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1,0 ABSTRACT

A series of computer programs are presented with full documentation which
simulate the transient behavior of a modern 4 cylinder Sliemens arrangement
Stirling engine with burner and alr preheater. Cold start, cranking, idling,
acceleration through 3 gear changes and steady speed operatlon are simulated.
Sample results and complete operating instructions are given. A full source
code listing of all programs are included.

Reasonable results are obtained but the program has not been validated.




2.0 INTRODUCTION

This report presents the complete results of the work done under contract
DEN 3-226 by Martini Engineering for NASA-Lewis on the DOE-sponsored Auto-
motive Stirling Engine Program,

In brief, this work conslists of preparation of a serles of computer programs
which simulate the transient operation of a 4 cylinder, double acting Stirling
engine like the United Stirling P-40 or P-75 engine., Since the dimensions of
these machines are proprietary, the computer program is set up using the
General Motors 4L23 engine for which there is complete information.

The boundaries of the simulation, that 1s, what is evaluated and what is not,
is given in Section 3. Section 4 describes the programs in mathematical terms
and justifies the equations that are used. After each small section of ex-
planation, a copy of the part of the computer prugram 1t explains is given.

Section 5 glves the full listings for two programs, CNTLA ls the pre-program
to prepare the data file and allow change in input data from the console.
CNTLB is the maln program that calculates and displays englne operation
during the simulation.

Section 6 gives the program users manual which is written to be complete by
itself and contains all the operator needs to apply the progranms.

Section 7 presents a sample solution using the final program.

Section £ summarizes what was learned in trying to construct a rapid but
accurate simulation program for use in studying control schemes.




3.0 PROBLEM DEFINITION

The computer program presented and explained herein 1s to simulate the opera-
tion of a Stirling engine powered vehicle. The simulation starts with engine
and vehicle stopped and at a given ambient temperature. Figure 3.1 shows a
schematic of one part of the engine glving the names of the engine parts.

The burner is started at full fuel flow. Alr flow 1s made a specified
fraction of fuel flow to supply 108 excess air. The flame heats the heater
tubes and then heats a plate type counter flow air preheater. One burner 1is
assumed to heat all heater tubes because this 1s what the United Stirling
engines have. It does not matter that the 4L23 uses 4 separate burners.
Transient heat up of both engine and air preheater is simulated. A separate
preliminary computer program, WARM, was written to separately investigate
thie part of the engine (see Appendix A). Gas transit times in the burner
are neglected. Heat transfer rates are computed from standard correlations.
The heater tubes are regarded as one node but the length of the ailr preheater
is divided into as many as 20 nodes. WARM was used to determine the largest
reasonable time step as far as the burner and alr preheater are concerned.
WARM also was used to determine the smallest number of nodes the air pre-
heater can be divided into and still retain adequate accuracy. The computation
method found to be accurate by the use of WARM is incorporated into the main
program.

Longitudinal heat conduction in the air preheater 1is simulated. Fuel is
assumed not to be preheated. However, the flow rates of the alr and flue
gas are realistic as is the heat capacity. The thermal heat conductivity
and the viscosity of the flue gas is assumed to be the same as air.

The temperature of the gas heater tubes is regulated by proportional control
for the engine cycle with a set point and a proportional band. At first,

heat 1s removed from the heater tubes only by conduction to the other metallic
parts of the engine. Since this is the chief heat leak when the engine is
stopped, other heat conduction paths, like through the insulation, are ignored
since these would be much less.

After the burner has been on for a specified time period, the engine is
cranked for a specified time period with a specified torque. At the same

time a timing valve opens up to add gas to each working space in turn during
the time that that particular working space is expanding. Under the influence
of these two forces, the engline accelerates to 1dling speed that is specified.
As the 1idling speed is reached, the engine pressure is adjusted to keep this
idling speed.

Next; the clutch 1s engaged. To simulate this, the ratio of meters traveled
by the vehicle per engine revolution changes smoothly over a short time from
zero to a new specified value. Provision is made for the gear ratio to
change smoothly as two higher vehicle speeds are reached to simulate gear
changes in a normal automobile. At the same time the required vehicle speed
is put on a ramp to the crulse speed at the end of a specific acceleration
time. Gas is added to each cylinder in turn as long as the vehicle speed
falls short of the required vehicle speed for that time, Control is by
proportional band operating on the flow resistance between the high pressure
reservol= and each of the working gas spices in turn when the vehicle speed
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is less than the uchm:luled speed. I1f the vehlcle speed is more than the
scheduled speed, then the flow resistance 1s between each one of the working
spaces in turn ard4 the low pressure reservoir.

At the end of the acceleration phase the pressure in the englne 1s adjusted
by propartional control to keep the vehicle going as close as possible to the
specified cruise speed. In order to check the calculation method, the time
for crulse should be long enough so that the engine and vehicle attaln steady
state operation. Only at this point can calculated power output and effici-
ency be possibly compared with valldatecd power output and efficiency data
from the literature.

The above describes a simple driving cycle. Of course, more complicated
cycles can be traced by changing the program. Alsoc, more complicated control
schemes than simple proportional control can be incorporated.

This section has described the problem in qualitativz terms to describe in a
non-technical way what is being attempted to uve calculated. Now Section &4
will present the equatlons used in the solution and justify them.

T



4,0 MATHEMATICAL METHOD OF SOLUTION

This section presents the squations used in the analysis and Jjustifies thea.

During the development of this program the burner, heater tubes and alr pre-
heater were evaluated ssparateiy to determine now many nodes there need be
in the air preheater and what time siep 1s needed to adequately simulate
this part of the machine. (See Anpendix A.) Once these values were deter-
mined, the computational part of the program was incorporated into the main
program. The burne. and air preheater will be discussed in its proper arder
in the main program,

The main program has been divided into two parts because of memory limita-
tion of the Altos computer used by Martini Engineering to write the program.
The first part, CNTLA, allows any input parameter to be changed and then
intermediate results are calculated. The parameters needed for the main
calculation are filed, Then the main program, CNTLB, is txrought in. The
intermediate results are read in and the simulation proceeds.

