"_ ' = k P2' e_/

_ . _,_! - ,.o (.6)_. fan,00,1d

o ]"_- ' | Idl �I"r2:_ T13. (617)
-:-__;. _fan,O0

:_: (_ :IF)_,_:._,,. nfan,IO = fl0 _ P2' (618)
-?

_' _T) /P)"l_ ('Yfan-I)/'Yfan"
E . - l.o (alg)

, fan,XO,ld\'2/

O,Id + 1 T2_' T2.1 = T2.2 " (620)
._ nfan,ZO

_:_ Xfan " Y2::i: (621)

:_;. Comoressor. - Overall performance mapsare used fop the compressorwtth a
_': shift tn the corrected airflow 5ased on off-schedule values of vartable-
_ geometry position. The following equations describe the compressormodel:

. NH

_- I¢_C)c,M " fll _P2.2 ° _ (622)_ _2.2/

:::.;v

3
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"Z)
d

t_ . "C " f13 P?,2' u_,2/

• - 1,o 1B25)
,:(i, C,_d 2.

] Tc . ftCT2._ + 11-eclT 3 level

!!: ,. ]_,, ld * 1 T2. 2 (827), T_ L "c
:._, .Bleeds. - Flow through the bleed passages ts assumedto be choked. Both

_i_ turblnecoollng and overboard b!eeds are modeled. The equations are as
follows :

(B30)_BLLT = ABLLT BL

(B31)
wBLOV= ABLOV BL

Turbines. - Overall performance of the htghand low-pressure turbtnes ts
represented by btvarlate maps. Cooltng bleed for each turbthe ts assumed to
reenter the c_cle at the turbtne discharge although a portton of each bleed ts ..-
assumedto do-work:

. . ., --
(wp)HT..... 16...LP4 ' T-_) (B3_)

(Wp)HTP4NH
w4 =' " T4 (B33)

Z3
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¢

OF pOOR QUALITY (Pp-_ _---) ( 1_341
(hp) " f15 t

lit T_/2

. NT1/2 (B3_)
(Ah)HT (hp)HT H 4 i 't

WPlLT ' 11_3_)( • flo 4,1
i

e

(Wp) TP4.1NL ;,

w4.I " T4.l

(hp) f17 I _ -' NL t
• _ (B3e)

LT 4.1 T4,1

• .1t2

(&h) LT = (hp) LT_L14,1. (B39)

,C,o,..m.b,u,s,,to,,rsand duct,s,, - Total pressure losses are tncluded tn the models
of the matn combustor, bypass duct, mtxer entrance, and augmentor. Heat addi-
tion associated wtth the burning of fuel tn the matn combustorand augmentor
ts assumedto take place tn volumes V4 and V7, respectively. The following
equations describe the combustor and duct models:

[ 3Ip3- P4 ]1/2=,=LKBT3 , (B40)

TB =.6BT3 * (I - 6B)T4 (B41)

AhB = HVFnB (642)

_e = flB[(f/a)4 ] (B43)

O

(e/a)4. w__.,._ (B44)

P5 = KpR5P6 (B45)

.2

P6 " KABW6T6 (B46)
P7 = P6

24
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_F po(_R t_LJAL_'I_ TAB " BABT6+ (1 - I_AB)T7 (B47) I

AhA6" HVFnhB ([14a)

nAB " flg[(fla) 7] (B49)
'1

t •

I _1(e/a)7 .. _ (aso) ,
W6 ,-,WF,4

I

N II_ i
I,

P6 P13 Kpw13T13 (051)
• P13

T6 " T13 (65_)

Exhaust nozz}e. - A convergent-divergent nozzle configuration ts assumed.
The following equations define the basic nozzle model and are based on material
from reference 12. Simplifications to the basic model, intended to reduce
computation time, are noted:

w? " P?A_Cd'N RAT°C'_7' N + 1 (653)

WTV_ i
FN = gc �AE(PE- PO) (B54) 'i

(,o)
= f21 (f,,_6) '

cr i'

Zf Po/P7 > (Po/PT) , the flow ts subsonic In the nozzle and ':
cr

. PE."..,Po...... (es?)

,-,

25
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_F PO_JI_QUALITY AE/A_ (B59)

(_) 1,6o)M_ - f22 7 "

(_gcYNRATT_112

vc""Fv,,\ _,+i) ("6'_

Cv,N " f23 (8621

• OtherwiSe a shock may exist In the divergent portion of the nozzle, To compute
the requiredparametersunder these conditions,shock tables such as those In
reference 12 must be used.

A-j-E (863)
"- Hx = f24 AB

Px = f25(Hx) (B64)

Px = f26(Rx) (B65)

Px f27(Mx) (B66)

PI_7) (PY/Px)(PY/Px)es = Py/Px (B67)

If Po/P7 = (rO/PT)es, the _hock wtl] be in the nozzle exit plane, Then

PE " PO (B68)

,:: A(__._)
ME= f28 (B69)

(2YNRAgcTT_ 1/2

v_.,_\ _,+i j (,70)

q4_
_-- (
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OF pO0_ QUAL_'f¢ _ " f291Mx) ' (BTI)vy

vE _
" VxVy (B72) .,

o

If PotP7< (Po/PT)es, the shock is external to the nozzle. Then

' "_"f2e_As_ 18731

' PE Aid )
' _ = f30 (8741

" PE " P7 (875)

_4, YNRAgcT7

_ vE" "_Cv'N\ _N+ 1/ 18761

N!: If (P0/P7) > Po/P7 > (P0/PT) , the shock Is in the divergent section and
cr es

-._:_ PE = P0 18771
Ilmm,

:_! _ = Px = f25(Mxl 18781

AE AE

_-:_" A; " \Ay/ t8791

-_. = f21 16801

-:;.,, -- - ( 881)
:. Px y x
'jl

-:i PE = P7 1882)

To solve these equations, Mx can be varied until equations (B82) and 1877)¢

_ producethe samevalues for PE. Then

.... 27
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/A_\ ORIGINAL i;J_l'.,_l_

ME*- f2a (_]_1' OF POOR QUALII_f ([183)
\'/y

Equations (553) to (fiB3) are tn subroutine NOZZL. The inputs to NOZZLare
ambient pressure, nozzle inlet total pressure, nozzle inlet total temperature, ,,
nozzle throat area, nozzle exlt area, nozzle pressure ratio, nozzle flow coef-
ficient, and nozzle velocity coefficient. FUN1 ts called by NOZZLto In-

terpolate tabular data of functions f21(AE/As), f21 (Po/P7)' f22(Po/PT)'
f24(AE/A8), and f30(AE/A8). Functions f25(tqx) and f26(Mx) are represented by
quadratic functions. The tterattve loop associated wtth shock In the divergent
section ts replaced by a quadratic function of pressure ratio and ts biased by
a cubic function of area ratio. The result M_ ts used to compute nozzle

_. extt velocity:

, (2YNRAgcTT_112
VE " IqECv'N\ YN + 1// (884)

The net thrust ts computedby subtracting tnlet ram drag From gross thrust:

. _.YoRATo._I/2 .,i

Englne Dynamics

Int.er.cqm.ponentvolumes. - As shownIn f!gure 2, Intercomponent volumes are
assumedat engine locatlons where (I) gas dynamlcs are considered Important or
(2) gas dynamics are required to avold an Iteratlve solution of the equatlons.
In these volumes storage of energy and mass occurs. The following equations
define the dynamic models of the tntercomponent volumes (ftg..2):

t

k113= IO (w2 " w2,2 - w13 )dr + _113,t (B86)

'1[T13 " J'_O' ('_2 " '_2.2) (hi3 " h13) /Cv,13
(BAT)

' T13(;2-w2.2- w13)(_r13 - l_/W131dt + T13,t

RAW13T13 (B88)
P13 " V13

I

.t

W3" I'O 1w2.2 " WSLH1- WBLLT" _tBLOV- w3) dt + k13,t (BSg)

28
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)"

*l[T3 " _'0 w2'2(h3 " h3)/Cv'3 �T3(w2'2" WBLHT" WBLLT" WBLOV" w3) (Ego)

X (Y3" 1)]/Id3ldt + T3,'

I R,kloT.

, OF __0(''_ P3 " "_3 (B91) ,,

4 k

t

H4 " I'O (W3 �WF.4"w4)dt �k14,1(B92)

T4I_O (le_:'3h6 �GFo4AhB" h4(G3�GF,4)I/Cv,4 (B93)

+ T4(_r3 +_F,4-w4)(Y4- !) I/ W4) dt �T4,t

P4 " _/4 (B94)

.t

W4"1 I IO (w4 + WBLHT" w4.1 )dr �k14.1,_(B95)

T4"1 " _°0 4 (h4 - AhHT) + WBLHT(h3 - KBLWHTAhHT)

" h4.1('_4 T)]/ Cv,4.1

�T4.1(¢_4_4el)('r4.1- 1)I/ M4.1) dt+'r4.1,1.

t,

(896)

RAM4,1T4°1 (897)
P4.1 I V4.1

W6 I (w4.1 + WBLLT+ w13 - w6)dr + H6,t (B98)0

T6 - _t0 (t[_4.1(h4.1- 6hLT) �_I]LLT(h3-KBLWLT6hLT)

,j/+ w13h16 - hG(w4.1 �WBLLT �'d13Cv,6
(e99)

�TG(w4.1 �WBLLT �w13-w6)(Y6- 1)I/'" klG)dt �T6,t
29
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pOO

P6_ _ V6 (BIO0)

t

k17= IO (w6 + wF,7 " w7)dr + W7,1 (BIOI) "o

' o )I/T7 = IO 6hAme wF,7 AhAB" h " +'". 7(w6 wF,7 Cv,7
1elo2)

+ T7(_6 + WF,7 "_7)(Y7" 1) I /WT)dt + TT,I

P7 = RAi_TT7
V7 (B103)

; Fluid momentum.- The effects of fluid momentumare cons.ldered tn the .-
,_. bypass duct and augmentor duct models: ................

w13 = gc A (P16 " P6)dr + w13,t (B104) ;:_: " o

_' = gc A (P_ - P7)dt + (B105) ":

;-_
f

._. Rotor lnertlas. - Rotor speeds are computedfrom dynamic forms of the
i_:. angular momentumequations:
.-_

i-_;" NL = _L - hLT(W4"I �KBLWLTWBLLT)- (w2 " w2.2)(hi3 - h2)

Leao6)

- - h2) NL dt + NL, t

._.,'-"__':'-_" NH = (_) 2 a-zH _ t[&hHT(_4 "" KBLkJHTWBLHT)

.," - w2.2(h:_ - h2. 2 NH dt + NH,t (B107)

!":, Correction Coefficientsfor "Trimming" Model

In OIGTEH,design-point data throughout the engine are specified as Input.
If the turbofan engine model tn OIGTERwas exact, the specified Input data

" would lead to a perfectly balanced engine condition. However, Incompati-
bilities between the OIGTENInput data and the model wtll result tn nonzero

.:. derivatives or mismatches between predicted and specified outputs of component

.."i;,." 30
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OF POOR QUALITY, maps. To compensatefar these differences,a "self-trimmin9"featurehas been
: built Into OIGTEM, Correction coefficients are calculated tn subroutine OSGNPT
_ to balance the engine at the dry design point. For example, the input data

include PO.D, P2.D, T2_O, Tam, HD, and aD, where subscript O indicatesi_i• design-point input data In DSGNPT,subroutine FLCONDts called by using aD,
_. Mo, and Tam as inputs, The resulting outpu_ variables are P2.a, T2,a,
_' PO.a, and TO.a, where subscript a stands for the actual calcQlated •

1: ' value. Ideal1,
j_

: P2,a " P2,D (B108)

i!,
_. T2,a T2,0 (el09)

!ii. PO,amPo,o (Bl10), : However,if they are not equal,the equationsthat use these valueswlll be
scaledby correctioncoefficients. DSGNPTIs called only once (at the designi '

__ point) to calculate these coefficients. The correction coefficients are then

_I_ part of the model. They are used at both the design point and the off-design

points. The scalingcoefficientsfor the inlet conditionsare

_ _ (el11)
CCl

' = P2,a

CC2 _ (Bll2)
. = T2,a

CC3 _ (8113)
= Po,a

T. These coefficients are used to scale the ..inlet mode,1. Equation (B1) becomes

PO = fl TM x CC3 (Bl14)

equation (B4) becomes

T2 = TO .0 + 2 x CC2 (Bl15)

_nd equation (B5) becomes

T2 YII(YI-I)
P2 = PonI x CC1 (Bl16)

I_F The other correction coefficients and their corresponding "trimmed" equation
!,. are presentedbelow. For the fan

j
• ... ,!,_ _,_ "_," #_'--,, ,'_ ',, . o . _. :,_7-::.;;__ _ : ._,,_T. ...... ;_ '_., .' _ ,.. ,. ,-- _ :o ; ., o_., . d" ..... _ 2 "
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CC4 . _ OF POOR QUALITY (BlI7)
W_ta '_

and equation(I)14)becomes ,,
I

(*_c)fa)l,M(2[ l+ f8(rVOP' NL/e_/2) i

w2 • e_/2 x CC4 (BllS) II

Also

(AT/-T)fan,OO,_d,O
cc5 - (Bl19)

(T13,D/T2, 0 - 1.0)nfan,O0,O

and equation(BIT)be_;)mes

, AT/T) fan,O0,Id

Tl3 = nfan,OOx CC5 + l x T2 (Bl20)

Also

P,,.
CC6 _ (B121)

i

= P2.2,a

and equation (B13) becomes

• _ P2 x CC6 ... (8122)

Also I:

(AT,,T) t
CCI fan.IO.ld,O

" nfan,lO,D(T2.2,o/T2,O -l.O) (B123) I

and equatlon(B20) becomes

For the compressorthe same scalingprocedureis used. That Is

cce=_ (.125)
_2.2,a



ORIGIN,_L P/',(_E_:_;

and equation (B23) becomes OF POOR QUALII_f

(Wclc,H62.2 �f(CVGP, NH /02. 2
-]_ ............... x CCe (el_61w2.2" .....................................el 12 ,,2.2

' Also

(6T/T)c.td.D
CC9 • . (B127)

nC,0 (T2.2,0/T2, 0 1.0)

and equation (B27) becomes

T_ . L.cxcc9 �1xT2.2 (B12e)
For the turbines

' _ (e129) ';_: CCll = .
"_ W4,a

:" _ and,,=. , i

(ei3o)i:'- CC13 •
W4.1,a

L_

i_ Equations (B33) and (B37) become, respectively

'.-._- • (WP)HTP4NH

r-.=_ W4 = T4. x Cell (B131)
.o ,

" and

;;_-_ (Wp)L P4.1NL I:_" • T
= X CC13 (B132)",.I T4.1

The next set of correction coefficients zeros out the state variable
derivatives associated with energy balances tn the lntercomponent volumes:

• ,

cclo, h4,o(_3.o+;r.4.o)";3.0%.o (8133)
:. AhB,D:_ WF,4,1)

; :_i, 33
i _-t"
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and equatton (B93) becQmes OF pOOR QUALII_

T4" ItO (llw3hB Bx CC,o - h4 (w3 *;F,4)I /Cv,4.
(B134) ,,

(w3 + ;F,4-w4 ) ('4" I) 1 /ki41dt + T4, I ,,
Note that

*_,4 " *4 " 0 (e13s)

tn steady state. Also

;4:oh4,D e h3,D;BLHTo - h4.10 (;4,0 + WBLHTD) (B136)
CC12 = ....

AhHTo(;4,0 + WBLHTDKBLwHTO) .............

and equatton (B96) becomes

T4"1 = IO 4h4 + h3;BLHT " h4'1 (;4 + ;BLHT!.......