Directioms for use of the program and how to change input conditions are given
in Section 6.

4.1 CNTLA

The flow diagram is given in Figure 4.1. The base case is recorded in data
statements. Any input value can be changed by keying in the input number,

a space and then a new value with a decimal point. “ee Section 6 for additional
directions. The new input value 1s read in from the console as QQ and then is
given the proper identity.

The input numbers were assigned as the program grew. Therefore, Section 6
gives the identity of the input numbers and what the base case values are.
One table gives them in numerical order. The other gives them organized

by operating conditlon and dimensions for the different parts of the machine.
For the software avallable to the Altos computer for hlgi speed computation,
onlr real numbers in fixed point format (no integers) can be read out of the
file FORT10.DAT.

The complete 1isting of CNTLA,.FOR is given in Section 5.

4.2 CNTLB

ONTLE does all the computations., Filgure 4.2 gives the overall flow chart
for this program. The lnput data are read in from the file. The output
conditions are set. Values are initialized that could not be conveniently
done in CNTLA. Then 1f the graphic option is selected, the borders and the

schedule of temperature pressures, engine speeds and vehicle speeds are
displayed.

Next the englne and vehicle control subprogram 1s put all in one place so
far as possible so that changes can be made more easily. This program
increments the time and keeps track of the driving cycle schedule., It calls
in the other elements of the computational part of the program as needed,
These computational parts .ieed not be subroutines since the return point is

6
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v duction subprogram is
wavs the same. At first only the burner and heat con
iied% Then when the engine starts rotating, the engine torque and internal

heat transfer subprogram is alse used.

time set for the solution is not exceeded, the program repeats
iiazzgnzoziih the engine and vehicle control. If time is complete, tgnggogram
stops and a trief summary is printed out. The full ligtings of both } 1
and CNTLA are given in Section 5. In this section GN?LB is explained ful {.
The full program is divided into small sectlons according to the flowlchzs
of Figure 4.2, For clarity, each small section of explanation is follow

by the part of the program it explains.

4.2.1 Read Transfer File (Lines1 to €7)

i a 3 d type and data
Besides comments about purpose of program and dimension an .
statements, the transfer file FORT10.DAT is read from the disc. This&read
statement must be exactly parallel to the write statement in CNTLA. oSymbols

are defined in CNTLA (see page 73).

1: C #tekkbkbrpiorstPROGEAM CHTLE. FORSkokskskokiokhaopobkskokok o shokof bbbk ik

2: C HWRITTEN BY MARTINI ENGINEERING UNDER CONTRACT MUMEER

3: € DENZ-225 FOR HASA-LEWIS UNDER THE DOE RDWANCED RUTOMNTIVE

4: C PROPULZION PROGRAM. CNTLB RERDS IN THE INPUT DATA FILE

S:  © GENERRTED IN CHTLA RAND CALCULATES AND DISPLAYS RESLLTS.

€: € CHTLE CALCULATES THE TRANSIENT PERFORMANCE OF A 4 CYLINDER

7o C DOUBLE RCTING STIRLING ENGINE WITH TURBULAR HEAT EXCHANGERS

2. C AND FOROUS REGEMERATOR COMNECTED TO A YEMICLE THROUGH A GERR BOX.
Q. € THE RESIDENT DRIVING CYCLE CONSISTS OF HEATUP, CRAMKING. IDLE,
16: C ACCFLERATION FROM ZERQ TO CRUSE SPEED AND HOLD THAT SPEED.

11: € SECOMD AND THIRD GEAR CHANGES ARE SPECIFIED BRSED UPON WEHICLE
1z C SPEED. GEAR CHRMGE IS LIMEAR WITH A SFECIFIED TIME.

3:  © CNTLR UZES AS A EASE CASE THE DIMEMSIONS OF THE 4L23 ENGINE.
14 C CHTLE RDJUSTS THE TIME STEP SO THAT THE ANGLE IMCREMEMT IS

15: C BETWEEN 7 RAND 28 DEGREES. THE PROGRAM HAS NO LIMIT TO FLOM

15: C ACRDSS GAS NODES OR CHANGE IN GRS INVENTORY. CONTROL IS BY

17 COCHAMGE IM GRS INWENTORY

2 ¢ wkdk START OF PROGRERM #tdk

13: DIMENSTON HTC43, IRVI2, 40, TPW2, 30,
S 1 P24 PI0G, 80, PAOSY, MCAY, FROGY, TOOEY, VHRCZ, 4, YCRC2, 40,
=1 2 WTE2 40, HHan,

22 I OPLO4N, CVMO2. 90, TGRC2. 20 40,

230 4 OHICS TZACEY, TINGGY, X230, TOUCAR S, THOE, 45, EYCSY, EMEC2Y,
I 5 OMI2N, THAROS, 94,

2% & CHMOS

HE DIMEMNSTON THMLOS, 45, W2, @, 40, CVGYE 90

T FEAL LOF. LH LR MSH ML EEL ER LCL M ME, KAR, MG

e FERL LHH. LHY MUFG, LAPH. MTR, MIFL, LHM MIV. LEM M2, MF

25 FERL MTRMONTO NS HRL NTH NTHML TG, N0 NEESH. FAPH. FHL. EMK KME
TR D DATA CONZTANTS

21 DATA FI4 FIFIZ RACG P TR 714499, 1 ST0E0, . 017452, 8 214,
T2 DATR J.CPR.CPRGIS. 1 G2, L 26

TI 0 Cewrss PEAD TRENSFER FILE FFROM OISH
T4 T0nd FOPMAT SV RS 200



IS5
JE:
37
RASH
J9:
Y
41:
423
4%
44:
45:
461

& &b
wo~N

U aaag
num S8

(¢ Bl
M~

59:

m
(=]