!;- - CC12AhHT (w4 + ;BLHTKBLNHT_ Cv,4.1

+ T,. 1 (;4 + ;BLHT- _4.1 ) (y4.1 - ])l/N, ol) dt + T4ol,, (8137)

In steady state

w4 + ;BLHT - ;4.1 = 0 (B138)

Also

w4.1,oh4.1,D �h3zDWBLLTO+ w13,oh16,D " h6,D (w4.1 O �WBLLTD_ w13,O)
CCI4 =

&hLTo(;4.1.D + WBLLTOKBLwLTD)

(8139)

and equatton (B99) becomes

' IEoT6 = ,_'0 4.1h4.1 + h3;BLLT + w13h16 - h6 (;4.1 + ;BLLT + w13)i:

..... 34
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| • ,-iORIGINAL _P,.,CL_ *

)1/ OF POOR QUALITY
- CC14AhLT(W4,1 �WBLLTKBLHLTCv,b

(.14o)

;, T6 WBLLT" w13" 'E ) (Y6 I / W)6 �(w4.1+ + - " 1) dt + T6,1

In stead)/ state
fl

: W4.1 + w13 " w6 " 0 (B141)

' The next two correct:ton coefficients are used to zero the speed derivatives at
the design point. For the h_gh rotor speed

w2.2,D (h3,D " h2.2,O) ..... (6142) '
CC15 " • •

6hHTo (W4,o + KBL_IHTDWBLHTo)

and equatton (6107) becomes

NH = I H hHT (w4 �KBLHHTWBLHT)x CC15
(B143)

- wg.2_.(.h3.-.,h2. 2 NH dt �NH,1

For the low rotor speed

(;2,0 " ;2.2,0)(h13,D - h2,D) + ;2.2,D (h2.2,D " h2,D) (B144)
CC16 =

..................... _hLTD (w4.1,O �KSLWLTDWBLLTD)

and equetton (6106) becomes

NL _ hLT (w4 x CC1= I L .1 KBLWLTWBLLT) 6

" (W2" W2.2) (h13" h2)" u2.2 (h2.2-h2)]/NL I dt + NL,1 (6145)

The last three correction coefficients compensatefor the Imbalances tn the
augmenter.,and nozzle models "

CC17 = w?,a

and equatton (653) becomes

35
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In the augmenter

• • • el

CClo- ..........,.....................................q 1o148) ,,
WF,7,0 6hAB,I_

and equation (B102) becomes

hABxCC18 " h7 (w6 �WF*7)]/Cv, 7

+ T7 (w6 'WF,7 "w7 ) (Y7...'-1)I/ WT)dt + T7,1 (B149) .
: Note that in stead# state

,..,- w6 + WF,7 - w7 = 0 (B150)

_; Finallyfor the thrust ,
_ h

_" CC19= FN.I)" AE (PE " PO) (Bl51) :'
FN,a - AE (PE - PO)

_: and equation (B54) becomes

2) FN w7VE X CC19 + AE (PE u- (B152)= _ P,.,)

_ gc

=_ ,

_ OF POOR QUALIY'¢
- ;) I

_ °

.J;
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:'iI APPENDIXC
r--%

INTEGRATIONAND ITERAIIQN SCHEMES ...

t: Steady-StateBalanclngTechnlq,o

The followlngdiscussionexplaln_the Itoratlvemethod that OI@TEMuses
tn calculate stoady_tate operating paints, The calculation of a steady-state
operating point requires the solution of a system of nonlinear equations, car=
responding to various engine matching coflstratnts such as rotational speed.s,
airflows, compressor and turbine work functions, and nozzle flow functions,

/ 1'o satisfy these constraints, there must be available an equal number of engine
parameter_ that can be varied (such as compressor and turbine pressure ratto.s

t and flow functions), For the turbofan engtne model tn DIGTEMthere are 16
" engine parameters (_ndependent variables) and 16 error variables (dependent
',, variables). D1GTEMsearches for the value of each engine parameter that
_, results in the engine error variables being reduced to zero,
t

._ If the independent variables are denoted by VS and the dependent vart-
;. ables by E, the matching equations can be written as

::_). Ei (VS3) ° 0 i . 1,2,..., N; 3 = 1,2,..., N (Cl)

!_ The procedure used to satisfy the set of nonlinear equations is the multtvart-

able NewtomRaphsonmethod, where changes in E are assumedto be related to
changes in VS by a first-order, finite-difference equation

)i_._ &E = EMAT x 6VS (C2)

i::_: where eVS and aE are N-vectors denoting changes in VS and E from some

i_ reference condition (operating point) and EMATis an NXN Jacobtan matrix of

partial derivatives of E with. respect to VS
i

aEt
EMATI3= __ (C3) i

aVe3

EMAI is calculatedby using flnltedifferencesabout an operatingpoint such
that equation(C3) is approximatedby

A[i

EMATI3= _ i = 1,2,...,N;3 = 1,2,...,N (C4)

Once the Jacobtan matrix is obtained, the steady-state balance at the
operating point is improved by

V-Seew = V'Sold - E-'MA_-1 x Eold (C5)

O0000001-TSC1



If the system of equations were linear, the process would lead tQ converge.ce I
In one Iteration. In practice, nonlinearities In the system prevent ln_nedlate
convergence. In thts case the new VS and E are taken to be the reference
values and a new matrix 1_ generated. If the system _s not toe nonlinear and
the initial guesses for VS are reasonably accurate, convergence ls achieved
In relatively few iterations.

O_namt_Equations ',

Once an tntttal steady-state solution has been obtained, a time-varying
solutton may be generated. Thts requires the solution of a set of differential
equations that model the system. In this section the procedure used to solve
the sot of differential equations tn OIGTEHts discussed.

Consider the differential equation

x = f(x,t) (C6)

lo obtain the numerical solution on a digital computer, the differential equa-
tion must be approximated by a difference equation. One commonmethod ts to
use Euler's method where equation (C6) ts approximated by__

Xn+1 = Xn + f(X n, t n) eT (C7)

Equation(C7) allowsfor explicitcalculationof Xn+1 as a functionof the
previousvaluesof Xn and in. Thls Euler integrationmethod is the
forward-dlfferenceintegrationscheme includedin DIGTEM. ghen an explicit
method is used for integratinga systemof equations,the integrationtlme step

j. is restricted by the highest frequency tn the system (as derived tn ref. 6).
However, dynamic engine stmulatton_ contain both htgh and low frequencies. The
high frequencies result from the lumped_volumerepresentation of component
dynamics, which tncludes storage of massand energy. Low frequencies result
from rotor dynamics. In DIGTEHthe range of frequencies for the test case ts
0.4 to 330 Hz. Frequently the simulation user is interested tn low-frequency
effects such as rotor transients and Is not concerned about high-frequency
effects. These transients typically are 5 to 10 sec In duration. However, the
user must sttll use a small integration time step to insure numerical stabil-
ity. Although it gives very accurate results, thts requirement can cause large
amounts of computer ttme to be used. In DI6TEMthe largest ttme step that can.
be used wtth the Euler integration method ts approximately 0.1 msec for the
test case. Thus the 20-see transient used tn the DIGTEHtest case consumed....
417 sec of CPUtime on the IBH 370/3033 computer.

Another method for approximating equation (C6) ts the improved Euler:

Xn+1 = Xn + f(Xn+1, tn+l) eT (C8)

In general equation (CB) cannot be solved explicitly for Xn+1 because of the
dependenceof f on Xn+1. Thus someform of iteration must be used at each
ttme step. For thts implicit formulation there ts no restriction on step stze

i_ (ref 6) t_ guarantee numerical stability. However, someloss tn dynamic
accuracy can occur tf the step stze ts too large.
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Experience has shQwnthat a modification to equattnn (C6) can speed up
convergence at each time step, This form Qf the improved Euler t_

-Xn +_L_2_(Xn,tn) + f (xn+l, tn+l_ (c9) "Xn+l

_hore the first g_o_ at. Xn+1 is fli_en Uy
e

Xn+1 . Xn + f (Xn, t n) aT (C10)

Equation (C9) Is ltorattvoly used to correct Xn+l uflttl convergence crito .......
rio ore sotlsflod. Thts ts the Intogrotlonmethodused tn OI6TEH.

ImplementatlonIn OlGTEM

In OIGTEM,data are read tn for each operating point. If. the operating
point is a design point, correction coefficients are c_lculated to try to force.
a balanced engine condition. The derivatives are calculated by using the input
_ata and the correction coefficients. For a steady.state uondttton the error
_ectOr ts the derivative vector; thus

° [ (Cll)

where all errors are scaled by the corresponding state variables. If all of
the errors are _¢tthtn tolerance (TOLSS - set by the user), the operating point
ts a balanced condition; tf not, OIGTEHiterates to force a balanced condition.
The iteration technique ts the steady=state balancing technique described
earlter.

To perform the iteration, a Oacobtan matrix EMATmust be formed, EHATts
a matrix of parttal derivatives of changes tn error variables with respect to
changes tn guess vartableso In OI6TEN the guess variables are t_e state
variables (VS) and EHATts formed by finite differences:

EHAT(I,J)=(E(J) - ERRBSE(J))/DELTAV(I) (C12)

F.ooreach iteration, guess variables are updated by using the old guess vector
V5old, the current erro_._ector E, and the taverted Jacobtan matrix:

-1

 sewt.. vS'-old (cl3)

Updatingtakes place untlla11 derlvatlves(VOOT)are within tolerance.
" If a transient ts to be run, the procedure ts as follows: one of the

controls or input conditions ts offset from the steady-state balanced condi-
tion. For transient operation the error vector Is redefined by using the
improved Euler approximation

; VDOT----'T"X OELT - (VS--new - V_old) = E' (C14)
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where

VDOT_--T_ )/.POT+.VO_TSV (C15)2,0

and all errors are scaled.by the last converoed corresponding state variable,

Note that tn steady state VDOTequals VDOTSVand VSnew equals VSold.
However, once an input or control is changed, one or more of t_.errors are
forced to be nonzero (VOOTchanges), This forces a change in VSnew to siLfJ.!.fY
the equations, Updating is accomplished by using the already generated EMATand
equation (C13).

As VSnew starts to move away from the initial operating point, the original
Jacobtan matrix ts used until it no longer provides a good approximation of
the change in errors with respect to the change in states. The dectsloh to
calculate a new matrix Is defined by the user by setting TOLPCG. D_6TEMcal-
culates a convergence rate, PCNCHG,during a transient. A new matrix is cal-
culated If

PCNCHG< TOLPCG (C16)

A new matrix is also calculatedIf the maximumnumberof allowablepassesMPAS
is exceededduringan iteration. Here again MPAS is set by the user. Both
these conditionsare used to try to minimizethe numberof Jacoblanmatrices
and subsequentinversessince these calculationsare tlme consumln_. Table II
liststhe implicitintegrationparametersettingsIn BOINTG. These settings
work well wlth the model and data suppliedwlth DIGTEMbut can be changedby
the user If problemsoccurwlth differentinputdata or a differentengine
configuration.

Matrix Calculation

There are severalfeaturesIn BDINTG that help the implicitintegration
schemeconverge.

perturbation calculat;.)o.n.. - Since finite differences are used to generate
the Jacobtan matrix, the sizes of the perturbations of the states are impor-
tant. If they are too large, errors will be introduced by the system non-
linearities. If they are too small, the partial derivatives will be in error
because of numerical problems (without double-precision arithmetic).

Thus a tuning mechanismhas been included in BI)INTGto optimize thp sites
of the perturbations.For the first point tl_efirst perturbationof each state
variableIs O.l percent(VBELTA= 0.001). For e_ch perturbationthe sum of
squ_r_sof the errors Is calculated. Once thls Is done, the "goodness"of the
partialIs checkedby calculating

i

l=l
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for each state variable, and then checklng tf t

TOLI.._ XXX_ TOL2 (C18)

If all XXX's fall within the tolerance band, the matrtx ts cons|dared "good,"
For thts simulation, TOLl - 0.001 and TOL2 _ 0.01 work well for the operating .0
points.

l_j;j_j.tO_of Derturbat!ons. - In general, for the tntttal perturbations at
a point the XXX's wtll not fall .tn the tolerance band described above. Thus
80[NTG scales the perturbations to try to force the XXX's w_thtn the band.

' Thts ts done by calculating

YYY _ (Clg)= XXX

for each state variable. REF ts defined as being the center of the tolerance
band.:......

REF= TQ,LI+ TP4.....-'2.0 (C20)

Once the set _f YYY's has been calculated such that the XXX's fall within the
_ band, the set of YYY_s Is stored. After this has been done for all N states, :

the scaltn g vector YYY ts generated. Whena new matrtx ts needed, the scaltng
:- vector YYY ls applied to the current states to determine ftrst guesses for the
_w

perturbations needed to obtain new partial derivatives. If for any state
_:_ variable the new XXXfalls outside the tolerance band, YYY ts updated and the

.. new result ts stored. Thts methodgenerally reduces the number of passes ,:

::, required for subsequentmatrix generation. _i

-

:=_. Error Messages

_: In generating a partial _rtvattve, a situation may arise where XXX never
::_ gets wlthln tolsrance, Nhen this happens, the program prints out an error i
.. message:

CHECKINPU1 - BADPARTIAI,.-.DERIVAT]VE ._
,_ ,_

L prints out a debug output to help the user diagnose the problem, and then _to_l_.
the simulation. Thls Is the only ttme when the simulation ts stopped except
for a normal extt (i.e., ITRAN incremented to tts ftnal value, ITRMAX). In

-" general, bad parttal derivatives occur when inconsistent codl.ng ts added to
_" the simulation.

Another error messageoccurs when the simulation does not converge. Thts
:j_ . situation occurs whe, M_AS(set at 50) ts exceeded. A message ts printed out,

for example

:, ITERATIONFAILURE15 51 20

_ The numbers printed out are the number of converged errors (may be any numbe_
from 0 to N, 15 ts shownhere), the numberof Iteration passes (RPAS+ 1), and

: the potnt at which the convergence fatled (ITRAN).

f.
-#_
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In this situation, a debug output is printed. This Is the samedebug
I output a for the bad par_tal derlvat4ve, and tt indicates
/,

I counter up to system order
j! VS current guess vartable
ii/ VCONV past converged guess variable

rOOT current state derivative ',

il VOOTI averaged state vartable derivative between current time point andpast time point
'; E current errors

.(6 After the printoutthe simulationcontinues. Note thatwlth the implicit
_ method a convergence failure can occur even if the errors are very close to
ji. the tolerance band. Since the simulation may recover after th_ failure, the

Ii simulationis allowedto continueand the usermay make a 3udgmentas to the
: validity of the data after a convergence failure. The o6currence of many con-

i! vergence failures in a transient, however, usually indicates a need for the
• user to increase tolerance or to check the input and coding.

The debug output, as described, is generated by BDINTGby setting
NOBUG= 1 (table II). The user may want to reprogram the logic to obtain
debug output at other times where-difficult convergence problems are encoun-
tered.

Other err-or-_essages are issued In DIGTEM. These are

i MAP .NO. INPUTSOUT OF RANBE

: XIN = YIN = MATRIX =

and

FUNCTION NO. INPUT OUT OF RANGE

XIN = MATRIX =
@

These are output from subroutines MOORand FOOR,respectively. The MAPNO. in
the first error messagecorresponds to the MAPNOdescribed earlier for the
componentmaps. The function out-of-range problem is a little more difficult i
to debug since the single-valued interpolation routine rUN1 is used in sub-
routines FLCOND,TRAT, and NOZLL. In either out-of-range case the inputs are
printed and the user must locate the map or function tn question to debug the
problem. Depending on the engine being simulated, mapsor functions, or both,

i_; may have ko be extended. MATRIXis printed out to indicate if a perturbation
,_ is being performed to generate a Jacobtan _atrtx since this may cause a map__._.
_i, function to go out of range.

ConvergenceAids

!_'_ BOINTGhas somebuilt-in parameters to help the user if convergence
:i_j problems occur. These are listed in table II. FRACcan be used to force a
_: larger or smaller iteration time step. TOLl and TOL2can be shifted depending
¢t"., '"

!,: on the llnearltyof the systembeing simulated. TOLSS can be increasedif
..... convergenceis difficult MPAS can be increasedand finallyTOLPCGcan be

,_i/,T_ 42
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decreased. [SS _s set Internally to define a steady-state or transient run.
RATRIXcan be controlled externally by using [HPCNV(from table I). IPRINT ts
set to obtatn the _r_ntout descrlbed In the test case, If the user destres a
more detailed printout for the transient, thtS can be obtatned by resetting
the IPRINT from 1 to 0 tn BDINTG. Ftnally VDELTAcan be changed to help.
generate better parttal derivatives. ,,

i

i

(
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APPENOIXO Ol_l_,;#,,'/'_i ...... r,i I ._, zt ,.-,_

OF [_6JGI_QIj/j.IV-T/,
FLOWCHARTS

Thlsappendixcontainsflowcha_-fo_-t_e.malnp_gram OI_TEMand all of
its subroutines.

fl

DIG_M

/Wrlta DIOTEMheading/
Id_

' l Specifytimestep,printout, 'eperattngpelnt,andtransientdataI

_ ,

IR_dInmapeandsteadY"_statedesign-pointdata
)

:: Calculatecorrection
_- , coefficients

---'=-:_ I [

: I _'Calculateengine, ._ _ ..rame_ers

ISe'UP,.--_ve_tor'ndI-:.. derivativevector

.- No Yes

-_ [dlfrerencellntegratl°n_ [dlfference(ntegratl_

=__._
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OF POORQUALI,T'_'

SubroutineBDINTEI =_

• ; i J..