61:
621
63
€43
65:
e6:
672

RERD
RERD
READ
READ
READ
READ
RERD
READ
READ
READ
REARD
READ
READ
RERD
READ
RERD
RERD
READ
RERD
READ

READ
READ
RERD
READ
READ
RERD
READ
RERD
READ
RERD
READ

(1@, 8@74) THMG, TPB, TWI. FWI,» OM1

(10, 8004371, DT, ME, RGE1, KAPH

(10, EBA4 INTHM, DIHM, FFF, THU» LHM
(1@, 8004)>TCR, TID, TRC, TOTT. SPM

(10, 8@04)>RC, LCR, DCY\ DDR, DIH

(10, E004) WTHM, NTH, VHDX, NR: DR

(10, 8004 LRy FF+ NS, MSHy THW

(1@, €304)>VCDX, FCAR, DIC, LCy NTC

(10, 8004 )MIV, NTRM, DIRM, RFR, LRM
(10, 8024 )>DOH, LHH, TMAPH, LAPH, WAPH
(10, 8004) TAPH, NAPH, PRLy PRH, WTRM
(12, 8004) TST, MIR, RAF, NO, LHV

(10, 8004 ) CMAPH, AFAPH, RAL, CZ, DER
(10, 8004 )IUXY, DT2, CY, UXX, CYY

(1@, 8@04)FUEL, AMF, AH,» CMH, QREX

€10, 8004 )KR <. TIM, VHDs VRD, CMX

(10, 8004 )>VCD, VCDA, VTD. XA, XB

(10, 8@04)ACY, BCY, P132, RC2, CCY

1@, 8004 ) EARAD, EADEG, DIST, OMEG, GCT
(10, 204> VHA(1, 1), VHR(1, 2), VHA(1, 3)»VHA(1,4) . VCA(1, 1)

(1@, 8@A4)IVCA(L, 2)» VCA(1,3), VCAR(1,4),VT(1,1),VT(1, 2D
(10, 8004>VT (1, 3), VT(1,4),CP,CV, MW

(10, 8004 ) RX» KK» GR: KRy XC

(10, 8004) TRV, I01, VHM: VRM, RGE2

(10, 8004) RGE3, VSP2, VSFZ. THH. TRH

(10, E@A4)IRWT, TCY, THC, G, HCL

€10, 8004 ) KM, KMX» THCH, 1, Q2

€10, E004)03, EIN, KME(1), KME(2), KME(3)

(10, E@B4IKME (4) 1+ KME(S)» KME(B),» CM(1),CM(2)
(10, 8004)CM(T),CM(4),CM(S), PRIS, PBVS

€10, B@04) TR=P

WRITE (S, 800@E)
800t FORMAT (' FILE READ')

4.2.2 Initialize Values (Lines 68-129)

Although most initial values are in the tr
to initialize some values in CNTLB. Also
of the transfer file due to limitations in

ansfer file, it is more convenient
since Integers cannot be read out
the software available, integer

values, like N and J, must be made at this point.

6€:
69:
70:
713
721
733
74:

51
7€

CoaxnINITIALIZE VALUES

C DRGRNI$$ ;IHES FOR OPEKATING CYCLE
TI11=THU+TCR
TI2=TI1+TID
TIZ=TI2+TAC

c BURNER INITIALIZATION

N=NO

NO2=N/2

10



773 DO 200 I=1.N

7€ TOUCIY=\1
79: TINCI)»=T1
£03 EY(I)=T1
S1: 200 EXCI)=T1

28 TIN(N+1)=T1
s TA=T1
&4 TD=THMG-TWI
89: FLAME=T1
eE: TOUCN+1)=T1
87: CFL=1000.
ge: CFH=0.

89: CFF=0

9@: C INITIALIZE CUMULATIVE HEAT INPUT AND METAL TEMPS
91: DO 198 I=1,4

92: ™1, I)=T1

933 TM(2, 1) =T1

94 TM(S 12=T1

953 TMC4, T)=T1

6 TM(S, I)=(TWI+T1) /2.
97: TM(E, I)=TWI

98: M(I)=0.0

99: 196 CHI (1) =0.

100: C SET PRINTOUT OPTION

101: J=Q2

102: C INITIALIZE VEHICLE INERTIA
183: VIN=0.0

186t C INITIALIZE ENGINE AND VEHICLE SPEED
105: OMEG=0. @

1061 SPV1=0.0

107: SPVD=0.0

108: C INITIALIZE WORKING TIME STEP
109: LDT=DT

110: € INITIALIZE TORRUES

111: TRS=0.0

112 TevV=0.0

113: TNET=0. 0

114: C INITIALIZE ENGINE ANGLES
115: EARAD=0. O

11€&: REV=0.0

117: NER=0

113 NGC=~1

119: MIR1=0,

120: RGE=0@.

2t C INITIALIZE ENGINE PRESSURE
22 DO S85@ I=1,4

123 950 P1CI)=PRL

1243 C INITIALIZE FLAG TO CALCULATE CONDITIONS AT CRANKING
1253 1G2=0

126: C INITIALIZE OQUTPUT FLAGS

127: POF=0.0

128: GDF=0.0

129: GDI=TOTT/10@24.

11



4.2.3 Draw Gruphic Frames (Lines 130-212)

The AIM-3 terminal with the Retrographics package can have two output over-
layed on the screen at the same time, a graphic output and an alphanumeric
output. The graphic output,if it is used, cannot easily be turned off. The
alphanumeric output to the screen can be turned off so Just the graphic dis-
play is visible. It is much easier to understand what 1s going on with the
graphic display. In the case where the graphic display is not used, the
output will be stored in a file which may be read back and posslibly plotted
off line.

The contract requires that the main program, CNTLB, should run without manual
intervention during program execution. Therefore, the decisions on how the
results of CNTLB are read >ut are changable in CNTLA and are fed to CNTLB in
the transfer file.

The flag Q1 must be 1.0 if graphic output 1s to be used. At this point the

outline of the graphic display and the schedule of how the driving cycle

should go are displayed on the screen. Figure 4.3 shows how the screen is

divided up. The retrographics modification to the ADM-3A terminal is capable

of displaying 250 points vertlcally and 512 points horizontally. However, the
package 1s compatible with Tektronics Plot 10 software which has 780 points
vertically and 1024 points horizontally. These latter numbers are used to

specify location. The subroutine VECTOR draws a line on the screen (see Appendix C).