• I SQtmatrixvariables I• _ _andInitializecounters

_' , ,
'Ir

i I UpdateIntegration,J

i'i J coun.te.randtlmeI

@e,!i
No

Yes

j Calculateopen-

, t'w . _ { loopcontrols _ I

, I Updateguessvector_..._.J _ -_ '

. I J [ Calculateengine i

| variables

Calculateerrors
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Of IPOOil _IJI.I,LI'I'_

®

I U_.te.,nt_unterJ
Cannotgetagood (_NGBD_.e-._
partialderivative-
nogoodJacoblan Generatea _

Jacoblanmatrix.. _ Yes i

......' "'[ lfposslble matrix ,,_ oeSNo_e

• _. J _c_ sired
J Invertmatrix J varlbles "-- i

': j j ResetprintcounterJ 'UpdateguessesJ Jtozero !i

loopcontrols Formnew

_ . .gue.es i
Calculateengine

variables J_ee nn_erged
I derivatives "

" _ Calculateerr°rs I [

1;

I

i
4

=I



.TLTjI

ORIGINAL t'/:,_E i:_

OF POOR QUALITV'

© _)

I I

orrorvectorI _:_,'/ ii
T

Yes

Printoutanindication /
ofIterationfailure /
andtheenginevariables/

l

'i

'i

SubroutineBDPRNT

i,

Yes No

1 1 ', 1

I I IPrintshort Printdetailed !
output output

! j



' SubroutineDSGNPT

i"

..... Yes No

• I Equatedesignparameters

r calculatedeslgn_enthalples "t°lnput , I

totaltemperature
, andpressure

i
Calculateafterburnlng

I Calculatedesigncorrectioncoefficients, enthalplesat
variousstations



_* OF POORQLIALI'iY

_. SubroutineDMINV

:.1!

_,_.
-" I Doo(louble,proclslon[_ mltrlxInvert

6

SubroutineDUCT

gratlonconstants
a_zdlosses
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Ot]IGINAL ::";"_'_
OF POOR I)IIALI_¥

5ubroutlne_IENOIN_ondENQI_I) ,_

ENQINE _l

1

(_ ComputecompressorJ
_. performance

:_v Computefanmixingvolume
--; dynamics

"Z_ _ Calculatebleeds ]

_ ComputecompressormixingI,m'_ volumedynamics

_._ _' Computehigh-pressure-I............_. turbineperformance
.... ill t ,

_ Computecombustorperfor-

_'_1 manceandcombustor,,. mixingvolumedynamics

: $
-a4_
-2,_
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OF pOOR QUALITY

'l

' _, II

+ ,:

Computehlgl_-pressuroo'1

turl)lnomixingvolume
dynamics

l

(_ omputelow-pressure-I

turbinemtxlngvolume
, dynamics

(_ ComputenozzleperformanceI
i

_._ Computeaugmentorperfor-i

manceendauLjmentor I
mixingvolumedynamics J .

ComputespooldynamicsI

_ Computeductdynamicsi
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SubroutineENG2

I I, Calculatecompressor
" mapInputs

IFIn_flowfromma_data_)
,1

Find offlclen_ from
mapdata

t I Calculateflowdueto
CVOPshiftInmapdata

!
I

,!
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5ubroullneENG3

ORIGINAL Pt:_,l_.I_ 1
OF POOR QUALITY

I Formfanmixingvolume
, conllnully_Ll_llon I 'i

I..,,p,,r.f.r,,r,,o _._"_j ',

Formonoruy_,qtlollon 1

Ye__ No

Calculatevolume PerformIntegration
storodmass calculations

i

SubroutineEN04

I Calculateenthalpyat

compressorexit I_

I I 'Calculateflow i'
parameter

im i

Calculatebleedflows [

$3
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ORIGINALPAGEIS
OF..eooR.OUAU*

'1

Subro.tlnoENG5
II

I I 'Formcontinuityequationfor
compressormixingvolume

j Calculatepressureratioandjaveragetemperature

1

J Calculatetemperatureratio
i

:, J Calculateenthalplesv | i

I I ":: Formenergyequation '.i
:I

Yes No

l _ '
_J_t Calculatev°lumeJstoredmass J PerformtnteqratJon_=lculations

,,

[<_;

i!'
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SubroutineENG6

ORIGINALPAGEIS

OF POORQUALITY

I FIndflowfrommapdota,_

dropfrommapdata

SubroutineENG7

,ii

.!
Formcontinuityequationfor i
combustormixingvolume i '

I _lculate enthalples _ :

1 :

I Formenergyequation I

Yes 0

i ill

Calculatevolume . _..__...._..
storedmass
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ORIGINALPAGEIS
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i

Q
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OHIGINAL PAG_ i_
OF POOR QUALITY

'1

SubroutineENG12

J FormcontinuityequationforI
augmontormixingvolume I

I

J Calculateenthalples, ii

Calculateaugmentor
efficiency

" r I___ Formenergyequation

::K Yes ,,No

----.- storedmass Lcalculatlons

,J
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ORIGINALPAGEIS
OF POORQUALrPI

,i

' SubroutineENGI3 _,

._' Calculateenthalpy

i--;_'_i atfanextt1
, .'.., Formlow-spool
i :";; derivative

! _ Formhigh-spool|
:_,_I derivative II

Yes_ No

I
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Subroutlna.ENGt4 ORIGINAL PAGE Ig :
OF pOOR QUALITY

No

i I

SubroutineERROR

Yes_ No' 1 1
J Setupsteady-stateI Setuptransienterrorvector , errorvector
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ORIalNAL PAQE IS
OF POOR QUALITY

5uhroutlnoFDINTG

II

J SettransientIndicatorandprintcounter J

i 'norooon'"ooI
.)...

_,_ Integrationsteps .._ Yes : 0

_No
| _

Setopen-loopcontrols I_MRSP)
i _

, Calculateengineresponse

=_: I IncrementprintcounterJ ";"

Yes

I Print outvariables

J ResetprintcounterJI i:
I,

2J
__i
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ORIGINAL PAGE t_
OF POOR QUALITYSgbroutlneFLCOND

:,

,'. / Input, oltltude,_chnumber, /
. , endzoo-leveltemperoture

ambienttemperature,fantotol

-'!_i . inletpressureandtemperature

SubroutineFOOR ,:

,i

/ Outputerrormessage /

/ FunctionNO._ Inputoutofrange
XIN. MATRIX-

:L
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SubroutineFUN! i

ORIGINALPF,GE t_
OF POORQUALITY

'1

No

I '
i Dosingle-valueInterpolation J I Printoutan

i_error message_

Useendvalues I
I

offunction j...

SubroutineFUN1L

Doasingle-valueInterpolation
uslngsamebreakpointasa
previouscalltoFUN1
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SubroutineaUESS

ORIGINALPAQEIg
OF POORQUALITY

SubroutineZNDATA

.i

_nltlaUzeand read

: inmapdata

l

SubroutlneMAP

,R_.,

";" Inputvalue,
range of a ma

=

_L._= Yes
.... Ooa double value

--_ interpolation Printoutanerror

message
-3

- :_ Useendvaluesof

_ map

"I
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ORIGINAL PAGE Ig subroutl,,MAeL

•. OF POOR QUALITY
Jl

[--I

• I

Subrouhne MOOR

/ o._,,t,,,o,°..,. / !/ MAPNO. Inputs out of range

Z X_N."-_TN.MARX./
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5ubrnutlneNOZZL
OI_IGINALPAGEI_
OF POORQUALITY

Calculatenozzleexit
velocity,tlmv,andthrust

SubroutinePROCOM

Inpuhgastemperature/
andfuel*to-airratio /

I ='(;u'ate| ,, _, ,, ']andspecificgnthapy
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5.11roullne5PLINI

• OF POORQUAI,ITY' "

IIS 4L_"°l
I' Up_ltoSpO_lby 1

=1 usingdorlvottvo
| ondtimestep

SubroutineSPOOL

InputmomentofInertia/

1
I CalculateSPOOL l1_Integrationconstant
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SubroutinaTPR_T ORIGINAL P,°,GEtT

_ OF POOR QUALII_ ,_1t

, Y°'_ p;in_;:,t_No ,

/Print shortoutpu:/ /:int detalla_outpuJ "

I ,1 ,1



OnlG|NAL PAGE I_,_
5ubroutln¢VOL|NT OF. POOR QUALITY

I

No Yos

I II II I II

Zntegratestoredmass derivativefromenergy
andtemperature derivative

Calculatevolume
pressure

,_ SubroutineVOLUME

/ Znputs=pressure,temperature,/
"- / andvolume ..... /

j Calculatestoredm_ssbyusing
Ideal-gaslew
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APPENO]XE

D%GTEHSTEAOY-STATEOPERAT%NGPO%NTS

O]GTEMwas used to generate converged steady-state operating potnts for ',
the five sets of input data. To obtain these data, NOPERUs set to the
desired operating-point numberand TMAXwas set to 0.0 tn the matn program '
DIGTEM. %n DIGTEMthe dry deslgnpolnt,ls the first operatingpoint read In....

•: These data are used to calculate correction coefficients for balancing the
engine equations. These samecorrection coefficients are then used to scale

, the model at all o_her operating points. A stmllar procedure Is used for wet
- operating points, where the first wet operating point read tn ts the wet design

point. Correction coefficients that only affect wet operating points are cal-
i_ culated at the wet design point and applted to the other wet operating points.
,_. The cor,ectton coefficients are tmbeddedIn the OIGTEMequations and Serve to
!:_, minimize, If not to eliminate, differences between the OIGTEMmodel and the
_ Input.data .......................................................

_ Figure 14 showspr.tntouts of corrected and converged steady-state data
i:_! for the five operating points. Figure 14(a) contains the dry design-pOint
i:_. data. Note that the errors at the dry design point are all close to zero
_ because of the scaltng by the correction coefficientS. OIGTEMthen iterates
_: to try to better the steady-state mtch and the converged data are shown.
_ Note that the converged data are very close to the input data•

_' Oata for the other dry operating points (figs 14(b) and (c)) show that
_. the input data (after being scaled by the correction coef_4ctents) do not gtve

i_ as good a steady-state match (large derivative errors) as the design point.• This ts due tn part to the scaling coefficients being calculated at the design
!_:_ point and then used at the off-design points as well. Correction coefficients

_ calculated at the off-design points would be sltghtly different than those,_::. calculated at the design point because of slight inconsistencies tn the data
from one operating point to the next. These inconsistencies were not elimi-
nated so that OIGTEM'scapability for generating a steady-state balance could

_. be tested. For both operating points the converged data have nearly zero

_: errors wtth the iteration (state) variables betng ad3usted accordingly.
Oata for the wet design point are shown tn figure 14(d). Here again the :=_.i errors are close to zero. OIGTEMlteraCe_ to an operating point that ts close

i-_. to the dry design operating point. Figure 14(e) showsdata for the wet off-
i:_ design operating points The input data do not give as good an engine balance
!_; as for the wet design point for the same reason as discussed for the dry off-
_,, design points.
-_:

_,_ Figure 15 shows the correction coefficients calculated by OIGTEMfor the
:J_i_: dry design point. Since they all are close to 1.0, the modeling equations
...._ fairly accurately describe the design point. In fact, one or more large dtf-
_!! ferences from 1.0 would indicate either bad input data or one or more
_'_ inadequate componentmodels.

.:v i

_:
)::. ,

i

•_

:_ _i
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APPENDIXF

TUILSOSHAFTENGINERODEL

OIGTEMIs generalized tn the aerothermOdynamtc treatment of components,
It also "trims" calculations to match a design point, These features can make

_" tt a useful tool for developing simulations of specific engines having the
same two-spool,two-streamconfiguration.Also variationsof the turbofan
engineconfigurationsuch as a turbojetor turboshaftcan be simulatedwlth
minor modifications to the Fortran coding. With more extensive modifications
to the coding, arbitrary configurations can be modeled.

To demonstrate thts capability, a turboshaft engine model was implemented
i by using DIGTEM. A computational flow diagram of the engine ts shown tn

figure 16. Comparing figure 16 with the two-spool, two-stream engine computa-
tional flow diagram of DEGTEMtn figure 2 indicates the need to make the
following changes to the basic DIGTERmodel:

_ (1) The inlet model must be eliminated.
(2) The fan must be eliminated.
(3) The duct must be eliminated.
(4) The low-pressure-turbine cooling bleed must be eliminated.

L_- (5) The low-pressure turbine (i.e., power turbine tn.4;he turboshaf_) must
be disconnected from the fan and connected to a load.

(6) The nozzle must be eliminated.
(7) The back pressure on the power turbine must be fixed (at atmospheric

pressure) with turbine flow (and energy) dumpedto atmosphere.

The turboshaft engine model was implemented In OIGTERby

(1) Using the normalized componentmapsalready tn DIGIEM I
(2) Specifying a new design point wtth input data.satisfying the following

conditions:

:_ P2.2 = P13 = P2 = Po (Fly

T2. 2 = T13 = T2 (F2)

= o ........... (r3)



WBLLT. 0 (F9)

(3) Modifying the coding In DIGTEMas follows: For the turboshaft the
state variables and derivatives are .....

VS(1) . XNL VOOT(1) = DXNL "
VS_2) = XNH VDOT(2) = DXNH
vs(3) = w3 rOOT(3)= OW3 ',
VS(4) = T3 VDOT(4) = DT3
VS(5) = W4 VDOT(5) = DW4
VS(6) = i4 VOOT(6) _ OT4
VS(7) = W41 VDOT(7) = ON41
vs(8) = X41 rOOT(B)= OT41 :

These are the first eight state variables in the state variable llst for the
turbofa_ engine, and thus no recodtn9 is needed to set up the state vector and
the state derivative vector. By setting N = 8 tn the main program DIGTEM,
the order of the sy.tte_ Is specified and the 8x8 Jacobtan error mat_tx..wtll be
geJ_erated.

Recodlng of DXGTEMroutines was required to account for the aforementioned
differences in the configurations. A fixed value of load torque Qload was
set In DSGNPTand was sized to zero the rotor speed derivative at the design
point. Also correction coefficients CC(14) and CC(16) were redefined in DSGNPT
to reflect the changed coding tn the engine routines. The numerator of CC(16)
(eq. (B141)) was set to the load torque. Somecoding had to be added in the
power turbine discharge. That ts, temperature T6 was calculated implicitly
from the calculated turbine discharge enthalp_ h6. Convergencewas obtained
by guesslng T_, using T_ to computethe h6 throughPROCOM,and then com-
paring h6 wlth calculated h6. CC(14)was used to insurea match at the
design point.

Ftnally recodtng was done tn subroutine TMRSP,where the inputs to the
model were specified as functions of time (open-loop control). For the

turboshaft engine the inputs are fuel flow WF,4 to the main combustor and load
torque qload change on the power turbine. TMRSPwas set up to gtve a step
change tn both fuel flow and load torque.

Figure 17 shows the transient response of the turboshaft engine to simul-
taneous steps tn fuel flow and load torque. Shownare normalized values of

fuel flow WF,4, load torque qload' low rotor speed NL, htgh rotor speed
NH, combustor pressure P3, and turbine inlet temperature T4. Note that NH,
P3, and T4 all increase with the addition of fuel. Normally NL. would
increase also, but the increase tn load caused NL to drop off. For thts
2-sec transient the integration ttme step was 0.01 sec. The printout interval
was 0.1 sec. The CPU time was 1.06 sec on the IBM 370/3033computer.

Thus it is possibleto use DIGTEMto model enginesother than a two-spool,
two-streamturbofanengine. The resultantenginemodel will have a realistic
aerothermodynamlctreatmentof Its componentsand wlll be scaledto a user-
specified design point,
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ORIGINALPAGEU_
TABLE I, - TRANS[[NI SPECIF|CAT|DNS |N OIGT[M OF POOR QUALITY

•i Parameter Setting Function

Default ] Allowable
, range

NDP[R 3 1 - NTOTAL Oestred Initial
operating point 'q

H '0.01 >0.0 Integration time step,
$oc

TMAX 20. 0.0 for steady Oestrod transient
'i state, >0.0 fo_ length, sac
i transient

TOUT 0,-1 >H Printout Interval, )
_' sec
i'!

IBOINT.. 1 0 for expllclt, Integratlonmethod
I for Impllclt selector

IHPCNV 0 0 to use logic Hatrlx update selector
to generate a new
matrix, I to
generatea new
matrix every tlme
point

N 16 >0 System order

TABLElI. - BACKWARD-DIFFERENCEINTEGRATIONSETIINGS

n9 FunctIon i
Parameter SeLLt

Oefault AIlowable !
range

VOELTA.-. 0.001 >O.D Initial perturbation
of guesses, percentflOO )

FRAC 0.25 >0 External control of
iteration step size

TOLl 0.001 >0 Bottom limit on error ',
tolerance for matrix

llnearlty,percent/lO0 I
I

TOL2 0.01 >TOLl Top limit on error
tolerances for matrix _
llneartty, percent/lO0

TOLSS 0.0005 >0.0 Solution tolerance, I
percenttlO0

MPAS 50 >0 Maximumallowable
tterotton passes

TOLPCG 0.5 >O.O Switch for calculating
a new matrix

NOBUG 0 0 for Oebu9 selector
no debug, 1
for debug) i

I
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ORIGINAL I'_tAGE_:_ "

OF POOR QUALITY ,,

High-pressure
turbine7 r-Low-pressure

I / turbine

'_ 13Combustor--,, / /
" _ I I16 . .
"ii Inlet-. Fan Compressor_ _ /I Augmentor Nozzle

.._ Station.0 2. 2. 4 4.1 P 6 T 8 E

:.-j Figure1. - Schematicofaugmentedturbofanenglne.

,i
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ORIGINAl,.PAt:,I_@_
OF POOR QUALITY

Specifytimest_p,printout,
operatingpoint,andtransientdata

I'

Yes No

Calculate
coefficients

Calculateengine .

i

Setupguessvectorand

No Backward-
difference Yes
Integration?

Doforward-
_lfference Dobackward-

J

Figure3,- OverallflowdiagramofDIGTEM. !
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OF POORQUALrrv
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150o00100000 |7,0000 |+,000010000o RO 0000 _10000 P_ 0000 _00000;!_, 0000 P_,O ' .....
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O,0U;'_ 0,0000
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_4,00002_.0
0,0400 0.0630 0.0_84 0,03_6 0,0R08 0,0_40 0,019_ 0,0160 0,0(196 _l),+ud 80,0048 0.0000

15.08_014,_765 I+,608016.6009 I?,8_1010,04_ _0._40 _1.4_5 _.6170
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I
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Figure _ - D[GTEmcomponent mapend operating-point Input data set.
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_4 , 0 , P+ P I 0 * _) 9_ 0 , 04_ 0 t 86_+ 0 , Y_, l.OP+9/ ._,0575 1+,08+/ t.O88t
t .,.,p.,,e_ 1,07;'P 1.11'_%4
_._I _) 0,,_4_0 0._01_$ 0._?05 0,6_,P8 0,50¢JI 0.9_74 0.&19/ O.O+10P,"

_+ 0.4_19 0.41._I 4. Ot,4P
_:_ q.X',54 O.P.'+',P 0 4%%1 0,8_40 0,8_4_ 0.8_4_ 0.8_21 0,840_ (I.8402

0 .R_P% 008P|4 (1 +_0 _P,

o.001_ 0,4014 O.A+,t,P 0.070/ 1.0tR, +, 1,05&2 1.0454 1,0035 1,0Y00 .Speod 9_'_, -- t,o',',_, 1.0'i47 1 (1+_/t
<I.r*O_,_ 0.%."?7 0 .+,l�t 0.4:_+_ 0,41t04 0.?409 0,/900 0,R_80 0.851|

,L _1.44_ t 0 .'+nt, P O.qP?/
_ 0 P4_? 0.'_+,++ O,/_,_t 0,85._ _) 0,9506 1,0P71 t.05/5 1,085P 1,0P.019

".'_+ t .044'_ | .04'lt_ 1._11'1
_.,_pt_ r_ _+,40 (1._,4_t 0,415_, O.t',90Z+ 0,75r_0 O,P,_77 0,01t_ 0,048_

+--T_ O,qA'_P t,(1PPt 1,0",00
"j,. 0.'+._0_ (1,'),'_'1 O._POP, (1.9P0/ 0,9045 9,9t00_ 0.9P4_ 0.918_ 0,01005

rl.4|O_, (1 P,_t'_'? 0,1_11_? l;pt't'd 10
o.+||_ n.st, x4 O.Iq_l 0.O?Ikt 0.gq_ 1,0244 1,0_05 1,0_| 1,045_
t .n+.49 I 0411 1,04(,7
0.,'+'_94 0._,:+06 0,I,00_ O,5"l?t 0.74)0 0,80_0 0.I_450 O.�P4t 0.015_I

O. t+l| t tl.%S+O (1.7t64 (1._+�P 0,04_$ t .(10_4 | , O_P+O 1,08t9 |.+OPt
--'+; 1 . OqP,? I. Oq'}_ |. OP.05

,_ Figure4. - Continued.
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ORIGINP,_,I'R,.,_.._,
OF pOOR QUALli_ ,,

lI

2 3 5 3 fMAPNO,NCV,NPT,NFCT,NCOM
(5F8.1) (3F8.I) (5F8.1) (SF&2) (5F8,3) 'L. X, Y, ZI° Z2, Z3° FORMATS

0.2 0.4 0.6 Y VALUES

0 O.2 O.3 0.4 O.5 X VALUES- CURVE1
O,3 O,3 O°2 O°1 O,0 Zl VALUES- CURVE1

O°15 O.15 O.10 O.O_ O°O0 Z2 VALUES- CURVE1
_.:

•22_ O°225 0.150 O;075 O°000 Z3 VALUES- CURVE1

0.0 0.4 0.5 0.6 0.7 X VALUES-CURVE2

0.6 O.6 O.4 O.2 0 0 Z1 VALUES- CURVEg

O.30 O.30 O.20 O°10 O.qO Z2 VALUES- CURVE2

O,450 O.450 O.300 O.150 O.000 Z3 VALUES- CURVE2

0.0 0.6 O.7 0. 8 0.9 X VALUES- CURVE3

0.9 0.9 0.6 0.3 0.0 Zl VALUES- CURVE3

0.45 0.4.5 0.30 0.15 0.00 Z2 VALUES- CURVE3

O,675 O,675 O.450 O,225 O,000 L Z3 VALUES- CURVE3
NCV- NUMBEROFCURVESINMAP

NPT- NUMBEROFPOINTSPERCURVE

NFCT- NUMBEROFCOMMONFUNCTIONSOFX, Y
.icoM - SWITCHFORCOMMONCURVEBREAKPOINTS

Figure5. - ExampleofmapInputdata,
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Figure6. - Open-loopcontrolsforDIOTEMtestcase, I
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• ORIGINAL P_Q_ I_
: OF POOR QUALITY ,,

I I

I

• I

_"_, SUBRSUTZHET_RSP(_Fq,RF?_CVGP,FVGP_AE,

"_ C _ AS,TXHE_SS)
CMMMMMMMMMNMMMNMMMMMMM_MNMMMMMMNMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

- _' COMMONtCOHST/ AQLI3,AQLG_V13,V3,Vq,VqI,V6_V?,ZZHtXIL_BSFVGP_BSCVaP_ "

_i_ C _ CC(SO)_BETAHC_BETAB,BETAAB
; CMMNNNNNNNNNMNMNNMNNMNMMMMMNNNNNNN_MNMNMNNNNNNNNNNNNNN_MMNN_NMNM_N_N_

_ _ ZF (_SS .E_. O) _ETURN
_ J_ IF (TIL1E ._T, lO.O) O0 TO 10O

• _F (_Fq ._T. 1..7) _F4=1.7
_ HFT=O.O
.'__, FVOpao2_.99 .O)_(2_,99-I.7)/I.00
_-._:" XF _FVGP .LT. -2q.99) FVGPu-2q,99
_'_ IF (FVOP .GT. -1.7) FVGP=-I.7
_= FVGP=BSFVOP-FVGP

CVGP=-20,O (20.+q.)/2.0
_::_ IF (CV_P .GT. q.O) CVGP:4.0
_'_ CVGP=BSCVGP'CVGP

AE:q9_,O i

_- 1O0 CONT2NUE t
NF4=l.7

;-_ MF7=0.0 -1O.O)_(5.O-0.0)t_.O
_, ZF (HF, .OT. 5.0) ,F7=5.0
:-_-.- FVGP=-I.7-(TI_E-1O.0)_(2.5-X.7)/3.0

IF (FV_P ,LT. -2.5) FVGP='2.5

!.-,_' cvoP=,,o ,CVOPcBSCV_P-CVGP

i:_ FVOP=BSFVOP'FV_P• A8=q30. IE-10.0)_(660.-_30.)/_.0
;_,_ XF (_8 .GT. 660.) A8=660.

__' AE=q92. O,Ol"1880.-q92.)/3.OXF (AE .OT, 880,) _E=880.
i-_; _u_H

;_ Figure7. - SubroutineTMRSP_r test_s_
I_F

!° .1

; :;1,
_'_,/

............. O000000]-TSGO:3





ORIGINALPt_;_ tf_;=
OF pOORQUALITY

0010100 ;F(IP ,HE, HOPER) 8OTO100
0010200 MRITE(6+glq) POZH;
0010300 C
O010qO0 I00 OOHT,IHU_
0010500 c
0010600 ¢MMMNMMNNMMMMMNMNMMMMMNMMMMMNMMMNMMMNMMMMMMMMMMMMNMMMMNNNMMMMNM t!0010700 ¢
0010800 ¢... INITIALIZE STATE AND UERIVATIVE VARIABLES0010900 C
0011000 V$(11 = XNL
0011100 VB¢2) = XNI|
0011200 V5(31 = M3
0011300 V5(41 n T3
0011400 Vg(5) = N4
0011509 VS(6) = T4
0011600 Vg(7) : M41
0011700 V5(81 = T41
0011800 VS(9) = N6
0011900 VS(IO) = T6
00)2000 VS(II) z M7
0012100 V5(12) : T7
0012200 VS(13) = _A13
0012300 V$(14) = NO6
0012400 V$(15) = N13

+ 0012500 V5(161 = T13
:" 0012600 VDOT(1) = DXNL I

0012700 VDOT(2) = DXNN
'" 0012800 VDOT(3) : DN3

0012900 VDOT(q) : DT3 'i_: ' 0013000 VDOT(5) = DNq
0013100 VDOT(6) = DT4 +!
0013200 VDOT(7) : DM41
0013300 VDOT(8) : DTql

i_. ,' 0013400 VDOI'(9) = DN6 _+
;_- 0013500 VDOT(IO) : DT6 _i

0013600 VDOT(ll) = DN7 +
0013700 VDOT(12) : DT7
0013800 VDOT(13) = DNA13 f
0013900 VDOT(lq) : DNO6
0014000 VDOT(15) : DNI3

'" 0014100 VDCT(16) : DTI3
0014200 C

'_+ 0014300 IF (IBDINT .Eq. 1100TO 2000
0014400 CALL FDIHTO
0014500 O0 TO 3000
0014600 C
0n14700 2000 COHTIHUE
0014800 CALL BDIHTO
0014900 3000 COHTIHUE
0015000 504 FOR_AT(SP12.5)
0015100 505 FORHATt2FIO.O)
0015200 507 FORHATt�XeZ3)
0015300 508 PORHATt(1X+2(I2,2X)))
0015400 510 FORHAT(6F12.5)
0015500 511 FORHATt3F12.5)
0015600 514 FORHAT(/** OPERATIHOPOIH.T.-HURBE_*.e3q) .......
0015700 5TOP I
0015800 END !

Figure& - Concluded. +;

+i
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4'
.L

INPUT DATA

DPERATIHG POINT NUMBER 3 t"|_I_l_I,_, I)l"_!_'_ _;i,I

TI.r._, o.ooon_v._o.n_ OF P(;"Itt (_,dlt_l,l'l_

5Tk _ _TA 13 eTA _,_ 5TA _ 5TA _ 5TA _,1 5TA 6 5TA 7

PRESflURE lq,AVflO 19o1000 RO,60S6 99,3999 9_,5999 _7,0999 17,_000 17,SOB0
fl

TEMPERATURE 515,670 871,000 q7R,_O_ 986,000 1550,00 1117,00 7_5,000 785,000

_.,:Ro_B_, "........ ;T;;;;_..... I.............. _;T;;_;..... :;'_;; ...... :';;;_;;...... _;';;;;..... :i;;'i;; .....
DELTA 1! I 101._09 _7,1968 "

.'- LOM SPLEO SPOOL = 6175,00 RPR I11011SPEED SPOOL 9_39,00 RPM
DERIVATIVE = -85,_913 RPM/SEO DERIVATIVE _ |6,16_9 RPM/$EC

MAIH OOMBUSTORFUEL FLOM :0.370000 AFTERBURHERFUEL FLOM _0,000000

BLEED MASS FLOHS-- VARIABLE GEOMETRY --
LON PRESSURE =0,688_76 FVOP : -E_,9700 FSHIFT =0,8168_E-0_
|IIGtl PRESSURE = 7.50_q8 CVOP _ -BO.O000 ¢SHIFT _-,33936qE-0_
OVERBOARD:O.II_qq THROAT AREA : ¢30.000

i'_ COHVEROEDSTEADY 5TATS POIHT

TIME _ 0.0000 SECONDS

i-_" ....
[_,._--'' STA _ STA 13 5TA R,2 STA 3 STA q STA q.1 5TA e 5TA 7
--y_ .......

.--" ! PRESSURE 1_,6960 19,0887 20,6006 99,6367 9q,8361 _7.1_78 17,_8_9 17,_8_0

i'_" TEMPERATURE 518.670 571,375 578.098 966,_01 1_78.93 1119.8_ 78_,93_ 78_,93_

i_ DERIVATIVE " -,qAl090E-O_ -.1336_2 0,2_831 -.8707698-01 -.528365E-01 0.221378E-01
,_' MASS FLO_ 103.927 _.0319 q9.89_8 _1.6306 _2.0007 _9.5215 10_.183 10_.183

_-._w DERIVATIVE .............. I-.1660168-01............. ! ............. I............. I ............. I ............. ".1318368-01

STO.OMASS "_;;; ...... _;;_ ...... _;;;; .....

[_ DELTA H 101,306 27.4107

!,_ ...... I
.'_ LOM SPEED SPOOL _ 61el.2_ RPM HIGH SPEED SPOOL 9_q.8_ RPM
; _ DERIVATIVE : 0.1_13188-01RPM/SEC DERIVATIVE = 0.26_OeIE-OZRPM/SEC

,..*';' MAIH COMBUSTORFUEL FLO_ :0.370000 AFTERBURHERFUEL FLOM :0.000000

BLEED MASS FLO_S-" VARIABLE OEOMEIRY --
i-_ LOI4 PRESSURE =0,6296_ FVOP : "_.9900 FSHIFT :O,21839_E-Oq
!_ ItIGH PRESSURE : 7,$2079 CVOP : "20.0000 CSHZFT :-,_183038-02
!_._ OVERBOARD:0.119691 THROAT AREA : _30,000 I

i";-_'" T;ME PO P2 P13 PRR P3 P¢ P¢I PB P7
''_ TAM T2 T13 T_ T3 T_ T_I T6 T7 !
£-_ XtIL XHH MF_ MF? A8 AE FVGP CVOP MATTDT

_:'_ 0.000 1q,696 lq.696 19,089 RO,601 99,631 94,856 _7,1q8 17.485 17._8_
_' 818.67 518,67 571,$7 878,10 966._0 IS78.9 1118.8 ?eq.vs 78_.93 t

6181,_ 9_q_,8 0.$7000 O,OOO00 _$0.00 qVR,O0 -2q,990 -_O,OOO 1 I

: _ 0.100 lq,696 1q.696 19,198 20,687 10_,31 97,69q 27,936 17,630 l/,q_O
'%_ 518.61 B18.67 _7_._0 $78.98 973._1 168_.0 1171.0 808.78 801.88
• _, 6192.8 9_63,_ 0.q3650 O,O0000 q30.00 q92,OO -_q,990 -18,800

_..._;':"_ 0.200 1_,696 1q,696 19,3_9 _0,838 lOA,E_ 101,_7 _8,9_ 17,79_ 17,_68
! ._; _18,$7 _18,67 879,89 _80,_ 983.78 1786,0 IB_.O 839,86 838,75
; _ 6235,3 9S13,q O,BO_O0 0,00000 qSO,O0 49_,00 -_q,990 -17,600 E

i_i 0.300 1_.69A 1_,$96 19,580 _I,O_S llI,_; 106,67 S0,059 17,989 17,7_8918.67 B18,67 876,q5 _81,93 997,B_ 1875.5 1308,1 869.99 866,61
;: _$09.9 9997.1 0.56990 O,O0000 490.00 _9_.00 -2_,990 "16,_00 3

:'1; 0._00 1_,A96 1_,696 19,895 R1,368 liT,CO 11R,86 31,_67 18,868 18,006
i B18.67 BlB,67 B79.RI 58_,_1 101_,_ 1992,A 136_,7 896.98 89_,_8
_._ 6_IA._ 970q.8 0.69600 O,O0000 _30.00 _92,00 -2_,990 -15,200 3

J' O.SO0 1_.696 1_.696 _0.296 RI,81_ 1_S.16 119,97 33,10_ 18,610 18,3_7
B18.67 518.67 982.7q _87,76 I032.B 2017.q 1_08.3 920,q_ 918.49
6891.8 98_8,6 0.70250 0,00000 430.00 _VR.OO -_q.990 -1_.000 3

,_ Figure_ - DIGTEMoutputfor test cas_
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OFPCJOl j/ LI*P4
q

0.600 14,696 14.696 20o791 _g.367 138,$6 1_7,14 91,n65 19,001 Ia,691
61_,67 _'5,67 687,07 60_,0_ 1049o9 _076,_ 1449,1 939,19 9XA,IO
6711,_ _966,1 0.76900 0.00000 430,00 _98,00 -;_4,9_0 -I_,AO0 3

0,700 1t,696 14,69_ _1,_§_ _,99_ lqO,4A 1_q,79 36_79_ J9,4_6 19,1_1
61n,67 518,67 _1,_6 597,16 1067,4 g187,_ 14nn,1 956,51 955,4_
6A9_,1 lOll4, 0,fl3650 0,00000 430,00 q�R,O0 -P4,990 -11,600 3

0,800 14,696 11,696 gl,974 _3.703 149,08 143,05 38,_01 80,0_1 19,667
_|0,67 510,67 696,81 60_,_# lOAfl,3 _169,5 191fl,6 97g,63 971,48
q091,1 10_69, 0,90_00 0.00000 430,00 49_,00 "P4,990 -10,i00 3 'l