The arrangement evolved as experience was galned with the solution. Space
for the four working space pressure-volume (PV) diagrams was particularly
useful in observing what is going on with the solution.

1203 Cotetoraor DRAW GRAPHIC FRAME IF OPTION IS ON
131t C GRAPHIC FRAME
) O IF(1-1.00)158, 157,158

13X: C DRAW OUTLINE

134 157 CALL. CLERR

125: i1=0

1362 J1=0

1373 12=102%

138: J2=0

139: CALL VECTORC(IL,Jt, I2,J2)
140: 11=1023

141: J1=779

142: cALL VECTORC(IZ, J2.11.J1)
143: 12=

14413 J2=779

145: CALL VECTORC(I1,J1,12,J2)
1462 11=0

1473 J1=0

1481 CALL VECTORCIZ,J2,I1,J1)
149: 11=700

150: J1=0

151 ¢ 12=700

152: J2=779

153: CALL VECTORC(I1,Jt,.I2,J2)

154: C DIVIDE INTO 4 LAYERS LEFT SIDE

1¢



1553
1563
157:
1583
159:
1€0:
1612
1€23
16%:
164
1653
16612
1673
1€8:
1€9:
170:
171
1723
173:
174
175:
1763
177:
178:
179:
180:
181:
185
183:
184:
1€5:
1EE:
187:
1€8:
iE9:
190:
191:
19z2:
193:
194
195:
196:
197:
19€:
199:
20a:
201
202
203
204:
205
206:
207:
208:

210:
2113

D4 e
2y e
Lo L

C DIVIDE INTQ FOUR LARYERS,

I11=0

J1=629

12=700

J2=E29

CALL VECTOR(I1,J1,12,J2)
J1=479

J2=479

CALL VECTOR(Ii,Ji,12,J2)

I11=700

J1=190

12=1023

J2=190

CALL VECTOR(I1,J1.,12,J2)
J1=380

J2=3€0

CALL VECTOR(I1,J1,12,J2)
J1=570

J2=370

CALL VECTOR(I1,J1,12,J2)

C DRAW SCHEDULED VEHICLE SPEED

11=0

Ji=632

I2=TI2/TOTT»70Q

2=632

CALL VECTORCI1,J1,I12,J2)
I1=TIZ/TOTT*»7R20

J1=776&

CALL VECTORCIZ,JZ2,I1,J1)
2=700

Ja=776

CALL VECTORCI1,J1,I2,J2)

C DRAW CCHEDULED ENGINE SPEED

11=0
J1=4E2
2=THU/TOTT»700
JZ=482
CAtL VECTORC(I1,J1,12,J2)
I1=THU/TOTT*700
J1=554
IZ2=TIZ/TOTT*720
J2=954
CALL VECTORCI1,.J1,I2,J2)

C DRAW HOT METAL GOAL TICK ¢THMG)

I11=0
J1=200
2=10
Je=200
CALL VECTOR(I1, J1,I2,J2)

C DRAW COOLING WATER TEMP TICK (TWI)

Ji=10
J2=10
CALL VECTOR(I1,J1,12,J2)

C CALCULATE DISPLAY PRRAMETERS

158

PDIF=PRH
XLOW=VTD+VHDX+VCDA
XDV=(ACY+BCY) »RC2

CONTINUE
13
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.
-
.
:
;

=13
2141
215:
2163
217¢
21818
219:
220
221
2221
223
2241
225:
2263
2271
22€:
229:

4,2.4 Write JUnified Printout (Lines 213-229)

The unified printout is placed first in the main loop of the program so that
the initial conditions can be displayed. The readout may elther be to the
screen (Q2 = 5.0) or to the printer (Q2 = 2.0). This option is changed from
CNTLA. Then in Line 101 of CNTLB the integer J is set from the real value
Q2. The format of the readout is nine columnstut not all are filled. The
key to the readout is given in the Program Users Manual (Section 6).

Note that this printout is optional. It is enabled when Q3 = 1.0, This flag
can bte changed from CNTLA., If the graphic readout gives all the information
desired, then it greatly speeds up the calculation by having the printout
infrequently.

The value TREP can be set from CNTLA to control the repetition time for this
printout.

CrrockWRITE UNIFIED PRINTOUT--RETURN POINT FOR MAIN LOOP

401 IF(Q3~-1. @) 390, 402, 330
402 IF(TIM- 75F) 390, 391, 391
I91 POF=POF+TREP

WRITE(J, 8025) TIM, CFF, REV, OMEG, SPV1, SPVD, DDT
€025 FORMRT (EFB. 2,FB. 5, 2F8. 2)
WRITE(J,E022) TIN(1)» TINC2) s TIN(3)» TINCAL), TINC(S), TIN(B)» TINC(?7),
1 TIN(B), TINCD)
WRITE(J, BO22)EX (1), EX(2), EX(3),EX(4),EX(S),EX(E),EX(7),
1 EX(E),FLAME
WRITE(J, E022)TOU(1), TOU(2), TOULI)» TOUCL)Y ., TOUCS), TOUCS) » TOUCT),
1 TOU(®), TOU(S)
DO 10 I=1,4
10 WRITE(J,E022)TM(1, D) TM(2, 1) s TM(3» 1), TM(4, 1), TM(S, 1D, P1 (D),
1 MC(D),VT(1, 1)
€022 FORMART (S(FE. 2))
WRITE(J, 8022) TNET, TES, TGV, VIN, MIR1.: RGE

15
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4.2.5 Display Graphic Data (Lines 230-290)(Optional)

The display offers a fast and comprehensible way of showing what 1s going

on during the solution, To speed the solutlon, the display does not print
every time step, The total time, TOTT, is divided by 1024, the number of
horizontal addresses for plotting to give the graphic display interval, GDI,

in seconds. (See line 129.) Therefore, the display programming from line
233 to 277 only is called upon 1024 times during the solution at a regular
time interval. There could be 1024 different points if a Tektronix terminal
were used. With the AIM-3 Retrographics package used in development of this
program, 512 horizontal points are plotable. Therefore, two dots are possible
in the vertical direction for every plotable point in the horizontal direciion,

The following displays are showni

A. From the beginning

current fuel flow race (over full height of display)

. average heater metal lemperature

flue gas leaving heat=r and entering preheater

flue gas leaving preheater

. average of metal node 1 (around hot spaces)

average of metal node 4 (at the hot end of the regenerators)
. average of metal node 5 (at +he middle of the regenerators)

B. After engine starts to be cranked (see line 269)

8. engine speed
9. vehicle speed

N oW e

The above displays are plotted 1024 times during the solution or twice for
every displayable point using the Retrographics package.