0,900 14,696 14,696 _8,_6 H4,604 19_,73 1_8,31 41,113 g0,016 RO,47R
010,67 61R,67 603,6_ 600,87 1109.4 _01,9 1039,R 990,63 990,1_
7897,1 104_9, 0,96_90 6,00000 130,00 198,00 +_4,990 -9.A080 3 l+

l,O00 14,696 14,696 g9,650 85,fi81 956,13 161,61 43.189 81,570 81,173
6|_.67 5|_,67 6|0,07 010,_6 ||_,5 _33,6 1561,4 1003,9 1003,3
7500,0 lOb_7, 1,0390 0.00000 430,00 49;+,00 "_4,990 "6.0000 3

1,100 14,696 14,696 _4,694 _6,078 178,47 171,_3 46.0_9 86,416 _1,979
518,67 918.67 617,9_ 683,38 1143,8 _63.6 IU83,6 101_,1 1014._ml, 10,39 I 000000 430,00 . 00 -, 661 -+.00

1.0 14,696 .696 ,6,7,7 + 060 ,.. 180. .+. 83,3. ..I.86, m67 6.. --0 ..7 16003 19.6 10.+
7905.7 10877, 1,1680 0,00000 430,00 49_,00 "_0,332 "9,0"000 $

1.300 14.696 14,696 _6,736 28,639 197.90 189,88 61.R05 24.197 _3,719
g18,67 018.67 638._8 637,71 1181,3 _3_,7 16_8.7 1038.6 1038,_
8091,_ 11000. 1._345 0.00000 430,00 492.00 "18,003 "q._O00 3

1,qOO 14.696 14,696 _7.699 29.681 807,19 198,77 _3.648 25.098 _4,996
_18.67 518,67 639._5 645,08 1199.1 839_.8 1690,9 105_,_ 1091.9
8_67,0 11119. 1.3010 0,00000 430,00 4?8.00 "15,674 "3._000 3

1,900 lq.696 14.696 88,719 30.733 _16,30 807,49 56,081 _6,019 _5.498
518,67 518.67 647,04 652,G9 1216.4 8381,Z 167_,5 1066.0 1065.7
8427.6 11221, 1.3675 0.00000 430.00 492.00 "13.34_ "_,0000 3

1,600 16.696 14.696 _9.719 31,741 225,1_ 815.99 98,466 26.953 _6,42_
518.67 518.67 654,86 6_9.87 1_32,9 2410.3 1694.3 1085.8 1080.3
8506.8 11321. 1,4_40 0,00000 _30,00 ¢92,00 "11,016 -.8000_ 3

1.700 14.696 14,696 30,651 38.6_3 _33.44 2_3,98 60,753 _7,842 27.303
518.67 518.67 661.95 666,_6 1208,6 2440.8 1716,7 1096.1 1095.3
8688,7 11415. 1.5005 0.00000 4_0,00 492,00 -8.6870 0.39998 3

1.800 1_.696 14.696 31.519 33.473 241,13 231.39 62.879 28.693 _8.134
518,67 518.67 668,56 672,9_ 1263,5 2473.1 1740.7 1112.7 111_.0
8796.8 11504. 1.5670 0.00000 _30,00 49_.00 -6,3580 1.6000 3

1.900 14.696 14.696 32.339 34.187 248.27 238,23 64,873 29._94 88,919
618.67 518.67 67_,00 679.00 I_78.0 2507.0 1763.6 I1_9.5 1128.6
8892.2 11689. 1.6335 0.00000 _30,00 492.00 -4.0291 2.8000 3

2.000 1_.696 14.696 33.081 34.807 2_4.93 _44.69 66.708 30.218 _9.636 '_
_" 518.67 518,67 681.19 684.50 1291.8 25_2.0 1791,6 1146./ 11_3.7

897_.5 11673. 1.7000 0.00000 430.00 492.00 -1.7000 _,0000 3

2,100 1_,696 14,696 33.461 35.126 258.55 248,07 67.714 30.588 30.011
518.67 _18.67 685.12 688.51 1302.5 2536,6 1793.1 1151.5 1151.7
9046._ 11744. 1.7000 0.00000 _30.00 498.00 "I.7000 q.OOO0 4

2,200 14.696 14.696 33,662 3_.295 260._5 249.96 68.309 30.780 30.204
313.67 518,67 687.90 691.52 1309.8 2_34.7 1791.4 1152.3 1152.4
9105.6 11794, 1.7000 0,00000 430.00 492.00 -I.7000 _.0000

2.300 14.696 14.696 33.817 35,425 261.92 251.23 68.719 30.925 30.3_6
518.67 318,67 690,19 693.93 1315.2 253_.0 1790.9 1153.2 1153.2
9152.0 11889. 1.7000 0.00000 _30.00 492.00 -1.7000 q. O000 q

2._00 lq.696 14.696 33,933 35.524 262.88 232.13 69,012 31.039 30.450
518.67 _18.67 692.01 695.80 1319,3 _533.8 1790.9 1134.0 115_,0
9187.3 118_4. 1.7000 0.00000 430,00 492.00 -1.7000 _.0000

2.500 lq.696 14.696 3_.020 35.594 263,61 252.81 69.193 31.119 30.533
518.67 518.67 693.37 696.93 1321.9 2933.2 1790.6 1155.2 1135.1
9212.1 11872. 1.7000 0.00000 430.00 492.00 -1.7000 4.0000 q

2.600 1_.696 14.696 3_.06_ 35.628 264,18 253.35 69.317 31.164 30.380
518.67 518.69 694.15 699.49 1323,5 2532,3 1789.6 1156.1 1156.1
9227.2 11885. 1.7000 0.00000 _30.00 492.00 -1.7000 q. O000 4

2.700 14.696 14.696 34.090 3_.649 264.61 2_3.75 69.q09 31.192 30.610
518,67 318,67 69_.63 697.81 1324,7 2531.6 1788,9 11_6.7 11_6.7
9236.8 11895. 1.7000 0.00000 430.00 492.00 -1.7000 q. O000 q

2,800 I_.696 14,696 30.108 35.668 264.90 2_4.02 69,475 31.215 30,630
318.67 318.67 594.94 698.03 1385.6 2531,2 178_._ 1167.1 1157,1
9243,3 11903. 1,TflOQ O._q_n_ q_fl,AO q_.O0 -1.7000 4,_OflO q

2.900 14.696 14.696 34.120 3_.672 266.08 2_q.19 69.513 31.229 30.640
618,67 918.67 695,I_ 698.18 13_6._ 2331.0 1788.1 1157.3 1157.3
9247.q 11909. + 1.7000 0+00000 430.00 492.00 -1,7000 4.0000 q

:/i_+ 3.000 14.696 14.696 34.129 35.678 26_.e2 254.32 69,541 31.234 30.6_3518.67 518.67 695,89 698.28 1326.7 2_30.9 1787.9 1197,5 1157.5
9250.1 11913, 1,7000 0.00000 430,00 492.00 -1.7000 4,0000 4

3.100 14.696 lq,696 34,134 35.082 265.33 254.42 59,563 315239 30.660
_'_ 518.67 518.67 695,37 698.34 1327.0 2930,8 1787,7 1137.6 1157,6
!._" 9252,0 11917. 1,7000 0.00000 430.00 492.00 -1,7000 4.0000 q

_i 3.200 14,696 14.696 34,136 35.683 865.42 254.50 69.580 31,261 30,660
518,67 518.67 695,42 698.39 1327,3 2530.7 1787.6 1157,7 1137,7

+_ 9293.3 11920. 1,7000 0.00000 430.00 492.00 -1.7000 4.0000 4

_i Figure_ - Continued.
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OfflQIHAL PAQ_ t_
Q_- POOR QUALITY

518.67 6|n,67 695.67 698,4P 1327,5 P530,7 1757.5 1157,5 1157,7
9_54,3 IIOP_, 1,7000 0,00000 430,00 092,00 -1,7000 4,0000 6

3,400 1_,096 14,696 _6,140 35,6A7 _5,54 _50,5p _9,605 31,PSP 30,_65
5_,h7 fl1_,67 69_,fl0 69a,45 t_7,7 R5_0,5 1787o4 11fl7,_ 1157,B
9255,1 119_fi, 1,7000 0.00000 4_0.00 402,00 -1,7000 4,0000

_,500 14,606 14,596 56,143 30,689 P60,55 P_4,_6 69,615 M1,_4_ 50,676
518t67 _18,67 69_,03 598°47 1527,_ P_30,fl 17_7,6 |157,8 1157,9
9;!5_,7 119_7, 1,7000 0,00000 630,00 69P,00 -1,7000 6,0000 4

5,600 14,606 14,596 34,145 30,689 _6_,61 _4,6_ 69,5_ 31,2_ _0,673

518,6P 518,67 59_,55 69A,49 1_27,_ _516,5 17_7.6 11_?,9 1157,_9_56,2 llQ_, 1,7000 5,00000 _30,00 692,00 -1,7000 4,0000

3,700 |4,696 1_,696 _4,144 35,590 P65,63 _4.71 69,6_7 _1,_9 30,673 t

518,57 51fl,67 69_,f_7 59_,_0 1528,0 _D50,5 17_7,3 1158,0 1157,_9_56,6 1191_9, 1,7000 0,00000 6_0.00 6q;!,O0 -1.7000 6,0000

3,800 14,696 14.696 ]4,14_ 3_,690 _6_,55 2_4,7P 69,531 31,_9 _0,67_
_115,67 _18,67 695,08 698,_1 1128,1 25_0,_ 1787,X 11_8,0 11D8,0
9256,9 119_9. 1,7000 0,00000 _30,00 q98,00 -|,7000 4,0000 4

],900 1q,696 14,696 34,1_6 35,69_ _65,66 254,73 69,636 31,_4 30,675
518,67 518,67 69_,60 695,_2 1328.1 2_30._ 1787,3 1158.0 1158,0

9257°8 119_0, 1,7000 0.00000 450,00 49_,0U "1,7000 6,0000 _ I
_,000 14,696 14,696 34,146 35.69_ 265,66 _54.7_ 69.636 31,_B6 S0,677

518.67 518.67 69_,00 698,53 13_8.1 25S0.5 1787,3 11_8,0 1158.0
9_b7,3 11930, 1,7000 0,00000 430,00 492,00 "I,7000 4,0000

_,100 lq,696 14,696 30,1_6 35,692 265,67 25_,7_ 69,637 31,_59 30,676
518,67 _18,67 695,00 698._5 1388,1 25_0,q 1787,3 11_8,0 1158.0
9357._ 11930. 1,7000 0.00000 _50.00 _92.00 "1,7000 6,0000

q,200 1_,696 1_.696 34,146 35,691 _05,67 _54.7q 69.538 31.863 30,67Z
518.67 518.67 695.00 698.53 18_8.1 _530,6 1787,3 11g8,0 1198.0
9257.6 11930, 1,7000 0.00000 430,00 492.00 oi,7000 4.0000

q.300 1_,696 1_.696 3_.107 35.592 _65,68 _54.75 69.639 31._59 30,676
518,67 518,67 695.61 698.50 1328.2 0530.q 1787,3 1158.0 1158.0
9257.6 11930. 1.7000 0.00000 630.00 093.00 -1.7000 6.0000 4

_.q00 1_,696 1_,696 30.1_7 35.693 565,68 _5_.75 69.639 31._8 30.676
518.67 518.67 695.6_ 698.00 1328.2 2530,4 1787.3 1158.0 1158.0
9257.7 11930. 1.7000 0.00000 _30.00 092,00 -1.7000 _.0000 q

4.500 1q,696 14.696 3q.I_7 35,693 _65.58 28q,75 69,6q0 31.259 30.677
518,67 518.67 69_.62 698.5_ 13_8.2 2_30._ 1787.3 1158.0 1158.0
9257.7 11931. 1.7000 0.00000 030.00 098.00 -1.7000 q.0000

4.600 lq.696 lq.696 3q.1_6 35.692 265.68 25q.76 59.640 31._63 30.676
518.67 518,57 595.01 698.54 13_8.2 8530.q 1787.3 1158.0 1158.0
9257,7 11931. 1.7000 0.00_00 030.00 092.00 -1.7000 6.0000 q

q.700 "q,596 10.696 3_,107 35.692 255,68 _50.76 69.600 31.252 30,676
518.67 518.67 695.61 598.50 1328.2 _530.q 1787,3 1158.0 11_8,0
9257,7 11931. 1.7000 0.00000 030.00 092.00 -1.7000 5.0000

q.800 1_,696 lq.69_ 3_.167 3_.692 205.68 25q.76 69,6_0 31.260 30.675
518.67 518.67 69_.62 698.50 1328.2 2580.q 1787.3 1158.0 1158.0 I
9_57.7 11931. 1.7000 0.00000 030.00 092.00 "1,7000 q.0000 q

_.900 lq.696 1_,696 30,107 35.693 _6_,68 250.76 69,601 31.259 30,676
518.67 518.67 69_.62 698._q 1328.2 2530.q 1787.3 1158,0 1158.0
9257,7 11931. 1.7000 0,00000 q30.00 _92,00 -1.7000 6.0000 q

5.000 lq.596 lq,696 3q.lq7 38.593 265,68 25q.76 69.6_0 31.251 30.676
518.67 518,67 695.62 698.50 1328.2 2580.q 1787.3 1158,0 1158.1
9257,7 119_1, 1.7000 0.00000 430.00 492.00 -1.7000 q,0000 q

5.100 10.696 lq.595 3_.I07 35.692 265.68 250.76 69.600 31,262 30,6?5
518.67 518.67 695.62 698.50 1328.2 2530.q 1787.3 1158.0 1158.0
9257.8 11931. 1.7000 0.00000 030.00 092.00 -1.7000 4.0000 q

5.200 1q.696 14.696 3_,I_7 35,692 26_.68 25q.76 69,5q9 31.261 30,675
518,67 518.67 595.62 698,50 1328.2 2530._ 1787.3 1158.0 1158.0
9257,8 11931. _.7000 0.00000 030.00 092.00 -1.7000 q.0000 6

5,300 lq.696 Iq.696 3q.lq8 35.693 265.58 25q.76 69,660 31.257 30.678
518.67 518.67 699.62 698.50 1328._ _550.q 1787.3 1158,0 11_8,0 i

9_57.8 11931. 1.7000 0.00000 030.00 _92,00 "1.7000 q,0000 6 i
5.q00 lq,696 lq.696 3q.lq6 35.692 265,68 _5q.76 69,6_1 31.265 30.674

518.67 518,67 695.61 698.50 13_8.2 _530,q 1787.3 1158.1 1188,0 i
9257.7 11931. 1,7000 0.00000 030,00 092,00 -1.7000 q. O000 6 i

5.500 lq,696 lq,696 3q,1_6 35,692 26_.68 25q.75 69.6ql 31._6q 30.673
518.67 518,67 595.51 698.55 13_8.2 2530.5 1787.3 1158,1 1158.0
9257.8 11931. 1.7000 0.00000 630.00 092.00 "1.7000 4.0000 q

5.600 Iq,696 lq,696 3q,lq7 35,692 265.68 25q.76 69.6_0 31.251 30,67q
518.67 518,57 695.62 698.5_ 1328.2 2530,q 1787.3 1158,0 1158,0
9257.8 11931. 1.7000 0.00000 030,00 09_.00 -1,7000 q.0000 q

_,700 1_.696 Iq,696 3_,1q7 35.693 265,68 _5q,76 69.5ql 31.259 30.676
518,67 518,57 59_,52 598.50 1328.2 2530,_ 1787.3 1158,0 1158.0
9257.8 11931. 1.7000 0.00000 630.00 _92,00 "1.7000 q.0000 q

. ' _.800 1q.696 1_,696 3q,lq? 35.693 265.68 25_.76 69,6q0 31,259 30,577
518.67 518.67 695.62 598.56 1328,2 2530.5 1787.3 11_8.0 1158.0
9257.8 11931. 1.7000 0.00000 q_0.00 _92,00 "1.7000 q,O000 q

5,900 Iq.595 lq.695 3_,I_7 35.692 _o5,68 2_q.76 69.5_1 31,26_ 30,675
518,67 518.57 695,62 698.50 1328,2 _530,q 1787.3 1158.0 1158.0
9257,8 11931. 1.7000 0.00000 _30,00 _9_.00 -1,7000 _,0000 q

Figure_ - Continued.
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ORIGINAL PA_E t_l
OF POOR QUALITY ]

6,000 1_,596 1_,696 _q,l_7 R_,GQ_

_._7,_ _IWl, 1,7000 0,00000 _]0,00 _9_.00 -1.7000 _,0000 q

_18,67 518,67 699,62 698,_4 |378,_ P530,4 1787,3 1158,0 11_8,0
9_57,8 11911, 1,7000 0,00000 _30,00 _Q;!,O0 "| 7000 4,0000 4 'l

6,_00 14,676 15,696 34,14fl X_,603 _65,66 Pfl4,76 69,641 _1,?_ 30,578
_1R,87 918,87 59_,6_ 69flt94 IAPS,P P_30,_ 1787,3 11_8,0 11_8,1

9;_57,fl I|Q31, 1,7000 0,00000 4X0,00 _9_,00 "1,7000 _,0000 4 i_
6,300 15,696 14,695 _4,1_7 15,59_ 76_.(8 P_4,76 69,6ql 31,_60 30,677

918,67 51_,67 69_,6_ 598,94 ]S;!_,,] 8fF30,4 1787,3 1198,0 1198, I9P57,8 11031, 1.7000 0,00000 4_0,P0 49_,00 _),7000 4,0000

. 6,900 14,695 14,695 34,147 35,692 _6_,58 394,75 69,641 31,261 30,576
518,67 916,67 699,6_ 698,_4 13_8,2 _30,4 1787,3 1198,0 llgR,O
9P57,8 1|931, 1,7000 0,00000 q30.00 q�_,O0 "1,7500 q,0000 4

6,500 1q,596 1q,696 3_,1_7 39,69_ 255,59 _5q,76 59,6ql 31.250 30.679 I_518,67 _18,67 699,6_ 698,9_ 1_8,2 _530,4 1787,3 1198,0 11_8,9
9297,6 11931, 1,7000 0,00000 4_0,00 49_,00 -1,7000 4,0000 4

6,500 14,696 14.696 34,1_8 39.691 305,68 25q,76 69,540 31,258 30,677
_18,67 918,67 699,62 698,_q 13_8,2 _530,4 1787,3 1158,0 1158,0
9257,8 11011, 1,7000 0,00000 430,00 q92,00 "1,7000 q,O000

6,700 1_,696 1_,696 3q,147 35,593 269,58 294.76 69,5_0 31,2_9 30,677
518,67 518,67 695,62 698,54 13d8,2 2_30.4 1787,3 11_8,0 1158,0

;_' 9257.8 11911. 1,7000 0.00500 q30.O0 _92,00 "1.7000 6,0000

.-, 6,800 14o695 1_,696 34,1_7 35,592 265,58 25q,76 69,541 31,_54 30,674 :
[ _ 518.67 518.57 699.61 698.5_ 1328.2 _30.4 1787.3 1158.1 1158.0
:._. 92_7,8 11931, 1,7000 0.00000 q30,00 q92,00 "1,7000 _,0000 4

:_i 6,900 1_,606 lq,696 $4,1_8 15.691 26_.68 _q.75 59,640 _I,296 30.676

: 518.67 518.67 695.6_ 598.5q 1628._ 2930.q 1787.3 1198.0 11U8.59257.8 11931. 1,7000 0.00000 q30,00 q92.00 "1,7000 4,0000

o , 7,000 1q,696 1_,696 3q,lq8 35,693 _65,68 25q,76 69,640 31,_5q 30,680
_ 518,67 918,57 695,_ 698.5q 1328,2 2530.q 1787,3 1158,0 1198,1
.__ 9257.8 11931, 1,7000 0.00000 q30,00 _92,00 "1,7000 4,0000 q II_-"J#

;_ 7,100 1q,696 lq,595 3_,Iq8 35,693 255,68 25q,76 69,6q1 31,258 30,679
_: 518,67 518.67 695.62 698.54 1328,2 2530,4 1737,3 1158.0 1158,1
,_ _ 9257,8 11911, 1,7000 9,00000 q30.00 492,00 -1,7000 q,0000

_: 7,200 1_,696 Iq,696 3q.1_7 15,691 265.68 25_.76 69,6ql 31.261 30,577 'i
•'_"_. 518.67 518.67 699.62 698,5q 1328,2 2530.q 1787.3 1158.0 1158.1
_ 9257.8 11931. 1,7000 0.00000 _30.00 _92,00 -1.7000 q,0005 q

_--_._t-"_* 7,300 lq,596 lq.696 3q,lq7 35,592 255.58 25q,76 69,6_0 31.252 30,67_
i_. 918.57 518.57 695.62 698,5q 13_8,2
i:'_ 9237.8 11931. 1.7000 0.00000 q30.06 _92.002530'q "1.70¢01787'3 q.00001158"0 1158.5q

7.qO0 14,696 Iq.696 3q,lq7 35.693r_._ 265,58 25q,75 69.6ql 31.258 30,676
518.57 518.67 695.62 598.5q 1328.2 2530.4 1787.3 1158.0 1158.0

_ 9257.8 11931. 1,7000 0.00000 450.05 492,00 -1,7000 q,0000 q
7,500 lq,696 lq,696 34,1q8 35,693 255.08 254,76 69.6_1 31.257 30.578

i_;_ $18,67 518.67 69_.62 698,5_ 1328,2 2530,q 1787,3 1158,0 1158,0
[_._ 9257,8 11931, 1,7000 0,00000 q30,00 q92,00 -1,7000 q,0000 q

i_ 7.600 14.696 1_.696 3q.1_7 35.692 265.58 25q.76 69.6qi 31,265 30.675 !
518.67 518.57 695.61 698.5q 1328.2 2530.q 1787.3 11_8.1 1158.0

;_: 9257,8 11931. 1,7000 0,00000 _30.05 q92,00 -1.7000 q,0000

; _ 7,700 lq,596 14,696 3_,Iq5 35.692 26_,68 25q,76 69,6_1 31,26q 30,673
:_;' 518.67 518,57 69_,61 698,5q 1328,2 2530.q 1787.3 1158.1 1158.0
-* 9257.8 11931. 1,7000 0,00000 q30,00 q92.00 -1,7000 q,00OO q

:-'.i-_" 7,800 14,696 lq,696 3q,I_7 35,692 265.68 25q,76 69,6q0 31,262 30,67q *
_ 518,57 518,57 595,52 698.5q 1328.2 2530,q 1787,_ 1158,0 11_8,0
_:_ 9257,8 11931, 1,7000 0,00000 q30,00 q92,00 -1,7000 q,0000 q

_-_ 7.905 lq,696 lq,696 3q,147 35,693 255,68 29q,76 59,6ql 31,259 30,676
!_ 518,67 518.67 59_,62 698,5q 1328,2 2530,_ 1787,3 1158,0 1138,09257.8 11931, 1.7000 0,00000 q30,50 q92,05 "1,7000 q,0000 q

i-_ 8.500 lq,595 1_.696 3_.1_8 39,693 255.68 25q,75 69.6qi 31,259 30.677
_..,, 518.67 518.57 695,52 598,54 1328.2 2530,q 17_7.3 1158.0 1158.0
: ._ , 9257.8 11931. 1,7000 0,00000 q30,00 q92,05 "1,7050 q,0000 q

_ _ 8o100 14,596 14,596 3q,1q7 15,692 269,68 25_,76 59,6q0 31,262 30,675518.57 518,57 695,62 598,5q 1328,2 2_30,q 178/,3 1158.0 1158,0
_ _ 9257.8 11Y31, I,?000 0,00000 q30,00 _92.00 -1.7000 4.0000 q

!_ : 8,200 14,696 lq,695 3q.1q7 35.692 255.68 254.75 6q.Sql 31.262 30.574
,}_ 518.57 5)8.57 695,52 698,5q 1328.2 2_30,q 1787.3 1158.0 1158,0

9257,8 11931, 1,7000 0,00000 q30,O0 q92,00 -1.7050 q,O000 q

;_ 8,305 lq,596 lq.696 3q.]q8 3_,593 26_,68 25_,75 69.5ql 31,2_5 30,677
518,57 518.57 695.62 698,5q 1328,2 2535,_ 1787,3 1158.0 1|_8.0

_' 9257,8 11931, 1,7000 0.00000 q30.O0 q92.00 -1,7000 _.0000 q

8.qon lq,696 lq,596 3_.1q_ 3_,693 26_,68 _q,76 69,6ql 31,257 30,679
518,57 $18,57 695,62 598,5q 1328,2 2530,q 1787.1 11D8.0 1158,1
9257,8 11931, 1.7000 0.00000 q30.O0 q92,00 -1,7q00 _.0000 q

8.500 lq,696 Iq,695 3q,lq7 35,591 265.08 29q.75 69,6ql 11,259 30.67)
518.07 518.57 695,62 698,5_ 1328.2 2530,q 1787.3 1198.0 1158.1
9297,8 11931. 1,7000 0.00000 q30,O0 q92.00 -1,7000 q. O000 q

8,600 1q,696 lq,696 34.1q7 35.692 265,68 25q,76 69,6ql 31.261 30,676
_ 518,67 518.67 595.62 698,5q 1328,2 2530._ 1/87.1 1158,0 1158.0

9257.8 11931, 1.7000 0.00000 _30.00 q92.00 -i,7000 4.0000 q

:. _ Figure_ - Continued.
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OF POOH QUAL/Iy

a,7oo I_,696 1_,696 3_,167 35.69_ _65,69 _5_,76 9. _ Sl.06o 3o.67_518,6_ 518,67 6v,,6_ 69_,,_ s_,_ _o._ _Tn_,I 1155.o 11,8.o
9_,7,n 11931. 1,7000 o.ooooo _n.eo 69_.00 -1.7000 _.0000

8,nOn 16,696 16.596 35,16A 15,691 _5_,68 95_,76 59,5_0 Xl,958 30,577_18.67 ,11,67 69,,6_ 698,,6 1_;_,_ _,_3o,_ 1787,x 115_,o 11,,,o
9957,8 11931. 1,7050 O,OOOOn 610,50 _:!,50 -1,7000 _,O00n 6

8,900 16,596 1_,596 36,1_7 Xfl_59x 95fl,68 P§_,75 60,660 $1,_58 30,077
_18.67 51fl,67 59t1,_ 596,_ IXPs,_ _hXQ,h 17A7,X 1158,0 1158,q
99_7,8 11931, 1,7000 0,00000 6XO,O0 597,00 -1,2050 6,0000 5

,I
9,000 |_,596 1_,696 X_,I_ _ 5_,69_ _6_,68 _5_,76 59,5_| X1,_6_ N0,57_

51fl,67 fl18,67 69fl,61 59_,5_ IX,8,P _535,6 17_7,X |1_8,1 115A,0
93_7,8 117A1, 1,?000 0,00000 630,50 _91_,00 -1,7000 _,0000 6

9,100 16,695 !_,596 36,157 A5,59_ _55,58 _5_,76 59,560 XJ,_5_ X0,_76
918.67 fl|8,57 595,_ 69fl,56 lX_R,3 9510,4 J787,A 11_8,0 11fl0,0
9_57,8 11_A1, 1,70P ° 0,50000 5_0,00 69_,00 _1,7050 5,000(!

: ' 9,000 16,596 15.596 36,167 _,59_ PS_,6fl _56,75 69,561 31,_60 30,57_

9_57,8 11931, 1,7000 0,00000 530,00 69_!,00 _1,7000 6,0000- ,.o
599,6_ 590,_q 13_8,2 _b30,6 1767,3 11_8,0 11_8,0

9_57,8 11_1, 1,7000 0,00000 630,00 q�_,O0 -1,7000 q,O000 6

9,600 14,095 1_,695 S_,I_7 3g,693 _6_,68 _5_,76 69,661 31._61 30,67?
_18,67 _18,67 595,6R 698,_ 13_8,_ _30,4 1787,3 1158,0 1158,1

. 9;_57,8 11951, 1,7000 0,00000 630,00 _9_,00 -1,7000 q.O000 5

9,_00 14,696 16,695 3_,1_7 _g,69_ _6_,58 gP6,76 69.5_0 31.06_ 30.675
518,67 _18,67 695,5_ 698,56 1_38,_ 2530,6 1787,3 11Ub,O 1158,0
9257.8 119_1, 1,7000 0,00000 630,00 692,00 -1.7000 q,0000

9,600 lq,696 16,696 34,167 39,592 _59,68 2_q,75 69,561 31,_51 30,673
918,57 518,67 69_,5_ 698,_ 13_8,_ _30,4 1787,3 11_8,0 11_8.0
9257,8 11931° 1,7000 0,00000 630,00 69_,00 -1,7000 6,0000 q

' 9.700 16,695 1_,696 3_,168 39.69_ _69,68 _56,76 59,660 31.2_7 30.578
$18,57 918,67 59S,6_ 698,5_ 1328,_ _30,q 1787,3 11S8,0 11_8,0
9_7,8 11931. 1.7000 0,00000 _30,00 69_.00 -1,7000 _,0000

9,800 16.696 1_,696 _6,147 3_,592 _55,58 25_.76 59,660 31,_69 30,5?5
518.67 518.67 695,53 698.56 13_8,_ _530,6 1787,3 1158,1 1158.1
9207.8 11931. 1,7000 0.00000 6_0.00 692,00 -1,7000 6.0000 q

9.900 14,695 1_,695 34.1_5 35.69_ 265,68 296.76 69,660 31°_65 30,6?3
U18,67 _18,67 69_,61 698,U6 1328,_ 2_O,q 1787,3 1158,1 1158.0
9_57.8 11931. 1.7000 0.00000 q$O,OO 692.00 -1.7000 q,0000 q

10,000 16,596 16,695 3_.167 35.592 26_,68 2_q,76 59.561 31,26_ _0.674
518.52 518.57 695.6_ 698,5q 13_8.2 2_30,6 1?87.3 1158.0 1158.0
9257.8 11931, 1.7000 0.00000 630.00 692,00 -1.7000 6,0000 6

lO,lO0 16.695 lq.695 3q.179 35.?20 _65.81 _q.89 69,659 31,306 30,717
518,57 518,57 69_.78 598.50 1328,2 2529.7 1785.9 1158.5 1196.8
9256,6 11930. 1,7000 0,16555 637.67 506.93 -1,7257 q,0000 6

10.200 16,696 16.696 35.186 35,726 265.85 254,91 69,68_ 31.309 30.706
518,67 518.57 695,77 698,58 13_8,1 2529,U 1786,7 1158.6 1_35,7
9255.2 11930. 1.7000 0.33333 q65,33 517,87 -1,7633 6.0000 6

10,300 16,696 lq,696 3_.191 35.730 265.87 25q,93 69,686 31.318 80.737
518.67 518.67 595.78 698,57 1328.1 2529,6 1785.6 1158.5 1278,1
9256.3 11929. 1.7000 0.50000 q_3.0O 530,80 -l.?O00 6,0000 q

10.600 16,695 16.696 36,202 35.760 265.91 256,98 69,696 31,33_ $0,757
518,57 518,67 695,81 698,58 13_8.0 _529,0 1786,6 11_8,? 13_1,8

• 9253.2 11929. 1,7000 0,66666 650,67 563.73 -1,8067 6.0000 qP

10,500 16,696 16,695 36.219 3_,7_6 265,98 2_5,06 69.712 31.359 30,?79
518,67 518.67 595,87 598,58 1328,0 2528.5 1785,1 1158.9 1355,6
92_1.8 11928. 1,7000 0,83333 658.33 556.57 -1,8333 6.0000 6

10,600 16.696 Iq.695 36.238 3_.770 266,05 2_5,12 69.732 31,386 30,803
518.67 518,57 $95,93 598.59 1327.9 2_28.0 1785.8 1159.1 1612,9
9250.0 11927. 1.?OOO 1,00000 676.00 559,50 -1.8500 6,0000 6

10,700 16,696 16,895 36,_61 35,790 266,16 25_.R0 69.755 31,617 30,833
_18.57 518.57 695.00 598.50 1327.8 2527,_ 1785,6 1159,3 1650.1
9267.8 11925. 1,7000 1,1657 683.67 _82.53 -1.8857 6,0000 q

:_' 10.800 16.695 lq.696 36.28_ 3_.810 265,_5 2_g,29 69,781 31,668 30,865
518.67 _18.67 595,06 698,60 1327,? _5_6,9 178_.0 1159.5 1508,3

. 92q5,3 11925, 1,7000 1,3333 691,33 59_.67 -1,9133 6,0000 q

10.900 16,696 16,596 36.309 3_,831 R55,35 255,38 59,805 31,679 30,895
_18.67 518.57 596 13 698,60 1327,5 252_,8 1786.5 1159,? 15_7.3
92_2.6 11926, 1.7000 1,5000 699.00 808.60 -1,9600 6.0000 q

11,000 1q,696 lq,895 36,33q 35,853 256,95 255,q? 69,831 81,509 30,933
518,67 518,57 696,19 698,59 1327,6 25_,5 l?8q,1 1159,8 1607,3
9_9,7 1192_, 1.7000 1.6557 _06,67 521,33 -1,9667 q.0000 q

_:" 11.100 16.696 16.696 36,358 35.873 _66,_6 255.56 69.857 31.565 30.960
:'_ 518,57 518,57 595,23 598.57 1327,2 252_.9 1783,6 1160,0 1558,2

i 9236.5 11920. 1.7000 1,8333 516,33 63q,27 -1,9933 q. O000 6

11,200 16,595 16,896 36,381 35,896 255.63 255,6_ 69,882 31,_78 31,005
_- 518,67 518.67 696,_8 698,56 1327,1 292q,2 1783,1 1150,2 I710,0

9233.5 11919. 1.7000 2,0000 _2_,00 6_?,20 -2,0200 q.o000 6

"* 11,300 lq,596 16,695 3_,606 3_.91Y 266,72 R_5,73 69.909 3),606 31,033
',.' _18.67 $18,67 696,33 (98,_q 1326.9 2523,5 1782,7 1160,3 1751,8