230: CoxxaekDISPLAY GRAPHIC DATR: PART 1

2311 390 IF(Q1-1.)20,21, 20

232t C CHECK TO SEE IF PLOTTING SHOULD BE DONE
233 21 IF (TIM-GDF) 20, 393, 393

2343 393 GDF=GDF+GDI

235t C SHOW FUEL FLOW RATE

2362 I1=TIM/TOTT%702

2373 J1=CFF/FFF%777

2383 CALL POINT(Ii1,J1)

239: C SHOW AVERAGE HERTER TEMP.

2403 J1=(TA-TWI) /TD*150+10

2413 CALL POINT(I1,J1)

2421 C SHOW FLUE GAS TEMP. ENTERING PREHERTER
2433 J1=(TOU(N+1)-TWI)/TD*190+10

2643 CALL POINT(I1,J1)

245: C SHOW FLUE GAS TEMP. LEAVING PREHEARTER
2461 J1=(TOU(1)-TWI)/TD*150+10

2473 CALL POINT(I1,J1)

248 C SHOW AVE. HOT METAL SPARCE TEMP (NODE #1)

16
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240 X=0

2501 DO 145 I=1,4

2511 145 X=TM(1, I)+X

2521 X=X/4,

2531 Jim(X-TWI)/TD*190+10
2541 CALL POINT(I1,J1)

2551 C SHOW AVE METAL TEMP HOT END REGEN. (NODE #4)
2561 X=0

2573 DO 146 I=1,4

2583 146 X=TM(4y 1) +X

2591 X=X/4.

2603 J1i=(X-TWI)/TD*190+10
26113 CALL POINT(I1.,J1)

262: C SHOW ARVE. METAL TEMP. MIDLCLE REGEN. (NODE #35)
2633 X=0

2641 DO 147 I=1,4

2658 147 X=sTM(S, I)+X

2663 X=X/4.

2671 J1im(X~TWI)/TD*190+10
2E8: CRLL POINT(I1,J1)
2693 IF(TIM-THU) 20, 20, 954
270: C SHOW ENGINE SPEED

271: 954 J1=0MEG/0M1#72+482
272: CALL POINT(I1,J1)
273 IF(TIM-T12)20, 20, 953
274: C SHOW VEHICLE SPEED

275 933 J1=6FV1/SPM*144+632
2762 CALL POINT(I1,J1)
277y 20 CONTINIIF

The final part of the graphic data display involvas the drawing of four
pressure-volume curves for the four working spaces. These curves are drawn
only when the flag Q1 = 1.and the time, TIM, is greater than THU. That 1s,
the curves are drawn only when the engine should be moving. The initial
engine pressures plot number is calculated on line 320 and the initial volume
plot number is calculated on line 340. These are only calculated once.
Starting with these values, the next values of ihese two numbers are cal-
culated on lines 284 and 285. With the initial and next value for both
pressure and volume for all four working volumes, four lines (vectors) are
drawn (1linc 286). In lines 287 and ”B8 the next values become the initial
values for the next time around., This part of the program draws four con-
tinuous lines tracing out the work diagram for each working space.

17



2781  Cexs«4DISPLAY GRAPHIC DATA, PART 2
279 C PLOTTING FOR EVERY TIME STEP OF 4 P-V DIAGRAMS
280 C CHECK TO SEE IF OPTION 18 ON

28113 IF(Q1-1. )852, 833, 852

2823 8353 IFC(TIM-THU) 852, 852, 854

283t 834 DO 9€5 I=1,4

2843 IPV(2, 1) =(CVM(B,) I)=XLOW) »3IZ23/XDV+700

285: JPV(2, 1) =P1 (1) *190/PDIF+190»(4~-1)

2863 CALL VECTORCIPV(1, 1)+ JPV(1y 1)y IPV(2, 1)y JPV(2, 1))
2871 IPV(1, DD =IPV(2, 1)

2881 JPV (1, I)=JPV(2) 1)

289: 985 CONTINUE

290: 852 CONTINUE

After every five cycles, the screen area where the work diagrams have been
drawn is erased. (See lines 365-372.)

4.2.6 Engine and Vehicle Control Subprogram (EVCS)--Part 1 (Lines 291-455)

Figure 4.4 shows the overall flow chart for CNTLB with mcre particulars

given to the engine and vehicle control program than was glven in Figure 4.2.
The first decision point is to determine whether the cumulative time, TIM, has
reached or exceeded THU, the specified heat up time. If it has not, the

flag IG1 is set at zero. The program jumps directly to increment the time.
The burner and conduction subprogram is executed. This calculates con-
duction and external heat transfer in the air preheater and to the gas

heater of the engine (see Section 4.,2.7). After this, the flag IG1 is

tested (Part 2). 3ince it is less than 1, the program jumps back to the
readout and display and starts through agailn.

2911 CworwxnENGINE AND VEHICLE CONTROL SUBPROGRAM PART 1
292: C CHECK TO SEE IF HEAT UP TIME IS EXCEEDED

293: IF(TIM-THU) 503, 502, 502
294: 503 1G1=0
295: GOTO So1

Eventually, the air preheater and engine get partially heated up when TIM
exceeds THU. At this point if this is the first time through, the engine gas
inventories are calculated based upon the specified low gas reservoir
pressure , the volumes at zero engine angle and gas temperatures in the
different parts which are assumed to be equal to the metal node temperatures
at that time. Also, the time step is reduced by a factor of 10 to start

out (lines 300-301). However, the time step is finally adjusted in lines
351-357.
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2963 C FIRKRT TIME CALCULATION OF GAS MABSBES AND INITIALIZE PRESEURES
2973 C FND SET GAS TEMPS. TO CURRENT METAL NODE TEMPS.