9230.q 11917. 1,7000 2,1557 529,57 660,13 -2,0657 6,0000 q

Figure_ - Continued.
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OF pf)r,t_(i!lIAL,l*(_' ]

ll,qOO 1q.596 lq,6_6 _q,q_7 35,9_1 P55,A0 _55._1 69.0_8 _1,5_7 lI,P6§

9_7,_ 11915. 1,7000 9,_ b_7,_ 67_.01 _,(}7_1 _,OOOO 5

11,500 |5,505 15,696 15,656 _5,960 5_66.87 _h6,AR 69.95fl 11.671 Xl,Oflfl
51A,67 618,67 606.38 608,f_n 11_6,6 P69_,5 17_l,d 1160.6 |fl6_,5
9_5,A 11911, 1,7000 _!,hOOO 565,00 6a5,00 -9,1000 5,0060 6

11,500 15,505 15,505 _,566 15,957 P&6.15 p55,e_ 51,055 ]1.60:. _1,J15
fi|fl,6_ P|_,67 595,50 69_,6fl 11_6,5 I_'H!I.q 17fl1,5 1160,7 _99|_,P ,i
V_I,q 11_11, 1,1000 _!,6667 h!fi',67 50a,g_ -_,1_57 5,OOOO h

11,700 35.595 15,595 35,5_A _,gn_ _67,n0 _'Sfi,OV 50,eRP 81,71_ 11,|19
fltfl,67 51_,62 606,5P {9A,_5 l_;!6,p rfiPl,5 17R[,_ )|50,O IU/6,fl
9_|6.A ]1910, 1,7006 l',fl_X_ 560._ 711,R7 "J!,16_ 5,0000 fl

l|,_O0 15,695 1_,695 _5,59_ 35,09_ P67,05 _55 O}
|'_;_|,O 1780,_ |150,9 |!OAI,Of118.57 510,67 696,5_ 69fl,51 I_I]6,1 50,006 _I,?PO XI,I?P9_16,_ 11908, 1,_000 X,OOOO _ _,00 1t_,80 -_,18n0 5,o0oo b

11,900 15 596 15,695 35,_)10 85,006 957,00 _6,OO 70,068 31,790 81,179
t}18,6_ Pl8,62 506,55 60n,51 "AIP_),O _!H_O,5 _?_O,h 1|5|,0
0_15,0 11007, 1,7000 5.166? _'),67 7_7,73 _[ ,|!061 5,0000 9005' I

l_,OOO ]_,596 |5,696 15,_0 S5,015 P67,II _"16,10 70,017 31,760 81,19_

518,67 610,67 696,55 606,_8 I_!J,6 _!_!0._ 1880,A 1151,0 8151,_9_1_,0 11909, 1,7000 3,33_3 !_3,_3 ?_0,57 _,_33_ 5,0000

18,100 15,596 15,595 35,_9 SS,O_I _?,l_ P'16,1_ ?O,OP_ 31,711 _1,_08
b18,61 918,67 606,55 698,86 tAP�,? ;!5;!0,1 1_80,I 1151,! R196,_
9810,_ 11905, 1,7000 _,5000 591,00 763.60 "U,_500 5,0000 9

1_,800 15,696 15,696 35,9_9 36.0P9 _67,13 _56,1_ 70.0_7 _1,78_ 31,_1_
918,6_ 918,6/ 696,55 50_,33 IS_9,6 _5_0,0 1780,0 1151,1 R_|)_,I
9_06.1 11901, 1,7000 _,5567 _00,57 776,_3 "_,_867 5,0000 9

1_.300 15,596 15,596 35,538 _5,0_8 _67,13 _6,1_ ?0,0_1 31,790 31,219
518,67 918,57 606,6_ 698,_1 13_9,9 _919,9 1760,0 1161.1 ;!_01,6
9_07.9 1190_, 1,?000 3.8S3_ 606,_3 70Y.67 "8,S1_S 5.0000

I_,500 15,696 15,506 35,539 36,028 26/,1_ _5,11 70,085 _1,793 31,_3
518.57 518,67 696,q0 698,_9 ]S_5,q _519,8 1779,9 1151,1 8853,7
9_05,_ 11001, 1,?OOO _,0006 Ol_,O0 80_.qO "_,_500 _,OOO0 P

; i_,UO0 15.596 15,696 3_.539 35,0_8 _67.11 _56.09 70,0_3 _1,19_ 31,_1
* _18,67 518.67 696,_8 698._ 13_.3 _519.8 1779,9 1151,1 _q19,5

9_09,9 11901. 1,?000 5,165_ 6_1,57 819.33 -_,3657 5,0000

1_.600 15.695 15,696 35.5)5 36,0_5 _57,09 _56.08 70.019 31,79| 31,_19
_" _|8,6_ 518,61 595.35 69_._5 13_5,3 _519,9 1779,0 1181,1 _57_,6

9205,6 11901° 1.7000 q,_333 6_9.$3 8_8,_7 -2.$9_3 5,0000 5

: 12,700 1_.696 Iq.696 _,5_7 $6,019 257,06 _56,05 70.015 31,779 31.207
518.67 518.57 696,_9 598,_3 13_5,$ RS_O.O 1780,0 1160.9 _5_9,_

'<" 9_05,1 11900, 1.7000 5,5000 537.00 8ql,_O -2o;_00 q,0000

l_,SOO 1q,595 15,596 35,_95 S_,905 _65,9_ _55,9_ 60.989 31,138 31,167
_18,67 _18,57 695,1_ 698,18 13_5,3 R_O,5 1280,5 1150°6 R_?9.0
9_07.3 11900, 1,?OOO 5,566? 6_5°67 85_.13 -2,_567 q,OOOO

12,900 15.595 14,695 $5,q_8 _5.963 255.76 _.78 69.951 31,692 31.117
,_ 518.67 918.67 69_.97 698,15 1_25,3 _52],5 1781,0 1160.3 _6_7.?

9210,1 11901, 1,7OO0 _.8333 55_.33 867.0? "2,_733 5,0000

:_' 13.000 15,695 15.696 35.q_1 35°911 266._9 _55,61 69,909 31°658 31.01_
_18.67 _18.57 695.85 698.15 132_,5 _522,_ 1781,7 1160.1 _676°9
9R13,7 11902, 1.7000 5,0000 6GO,O0 880.00 "2.5000 _,OOOO S

13,100 15.696 15,696 35,50_ 35.915 266,68 255.5I 69,87_ 31,625 31.050
_18,67 518°_7 69_,85 698°18 13_5._ _5_S.2 1782,3 1160,3 _679,2
9_17,3 11903. 1.7000 5,O00O 650.00 880,00 "2,_OOO 5°0000 6

13,_00 15,696 1_,695 $5°505 35,915 256.50 256°_3 59.871 31,622 31.0_
518,57 518,67 5q5°9_ 698,25 1325.7 _523.3 178_,_ 1160,A _679,1
9219,q 11905, 1.7000 5°OOOO 660,00 880.00 -_.50Or q.OOOO 6

15,300 15,596 15,695 35._07 35.917 _66._3 2_6,_5 50,87_ 31,626 31.0_5
_18,61 _18,67 696.00 698°29 IS_5,8 _5_3.$ 178_,_ 1150,_ 2679,1
9_0.1 11905, 1.?O00 5.0000 660,00 880°00 -_,_OOO 5.0000 G

13._00 1_,896 lq,596 3_,_08 3_,918 _65,_ _._8 69,879 $I,628 31,0_5
_18,67 _18,67 696,05 598.31 1_29,9 _25,3 178_,3 1180._ _619._
9_21°5 11906° l°?OOO 5°0000 660.00 880°00 "_.5000 5,0000 6

13,500 15,696 15,695 3_,508 35.9]9 _65,58 _55,60 69,883 31,630 31,056
_18,67 _18,67 696,05 698,$3 1325.0 25_3,3 178_,3 1160._ _579,_
9222,1 11907, 1,?OOO _.0000 650,00 880°00 "_,6000 5,0000 5

13,500 15,696 15,696 3_,_09 35,919 R55,59 _5_,61 59,885 31,511 31,055
818.57 518,67 596,0? 698,3_ 1_25o0 _5_3,3 178_,3 1150,6 _679.3
92_,_ 11908. ] 7000 S,O000 660.00 880,00 -2._000 q,O000 0

1_,700 15,695 15,595 35,_09 3_,919 _56,50 _6,53 59,889 31,630 31,0_5
518,57 _18,67 696.08 598,3_ 1325,1 2_3,_ 178_o3 1160o6 2579.2
9_2.? 11908. 1.7000 9.0000 650°00 _0,00 -_.5000 5.0000 5

13.800 15,895 lq,696 3_.510 35.9_0 256,61 ;!b5,63 59,891 31,530 31.0_?
_18,57 518,67 695,09 698°35 1325.1 _523.2 178_.3 1166,5 _679,1
92_.9 11908, 1.7000 _.0000 660,00 880.00 -2.5600 5.0600 5

13.900 15.595 15,595 3_,510 3_,9_0 _56oG_ _65,55 59,89_ 31.630 31,0_9
_18,57 518.67 596.10 598,35 1326,1 25_3,3 ]782.3 1160,G _670,0
9223,1 11909. 1.7000 _.0000 650,00 880.00 "2,_000 5.0000 6

15,000 15,606 15.606 $q,_09 3_,919 265.61 _55,65 69.893 31.616 31.055
_18,67 _18,67 590.10 698,36 1326.1 2523.2 178_,3 1160,5 R679,q9_e_,_ 110o9. I._000 _.0000 66o,oo 88o.oo -_._000 _,0000 6

Figure_ - Continued,
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OFIlQtNAL' _'- "
C)FPOORQUALITY

*._._ 1... l,_ooo _.o.o .o.oo .o,oo J!_h_ _,.oo

-_,flOOO _,0000

15,_00 |_,696 1_,696 3_,511 _5.9P0 _66.6_ _55,65 6_,A95 _1.6_1 31.057

_1_,67 !,1_.6_ 696,11 6_8,11 I.;_6,;_ _5_,;_ 17_,_ 1160,6 _67_,_
O;_;!_._ |i90_, |,TO{JO 5,0000 660,60 B_O,OO -P,5OOO 6,O00(I 'l

l_,_OO |_,696 1_,6_6 _,61| _h,9PO _66,6_ _fiS,fi_ §V,A96 _I,6_I 11 O_fl
_I_,67 51_,67 606,11 69_,_7 IA}!5,p _5_,'_ 17P_ _ 1160,6 5_9,1
9_;'_,_ 11909, i,700O _,O000 660,0(i _t_O,O0 _,!,5_00 6,O00U 6

|6,hPO 1_ 6_6 1q,696 15.6|1 _5,0_0 |_66.61 PS_ 65 69,AU6 31.611 Xl,05_
ilfl,6_ fiifl,6l 696,11 69_,_7 15_6,P _h_!X,p i_8_ 5 |160,6 _6_9,1

9_H_, 5 11909, |,_OOO b,O000 560,(15 _O,OO " ,_OOO 6,0000 6

' 15,500 1_,695 |5,6_6 A5.511 Af_,OPO _55,61 _h_,6_ 69,095 _I,6X_ _l,05fl
f_ta,6_ _1fl,57 596,11 69fl,_7 l_IlT,ff |'_!A,_ 1781_.3 |160,5 P5_9,1
9_q'_,_ 11909, |,TOtlO f),(IO00 650o00 _RO,O0 =_],hO00 _,OOO0 5

15,700 16,695 14,696 _5,_|1 _5,9P0 P65,61 p_h,t_ 69,695 AI,53_ Xl,O§fl
fllfl.fi_ h18,6P 5_5,11 59_,_1 IA_'5.t! IL_I,_,|.' |lfl!,A 115(|,5 _'579,1
_q_], _ 11909, 1,2000 _,0000 55(,, O0 _0,00 _; ,[_000 _,0000 6

1_,_00 1q,596 15,50_ 3_,_11 _!_,9_0 _55,6_ _,65 59,fl95 31,63_ _1,057
bl_,5_ _18,6P 595,11 598,A/ IA:!6,_! _t_|_t,_ 17fl|_,S |150,5 _519,_
9;_'5.b |1909. 1._000 _.0000 5CO.O0 6_0.00 -g._O00 _.OOOO 5

1_,900 1_,595 1_,595 A4,411 _9,9_0 _56,5_ _,55 69,895 31,551 31,0_8

9;!_5._ 11909. 1.1000 5.0000 650.00 8_0.00 _._OOO _.OOOO 6

19,000 1_,59_ 1_,696 3_,_11 A_,9PO _55,5_ _5,59 _9,895 51,631 31.098

9_S._ 11909. 1.7000 b. O000 650.00 800.00 "_._OOO _.O00O 5

lb.lO0 lq.596 1q,696 35.411 3P.VPO _55.53 |_!j.6_ 59.895 SI.SM 31.099

9L_ 5 11909. 1,7000 b,O000 660,00 880,00 "_,5000 q,OOOO 6

_-_. 1_,_00 1_,695 |_.696 _,_ll 3U,Y_O _55,63 _,55 59,895 31,6_ _1,0_8
518,5/ b18,51 696o1! 598,_/ 1_51_ _$,_ 178_,3 1150,6 _5/9,1
9_.b 11909, 1,7050 _,0000 660,00 880,00 -_,_000 _,OSO0 o

.* 15.300 15.595 1_.696 $4._11 3!_.9_!0 _56.53 _55,59 59.895 31.53_ _?.058
-._ _18,6Y 518,57 596,11 59_,_7 13_5,E _5_3,_ |?O_,_ ||60,5 _519,1

9_,_ 11909. 1.7000 5.0000 560,00 880.00 -2._000 _.O000 5

'-_ 15,500 ;_,_95 1_,695 8_._11 3_,920 _66,64 _55,65 59.895 _1,532 81.0_7
5_8.01 b18,57 695.11 698,37 13_5,_ _5_3,_ 1_8_.3 1150.5 _579,_
9_3,5 _1909, 1.7000 5.0000 650,00 880.0_ -_.5000 q. OOO0 5

._, l_._OO 1_.595 14.596 3_._11 35.9_0 _65.55 _.55 59.696 _1.6_1 31.058
518,67 _18,57 596.1_ 598.37 1325.2 _525.2 118_._ 1160.5 25_9.1
9_.5 11909. 1.7000 5.0000 550.00 880.00 -2.5000 q. O000 5

..600 1,,696 I_695_.,11 _,9. .6. ._.. .,,95 .,.1 ..o._,_- ,1_. _.,I_ 6... 1.5._ ..,_ 1,.,_ 115o,5 -..1--_ 119091.oo _oooo 650,00 _-oo -_.oo _oooo 5

.,.o 1_,_. 1,.596 ,_11 .,9. .5,. ghs) -,.5 -.I .,o._5_ ,,05, 5961_ 6.. 1.6_ --., 115o.5 ..1_ 9_._ 11909 1,000 ,oooo 560,00 _oooo -_,ooo _0000 5
_ ,1_.6, ,1_6, 595.,1 5.. 1,6._ ,,._ 1,,._ 1150_ ,,.1

9_23,5 11909, 1,7000 5,OOOO 550,00 860.00 -_.5000 _,OOO0 6

."- * 15.900 1_.695 1q.695 3q.qtO _5.920 _66.5_ _.65 69.895 31.63_ 31.0_6 !
518.67 518.67 695.11 698.$7 1325._ _523.R |78_.$ 1160.5 _579,3
9_23.5 11909, 1,7000 5,0000 550,00 880,00 -2 _000 q,OOO0 5

"-% 16.000 1q.695 1_.695 3q.611 35.9_0 _56.5q _.6_ 69.895 31.53_ _1.057 :
518.57 _18.67 595.11 698.37 1325._ _523.2 1782.3 1150.6 _679._
9223.5 11909. 1.7000 _.O00O 660.00 880.00 -2._000 q.OOO0 5

15.100 lq.695 lq.596 3q._ll 3_.9_0 R65.5_ R55.65 59.895 31.5_1 31.058
518.57 518.5/ 695.1_ 698.37 15_5._ _3._ 178_._ 1150.5 _579.1
9_2_,5 11909. 1,700C 5,0000 650,00 880,00 -2.5000 _,O00O"_ 5

15._00 1_.595 1_,695 3q._ll 35.921 _65.5_ _55.5_ 59.895 31.630 31.050
518.57 518.57 596.12 598._7 13_6.2 25R3._ 178_,3 1150.5 _579.0
922_.5 11909. 1.1000 5.0000 660.00 080.00 "_._000 _.0000 6

15.300 1q.695 16.695 3q.611 _.920 _55.55 _.5_ 69,895 31.53_ 31.0_9
/. 518,57 518.67 595.1_ 598,37 13_5,_ _5_3._ 1782,3 1150.5 _5?9,1

_ 16.qO0 Iq.595 1q.595 3_.qlO 3_,9_0 R55.6_ _5_.6_ 59.895 $1.63_ 31.0_
" _18,67 _18.67 695.I1 598,37 15_5,_ 25_$,_ 1782.3 1150,6 _579,$
.:-'- . 92_3.5 11909. 1,7000 _,0000 660.00 800.00 -_,5000 _.0000 6

15._00 lq,695 16.695 $6,qi0 $_,9_0 _66,5_ _.65 69.895 $1,655 $1,055
518,57 5)8.57 596.11 598.37 13_6.2 _23,_ 17R;?.$ 1150.5 _619.2

. . 9_3,_ 11909. 1.7000 5,0000 55b,00 880,00 -2,_000 _,OOnO 6

15.600 lq.696 15.695 3q.611 $5,9_0 _66.5q R5_.6_ 69.895 $I,651 $1,057
518.6/ 518.57 595.1_ 598.37 13_5._ _5_3.R 1782.3 1160.5 R679._
92_3.5 11909. 1.7000 5,0000 66_,00 880.00 -2._000 q,O000 6

16.700 lq.595 1_.695 3_._11 $5.921 266.5_ R55.55 69.896 31.6_8 $1.061
518.57 51&.67 596.12 598.38 1326.R _523,$ 1782.$ 1160.6 R5/8,9
9_25._ 11909. 1.7000 5.0000 560.00 8&O.O0 -2.5000 q,O000 5

• Figure_ -Continued.
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Figure10.-TurbofanengineresponseforDIGTEMtestcase.
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OF POOR QUALITY

_00-

> 8000

I! ti.rno
7500 step,Ff :':'

I! ----- _ol

I!