298 5@z IF (1G2~1) 304, 506, 506

299: U04 102w=1

0@ C REDUCE TIME STEP AT START OF CRANKING
301 DDT=DDT/10.

Jo2s X=PRL*MW/R

3033 DO 507 I=1,4

3243 C NODAL GRS MASBES

Ja51 W(l, 1e 1) =XeVHR(L, 1) /TM(1, 1)

3061 W1y 20 I) mXaVHM2, /(TM(1, D) +TM(2, 1))
3071 W13 I) =XeVHD#2, 7 (TM(Ss 1) +TH(2) 1))
3083 W1y 4y I)mXnVRMS2, /7 (TM (4 1) +TM(3, 1))
3091 W(1y Sy 1) =XeVRD/ (TM(S, I)+TM(4s 1))
3101 W(1:6+ 1) =XaVRD/ (THM(E) 1) +TM(S: 1))
311 W(1, 7 1)=XVCD/TWI

3123 W(1,8, 1) =X+«VCA(L, I) /TWI

3131 C TOTARL GRS MASSES

3143 M(1)=Q,

3153 DO 980 K=1,8

316 S80 MDD =MD +W{1 K D)
3173 C PRESSURES

3183 P1(1)=PRL

3193 C INITIAL PRESSURE PLOT PARAMETERS

3201 JPY(1, I)=u(P1(I)=PRL)*195/PDIF+198»(4~1)
J211 C AVERAGE GAS AND METAL TZMPERATURES

2218 TCAC(1,1, 1)=TM(L, 1)

J233 DO S81 K=2,6

X241 TMACK I) 7 *TM(K-=1, I)+TM(K, 1)) /2.

J25: 981 TGA(1:K, 1,sTHA(K, I)

3268 TMA(7,: 1) =TWI

I27s TMA(B. 1) =TWI

32813 TOR(1+ 7, 1)=TW]

3293 TGR(1: 8, I)=TWI

II0: C CUMULATIVE GAS VOLUMES

3311 CVaU1, DD=VHAC(L. I) ‘
32 CVB (2, 1)=CVB(1, 1) +VHM

333 CVB (T, 1) =sCVB(2, 1) +VHD

3341 CVG 4, 1)=CVR(I: I)+VRM

I3 CVG (S, I)=CVB(4, I)+VRD/2.

3363 CVG (6 1) =CVG(S, 1) +VRD/2.

3373 CVG (7. I)=CVE(E,s I)+VCD

3381 Cv3(B, I)=VT(1, I)

339: C VOLUME PLOT PARARMETERS

34018 IPV(1, I)=(CVG(8: I)~-XLOW)»323/XDV+700

341 507 CONTINUE
342 3506 CONTINUE
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If TIM is between THU and THU + TCR, the engine is cranked and a torque, TST,
is applied to the engine. The net torque accelerating the engine is this
torque, when it 1s applied, plus TQS, the shaft torque realized by the engine
pressures and the position of the pistons inside the engine and minus TQV,
the retarding torque at the shaft due to the rolling resistance and the alr
resistance of the vehicle. At first, the only torque causing motion is TST.
As gas 1s added to the engine, TQS becomes a factor., After the car ctarts
moving, TQV also becomes a factor.

J433 C TEST TO SEE IF ENGINE SHOULD BE CRANKED

Jahs IF(TIM-(THU+TCR) ) 508, 509, 509
345 509 X=0, @

3463 GOTO 511

3473 508 X=T8T

J48: OS11 TNET=TQRS-TQV+X

Based upon the net torque, the engine will move a certain number cof degrees.
The general formula is:

- (Effective Moment) . Angular
Net Torque ( of Inertia ) (Acceleration)
Newton-reters Kg n° radians/sec2

Since a Newton is the force required to accelerate one Kg at the rate of one
meter per second per second, the above equation checks dimenslonally.

Assume that the engine is idling and the engine itself has & moment of
inertja, BIN., Let A and A be the crankshaft angle in radians for one
time step in the pas% tf?'xe cm:'r nt position and one time step in the future,
respectively. Thus,

A -Az A2-A1
__QQL__~,__.__
THET = EIN

The a.ngulax velocity OMEG is defin:d at (A, - Aq)/DIT, and the angular incre-
ment LANG = A3 - Aj. Making these substitutlions, osne can obtain

DANG = (DDT)? TTN%% + DDT(OMBG)

If the car 1s in gear, the inertia of the vehlcle must be converted to
effective inertia as seen by the engine. Equate the kinetic energy of tie
vehicle to the rotational energy of an equivalent flywheel. Thuss

§ MIV(SPV)? = § (VIN) (oMBG)?

So
SPV
VIN = (EM_‘
The ratio 5PVl RGE
OMEG 2n



where SPV1 = vehicle velocity beginning of time step, meters/sec
OMEG = engine angular velocity, rad/sec
RGE = meters traveled/engine revolution

The quantity RGE changes as the gears change and is calculated later (lines
395-419) . In the general case the equivalent vehicle inertia must be added

to engine inertia EIN.
Therefore, the angle increment is calculated by the rormula.

349: C CALCULATE ANGLE INCREMENT
3590: 512 DANG=DDT#*»2%TNET/ CEIN+VIN) +DDT+«OMEG

Now that DANG is calculated, we must find out whether it is suitable. During
the first part when TIM was less than THU, the time step DDT was chosen to

give accurate but rapid calculation of the heat up of the engine and air pre-
heater. When the engine starts to run, not very accurate calculation of engine
performance can be had if DANG is more than 0.5236 radians (30°) . Therefore,

if DANG becomes greater than this, DDT is halved as many times as it takes to
become less than 30°. If engine speed should fall during the driving cycle
because of a gear change or a specified speed chante, there needs to be a

way to increase the time step again by doubling it and if necessary, redoubling
it till the angle change is at least 7° (0.12217 radian).