6_
0 4 8 12 16 20

Time,sec
(a)Lowrotorspeed.180--

'_. _
_' ="' _="'_4o

_ _'°-_ _oo

60 I I I I J
.2 .4 .6 .8 _o _2 1.4 L6 ;.8 zo

Time,sec

(b)Combustorpressure.

Figure12.- ComparisonoflowrotorspeedandcombustorpressureresponsesfortheDIOTEMtestcasewithdifferentIntegrationtlr,_esteps.
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Figure13,- Computationalflowdiagramofa turbojetengine.
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ORIGINALPAGEIW
OF POORQUALITY

INPUT DATA

DPERAT|HO POXNT NUMBER 1

TtflE " O,OOaO 5_COH_5

STA P. ETA 13 STA R,P. STA 3 ETA 4 ETA 4,1 ETA G flTk 7

PR_SGURE 1_.6960 3t*,SggO 36.0000 _67,000 ESG,OOO 70,OOOO 11,8000 30,5999

_.. TI_NP_RAIUR_ g18,670 696,000 697,999 1325,00 RgRO,O0 ITBO,O0 1160,00 1160,00

DERIVATIVE -,86870eeE-01 -, 48e_gOe_ O.SgS337 ,0,193774f_-01 -.lqTg89 -,g03_O0
NAgS FLOM _93,5g0 86,0000 , 107.000 88,0999 89.-7999, 107,000 194,9_0 19tt.9_2

DERIVATIVE 0,39062SE-01 0,R73¢388-01

STOR[D N_,SS 6.737E3 0.9199¢7 0.460E46 2,e_g748 2._702 1.77E08

DERI_TI. -EI..E-os o.o,s.-os ".'7"''0S'''.'776_E'0_''-.;E'708''''-._'$7"-0C
EHEROYDER. -.18103_ -,442098 O.RSSS9R O,e_7619SE-01 ".322003 ",891718

DELTA H 167.000 7g,gO01

_'" LOll SPEED SPOOL : 9200,00 RPN HIOH SPEED SPOOL = 11900,0 RPN
DERIVATIVE : 0,7_9S8E-01 RPM/SEC DERIVATIVE : 0,3_gSR8E'OIRPNISEC

NAIH COMBUSTORFUEL FLON : 1.70000 AFTERSURXER FUEL FLOll =O.OOOORO

_' BLEED NAgS FLOI,IS-- VARIABLE GEOMETRY"-
LOll PRESSURE : I,_3999 FVOP : -1,70040 FSHZFT :o,SgEGO6E'06

I HIGH PRESSURE : 17,EOOO CVOP : 4,00000 CSHIFT :0,R118768"07
_; OVERSOARD=0,;_60009 THROAT AREA : qSO,gOO

_' COHVEROEDSTEADY STATE POZHT

'! TIME : O,OORO SECOHDS

STAR STA 13 STA _,2 STA 3 ETA _ STA 4.1 STA 6 STA 7

r_" PRESSURE 14.6960 34.4997 3S.9997 _66.999 85S.999 69.9996 31.7996 g0.$996
TEMPERATURE 518,670 695,999 698,000 1325.00 2520,01 1780.00 1160.0R 1160,00

,_ NAgS FLOI4 193.S00 86.S008 105.999 88,0983 89.7994 106.999 19_.. 9_0 19q.9_0DERIVATIVE 0.117188E-01 - .RSlqGSE'OI

_';_ STORED MASS 6.73719 0,91294R 0,4602_2 R.q57q6 2,R2700 1,77806

_* ........................................................ _';[o;;_:;_":'_o;;;;_:;;";.;;;;[_:_;"";_;;_;_:o;":_'_;;;_;_:;;"
_ ...._.v._._!LE................. ::L'2._.L_:°._......................................................................................

EHEROY DEE. -,ee209768-02 -,6¢7189 0.70q2_16 0,136030 O.ele_qO_lE-Ol -,SqGZG?E-02

DELTA H _67,001 7S.SOOR ;

LOll SPEED SPOOL = 9200,0S RPM HIOIt SPEED SPORL 11900,0 RPM
DERIVATIVE = ".361q778-01 RPM/'5EC DERIVATIVE _ O.q89OSEE'OZRPM/SEC

MAIH COI'IBUSTORFUEL FLOll = 1.70000 AFTERBURHERFUEL FLOll =0,000000

BLEED MASS FLUHS'" VARIABLE GEOMETRY--
Lr;H PRESSURE : 1,_3998 FVOP : -1,700e_0 FSHZFT :',qq79RLE'06
H101t PRESSURE : 17,1999 CVOP : q,O0000 CSHIFT :0,000000
OVERBOARD-0,260008 THROAT AREA = 4so.go0

_._ (a)Operatingpoint1 (drydesignpolntl.

i. Figure14.- Steady-stateoperatingpoints,
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ORIGINALPAGEf$
Z,PUTDATA OF POORQUALITYQP_RATZNQ PQENT HUMnUR

TIHE n 0.0000 5_¢0HD5

_IA R 13 _TA _,@ _Tk 3 _IA q _IA q,% _IA 6 _TA 7

, PRESSURE )4.6960 84,2000 E601800 1580700 1510500 410E399 El,7000 El°2100

DERIVATIVE -IE 8815 8,3072S 18,0_97 50,S131 10,6789" 126,017
_u_e_m_w_m_e_e_e_e_m_m_e_i_ew_w_e_M_u_m_u_um_gm_w_w__e_uw_

'i M_55 PLOM 147,370 75,0000 TE,q76_ 60.I_g6 60o9108 72,tRiO _q8,000 t47,q12
i i i i mm_mme, m_m_wm_i_mmm_m_mwmm _m_w_e_e_N_m

DERIVATIVE 0,6EBO00E-O_- -.6030272-01

STORED MASS 5°35696 0,5S0088 0,_57861 1091891 1,978S1 1.59915

"" DERIVATIVE -.97076_E-01 0.88976qE-01 I*.87188SE-01 -.1811822-01 0.6184882-01 0.588333

ENERGY DER. "S9.0OS6 S._O0_ 6._5989 58°7_38 81.1885 801.517

DELTA H : ! i 187.591 _6.7829

LOM SPEED SPOOL = 7706.00 RPM HZOH SPEED SPOOL 10_3_.0 RPM
DERIVATIVE : -19,9786 RPM/SEC DERIVATIVE = 6,6895_ RPMtSEC

MAIN COMBUSTORFUEL FLOM =0.738000 AFTERBURNE_ FUEl FL_M :0.000000

BLEED MASS FLONS-- VARIABLE GEONETR_ --
LO_ PRESSURE _0,937_$3 FVGP _ -8q,9900 FSHIFT :0,4705792-04

!_ NIGH PRESSURE = 11°19Sl CVGP = -_.80000 OSflZFT =-.1q10492-03OVERBOARD:0.169234 THROAT AREA : _30,000

CDHVERDEDSTEADY STATE PO_HT

TIME : 0.0000 SECONDS

STA 2 gTA 13 STA 8. _)- STA 3 STA _ STA ee.1 STA 6 STA 7

_'* PRESSURE 1_.6960 8_,1867 86.15S_ 158.7S8 ZSE.Se_8 41.8qSI ;_1.780_ _-1.2331

TEMPERATURE 518.670 613.502 620.708 1106.18 1917.88 IBex3.57 89R.05_ 892.OSq L

DERIVATIVE 0.4183_E-08 0,17516; 0,2q69192-01 -,S_lITS1E-01 -.q036992-01 0,000000

MASS FLOll Iq6.998 7_.5087 78.q956 60.1915 60. 9291 72.1270 1e,7.B67 le,7. 567

DERIVATIVE O.5515632-01 -. 38818e_E-01 '

STORED MASS 5.35836 0.650]95 0.357983 1.91839 1.97808 1.59898

_. DERIVATIVE O,91SS87E'Oq -.;,_7q658E-OS 0.8228662"03 -,q577642-04 0,505176E'04 0.000000

ENERGY PER° O.;_2q16qE'01 0.113891 0.891161E-08 -,6178q3E'01 ".7985862"01 0.000000

DELTA H 187,600 qS.TqqO

;':i LOll SPEED SPOOL : 769e_.BO RPM H%OHSPEED SPOOL : lOe_S7.e_ RPMDERIVATIVE : 0.E89609E-01 RPM/SEC DERIVATIVE = O.796S61E-08RPM/'SEC

MAIN OOMEUSTORFUEL FLObl :0.738000 AFTERBURNERFUEL Fla()l,l =O.O00000

BLEED MASS FLOllS'" VARIABLE GEOMETRY""
LOll PRESSURE =0.937e_82 FVDP = -_q.9900 FSHIFT =O._6983qE'Oq
HIGH PRESSURE = 11,1978 CVOP = -q.80000 OSHZFT =-.89SSle_.E-03
OVERBOARD:0.169275 THROAT AREA = q$O.O00

(b) Operating point Z

FIDure 14, - contln ued,
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ORIGINALPAQEIg
OF POORQUALII_ ...............................................IHPUT DATA

DPERAT|HQ PUINT HUrlB_R 3

T|H_ , O,O000 _F,COHOfl

STA _ STA 13 _TA _,_ 5TA 3 STA _ OTA 4,1 5TA 6 _TA 7

PRE_gURU 1q.6960 19.1000 20,6036 _9,3999 9q,_999 _7,0999 17,_000 17,3000
N._wwew.ew_we .m_eet_oveem..oowmeweuuuwe ...uvee_oee_e wee_mweweewoe ...ee._OeU_W eeejn_w_u_u mw_e**_we_em_luuUeeWeueeoDe

T_HP_RAIUR_ _,670 _7].000 578,_05 goB,BOO IS_O.OO _117,00 ?_5,000 ?85,BOB

.E_!!_ ................... _:_£_.................... _!:!£_...... :_!:9_..... ::_L_E_....... _:E_ ...... :!!:_!_6.....
MASS FLOM 103,B67 5_,0000 q9,7557 ql.58G? ql,88_q qg,3q06 10q.0O0 10q.q51

DERIVATIVE 0.24_161E-03 0,2685BSE-02

STOriED MASS _,B_6_l O.q661_6 0,E71_59 1.51610 108110_ 1,_80_6

DERIVATIVE -.188_q6 ",7719_gE-01 0.7_2999E'01 0._62_9_E'01 -,311279E'01 -.!BOBS2

EtlERDY DER. 6,93660 2_,8583 -6._817_ -.63110_ 19,0_07 -138.1_6

I
LO_ SPEED SPOOL = 6174.00 RPH HIGH SPEED SPOOL : %39,00 RPH

DERIVAtiVE = -2_._913 RPH/BEC DERIVATIVE = 16.1629 RPH/SEC

HAZH COHBUBTORFUEL FLOM :0.370000 AFTERBURHERFUEL FLON =0.000000

' BLEED MASS FLO_5"- VARIABLE _EOMETRY ""LOM PRESSURE :0.628_7G FVDP = -_,9900 FSItIFT =0.2168_E-0_
_, HIOH PRESSURE : 7,50_8 CVGP = -20,0000 CgHXFT =',SS936qE'02

OVERBOARD:0.115_ _HROAT AREA : _30,000

_ COHVERgED STEADY STATE POIRT

_ TIHE : 0,0000 SECONDS

_ STA 2 STA 13 STA 2.2 STA 3 STA _ STA _,1 STA 6 STA 7

PRESSURE lq. G9GO 19.0887 20.6006 99.6367 9_.8361 27.1q78 17,_8_9 17,28q0

TEHPERATURE 518.670 571.375 578.098 966.q01 1578.93 1115.84 78_.9Sq 78_.93_

HASS FLO_ 103.927 B_.0319 q9.89q8 qX.GSO6 q2.0007 ¢9.5215 10q.183 10;.183

_: "';_i_i;;_................ :_;;_i;_:;[.......................................................... :_;;;;;;_:;;...............
--..--. ........ u.-. ..... ..-..i-. .... ..-....i ..... ..-....-,.. ..... ...-..,.........-...,........-....,..-..........,.--..-....-..

g_RED HASS q.S;076 0,qG7103 0.272121 t.B2035 1.80961 1.q7922

DERXVATZVE -.915527E-O_ O.305L?GE-O_ -.S62072E-Oq -.152588E-0_ -.152588E-0; 0.106812E-03

EIIERGY D_R. -.209370E-01 -.62_2qGE-OL 0.666237E-01 -.132387 -.950707E-01 0.S27qSGE'01

DEL_A H 101.$$6 t 27.$107

_'" LO_ SPEED SPOOL = 6181,22 RPR HIGH SPEED SPOOL 9qqq,8_ RPH
DERXVATXVE = 0,151318E'01 RPH/SEC DERIVATIVE = O,2G_OalE-O1RPH/BEC

MAIN COMBUSTORFUEL FLOH :0.370000 AFTERSUR_IERFUEL FLOM =0.000000

_LEED HASB PLOHS-- VARIABLE OEOMETRY""
LOH PRESSURE =0.6296_ FVOP = -_.9900 FBHIFT =0.21833_E-0_
HIGH PRESSURE : 7.52079 CVOP = -_0,0000 CgHXFT ='.qXSSO3E-02
OVERBOARD :O.LtSGVL THROAT AREA : _30,000

(el Operating point 1

Figure 1¢ - Continued,
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STA 2 DTA 13 STA _,_ STA $ STA q STA _.1 $TA _ STA 7
C

PRESSURE lq.69GO 3_,6585 3$,1078 RS?.q2_ 2_G.qOR 70,1R01 3_.00q9 30,81_6

TEMPERATURE 51E.670 696.q50 697.538 IS23.5q 2516,15 1777._9 1161.0R 1969.81

OERZVATZVE O,3_Sq97E-02 -,1q1692 O,tE$TtlE-01 -,69_308E-01 O,8932IqE-OL O,_qGS$_E-Ot

STORED RAgS 6,76381 0,9t_11 0,q61673 _.qESq6 2,239ql 1,0_091

DERIVATIVE -.1678qTE-03 -,305176E-05 0.6_3730E-03 - 198364E-03 O.305176E=Oq ,O.q19617E-Oq

DELTA H t66,718 15,1762

LON SPEED SPOOL = 9177.87 RPM HISH SPEED SPOOL 11889.D RPM
DERIVATIVE : O.tAtllSE-01RPM/SE¢ DERIVATIVE = ".699273E-O1RPM/SEC

HAtH CORDUSTORFUEL I.OM = 1.70000 AFTERDURHER FUEL FLDN = _.80000

gLEED MASS FLO_g-- VARIADLE DEOMETRY --
LON PRESSURE = l,qq$OD FVOP _ -2._0000 FSItIFT =',887099E'03
HIgH PRESSURE = L7._369 CVGP : q. OOOOO CSMIFT =O,q6112GE-Oq
OVEEDOARD:0,_&0568 1HROAT AREA = 560.000

(e)Operating polnt_

r_ure1¢ - Concluded,
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oRI_II_IP,L PAC_E_
OF POORQI.IALYI_

Corroctlon Vn,oo
coofflclon!

, _ l,OIX_OOO
L_lO0000

4 1,0000_0
5 O,9_15_40
0 1,0000000
? l, 00_8696
8 1,oo0o0o0
9 1,0O99O78

10 L 00_4300
!1 I. 0010843
12 I.0267143
l_ I.00_977
14 0.99256819
1_ 1,"016937
16 I,022672?'

18 1.0000000
19 1.00892q3

Figuro15.-Correctioncoefficients
fordrydesignpoint.

_OB_ w_

I I _QHT QLT

NH NH _F,4 NH NL NL

qC QHT QLT''_ ql_d

Figure16.* computationalflowdiagramofturboshaftengine.
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