351: C ADJUST TIME STEP SO THAT AMGLE INCR. IS >7 AND <20 DEG.

352: IF(DANG-B. S226a>515, 515, 512
353: 513 LDT=0DT /2.

354: GOTO S12

3995: 515 IF(DRANG-8. 12217)517. 517, 516
2596: 517 CDT=DLT+2.

=57 GOTO S12

Next, the engine angle in *~th degrees and radiazns is indexed. If the angle
is greater than 360 degree¢ . the computer won't handle it as accurately so
the program should keep it within this range.

J58: C INDEX ENGINE ANGLE MEASURES

399: 516 EARAD=DANG+ERRAD

SED: ERDEG=EARRAD/RAD

J61: REV=REV+DANG/ (2. »PY)

3623 IF (ERDEG~360. ) 239, 240, 240
363: 240 FADEG=EADEG-3E0.

3641 EARAD=EARAD--2., *P{

Since this part of the program is entered once per engine r-volution, it is a
good place t> put the erase program. If the graphic option is on (21 = 1),
the program counts the number of revolutions with the revolutlon counter,
NER. When it reaches 5, it resets th: cnunter and calls ERASE.
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365: C ERRASE PV PLOT FIELD AFTER EVERY 5 REVOLUTIONS

3661 IF(Q1-1.)239, 151,239
367 151 IF (NER-5) 152, 159, 150
3668 150 NER=Q

3691 CALL ERASE

3701 GOTO 239

371 152 NER=NER+1
72y 239 CONTINUE

The subroutine ERASE will now be explained. This subroutine (1lines 887-921)
using the conventions for the Retrographics package and presumably for the
Tektronics Plot !0 software draws a series of black lines. Each line goes
from 2 to 777 iv ihe vertical direction (see Figure 4.3). Each time ERASE
is called, a series of black lines are drawn from the horizontal position
710 to 1013. Although the number of plotable points in the harizontal
direction is 512 and the addresses are 1023, it would seem that every other
address would do a complete erase. It did not. By this means all the pres-
sure-volume diagrams are erased so that one can see where the new ones fall.
(See Appendix C for additional explanation of this subroutine.)

287 [ SUBROUTINE USED TO ERASE PY DISPLAY FIELD
a8 - SUBROUTINE EFASE

29 IMNTEGER#1 GS. 1S, 08, ES, DE, AR, YH. YL. ¥H. XL
206 - DATA G5, 1IS. CA. ES. DE. ARS29. 21, 24, 27. 127. 97
aay DO TR TP=714. 10132

@an- CALL CONOUTCGSY

gaz CALL CONOUTCES)

oAy CALL CONOUTCDE

205 - YH=TTT. 22432

29 - WL=MODCTTT, 220496

Q7 - RH=JP/32432

o0 - SL=MODC TP, 227+54

2a CALL CONOLITOYHS

AR CALL CONQUT WL

ant - CALL CONDUTCHY

Q@2 - CALL CONDUT (XL

AT 0o 18 =1, 200

ang M=T+1

aps 1A CONT INLIE

aAne - YH=2 /22432

any - YL=MODE D, 220 +26

ETe ) CHLL CGNOUTCYHD

239 CALL CONDUT YL

210 CARLL CTIMOLT CHHS

@y CALL COMOLUT ML )

aq> PO A T=1, 200

17 M=T+1

al4: 20 CONTTNUE

315 R L CONOLIT ST

als CALL CONAUT RS

M7 CRELL CONDUT LS

218 CALL CONOUT TR

a1’ 20 CONTINUE

azn RETURN

azy - END .
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Now that a proper time step has been chesen, the next thing is to determine
what should be done with the engine pressure. When the engine is i1dling, the
engine pressure is adjusted to keep the engine speed adjusted to maintain a
specified vehicle speed schedule., Therefore, TIM is compared against TIZ2,
the cumulative time in which the engine is put in gear to d:termine which
method is used to adjust pressure and to compute vehicle inertia and vehicle
friction (see Figure 4.4),

373t C CHECK TO SEE IF ENGINE SHOULD BE IDLEING OR I
37413 IF(TIMN-T12)519, 519, 520 N oeAR

If the engine is idling, IG1 is set to 1. If it is in gear, IG1 1s set to
2. So far it makes no difference subsequently whether IGl is 1 or 2.
Possibly later modifications may utilize this.

For the base case driving cycle, the idling comes before the driving. The
current engine speed, OMEG, is compared with the specified idling engine
speed OM1. The valve setting for the addition or removal of gas is dia-
grammed in Figure 4.5. Three valves are used in series (see Figure 4.6).

Valve 1. A slide valve which is open between ihﬁo from bottom dead center of
each piston in the four cylinder array. The opening of these four slide
valves relate to the engine angle as followsi

Table 4.1

ENGINE PRESSURE ADJUSTMENT SCHEDULE

Engine Angle Number of Cylinder Number of Working
degrees with Slide Valve Open Space Having
Pressure Adjusted
315 to 45 1 L
45 to 135 L 3 |
135 to 225 3 2
225 to 315 2 1 ‘

Valve 2. A throttle valve which is closed when the engine speed is exactly
the desired speed. At a speed difference, PBIS,on elther side of the speed
goal, the throttle valve becomes full open at MIR.

Valve 3. A switch valva., The throttle valve is connected to the high
pressure reservoir. When the engine speed is below the desired speed and
to the low pressure reservoir when the engine speed is abnve the desired
speed.

The author feels that this control scheme is reasonably realistic and similar
to control schemes actually used. Other control methods can be substltuted.
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Figure 4.5. Engine Speed Control Scheme.
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Figure 4.6. Engine Control Valves.
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3751 C ADJUST ENGINE PRESSURES TO CONTROL SPEED WHILE ENGINE 18 IDLEING

37€: 519 IGiw=}
3773 IF (OMEG-OM1) B30, 840, 840
3781 €40 IF(OMEG-COM1+PB18))841,841,842
3791 842 MIR1=MIR
3801 GOTO 843
381 B8aAl MIR1=MIR+(DMEG-OM1) /PBIS
382 B43 X=PRL
3831 GOTO 855
384 830 IF(OMEG-(OM1-PBIS) )B831, 831,832
383 831 MIR1=MIR
3661 coTD 833
‘ 387: 832 MIR1=MIR*(OM1-OMEG) /PBIS
§ 386 B33 X=PRH
; 389: €39 CALL MASS(IG3., PX,MIR1,DDT, X, P1, ERDEG)
! The above programming sets up the subroutine to calculate which compartment

is to have its gas inventory adjusted and by how much. Since this 1s the
first time the subroutine is used, it will be explained here.

For each time step one of the four compartments has gas added to or removed
from it. The gas 1s added at inlet cooling water temperature to the adiabatic
: cold space. It is removed at the same place it is added. The working space

§ that has received the gas change is noted by setting flag IG3 to 1, 2, 3 or 4.
In the previous programming X is set at the high reservoir pressure, PRH

(1ine 388) or the low reservoir pressure, PRL ?line 32). The pressure in
the werking space that is having its pressure adjusted, PX, approaches
pressure X exponentially with a time constant MIR1. MIR1 is set by the error
in engine speed, OMEG, compared to what is desired (see Figure Q.S{. Sub-
routine MASS is also called from line 440 where the control is from vehicle
speed rather than engine speed.

Originally, at this point the mass of gas in the working space was adjusted,
thus the name. By experlence, it was found that the pressure must be
! ad justed instead to maintain numerical stability.

P

%6 SUBROUTINE MASS<IGZ. PX. MIRL. DDT, X. P1. ERDEG)
as? DIMENSION P1¢4)

| 259 REAL M2. MIR1

' 359 IFCERDEG-45 1860, 86, 890

: eFR 990 IFCEADEG-175 YRE2. 862, 856

| 851 854 IFCEADEG-225 V864, S64. 857

§ 982 8s7 IF(ERADEG-315 Y858, 858, 86a

i SE2 © GAS CHANGE IN WOPKING SPACE 1

{ 864 858 1G3=

: fES PX=M4(PLCLN =N SENPY =MIPL+DDT

§ 966 GOTO8?S

: Q€T © GAS CHANGE IN WORKING SPRCE 4

i 868 860 163=4

: a6 PX=N4 (P1d) =X +ENPC-MIR1+DDTY

’ ere GOTOSTS

i

g
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}
;
i
i
{
}

a7 " GAS CHANGE IN WORKING SPACE =

T2 282 1G7=7

272 PR+ TPLOT ) =M E NP ~MTIRL4DDT
ava- GOTOR?S

ars T GAS CHANGE IN WORKING SPACE 2

|/76: 264 IG2=2

2T Pzl PLD = EMP ¢ =M IRL«IDT
278 975 FETLRN

ara: END

The final thing that needs to be done in this branrch of the program where
the engine 1s not in gear is to find the new engine speed. This computa-
tion was delayed till this point so the old engine speed can be used to
adjust engine pressure,

3903 C COMPUTE NEW ANGULAR VELOCITY
3911 OMEG=DANG/DDT
3923 GOTO 501

For the case where the engine is in gear, a more complicated set of deter-
minations are required. This also is diagrammed in Figure 4.5 (lines 393-449).
The first thing is to set the gear raxioa?iines 395-420) . The equivalent of

a clutch is modeled by having the gear ratio change from 0 to the first gear
ratio RGE1 in the specified gear change time GCT. The programming specifiec

a linear change in this ratio., Figure 4.7 shows how the cther gear ratios

for the second or third gear are applied depending on the vehicle speed. A
linear change over the same gear change time is programmed in.

RGE3=2.00

One Second Gear Change Time

Second Gear RGE2=1.00

Gear Ratio,
Meters Traveled per Revolution

First Gear RGE1=0.54

Engine Speed , Meters/Second

0 4.47 13.54

Figure 4.7. Gear Ratio Control.
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392: C ENGINE AND VEHICLE CONTROL WHILE ENGINE IS IN GEARR

394: S20
29%5: € GERR
396

397: 170
398: 9500
299

409: 901
401: 906
402 .

402: 985
404 .

405

426 171
407 : 182
408

409 163
41A:

411:. a7
412

417 A
414

415

415; 172
417 168
412

419  1&7
420

1GA=2

CHANGE TIME APPLIED TO ALL GERRS
IF(NGC>1709, 171, 172
IFCTIM=-C(TI2+GCT)>>900. 501, 901
RGE=(TIM-TI2)*RGE1-/GCT

GOTO 910

IF (SPV1-VSP2)906, 905. 903
RGE=RGE1

GOTO 910

NGC=2

TIMX=TIM

GOTO 910
IFCTIM-CTIMEHAGCTY Y162, 163, 162
RGE=RGE1+{TIM-TIMX)*(RGE2-RGE1)>"GCT
GOTO 910

CONTINUE
IF(SPY1-VSP2)907. 902, 208
PGE=RGE2

GOTO 21@

NGC=1

TIMN=TIM

GOTN 214
IFCTIM=CTIMN+GOT Y 2166, 16T, 167
RGE=PGE2+(RGEZ-RGE2) ¢ TTM~TIMM  /GCT
GOTO 910

RGE=RGEZX

GOTNS1A

R ——

Once the gear ratio is determined, the effective venicle inertla, VIN, is
determined. This equation was derived in Section 4.2.6.

421 € AODITIONAL EFFECTIVE ENGINE INERTIA DUE TO VEHICLE ATTATHMENT
422 Q1@ YINSMIVOPRE (2 #PT) a2

Next, the scheduled vehicle speed needs to be determined to decide which way

the control will go.

Resident in the program is a ramp change 1n speed

from zero to the cruising speed followed by a steady cruising speed until
the end of the driving cycle.

427 FIND SCHEDULED VEHMICLE SPEED

424 IFeTIMN-TIZ312, 911,911
425 Q12 SPUN=SPM ¢ TTM-T 123/ TAC
408 GOTO 212
427 @11 SPYD=SPM

The adjustment ~f englne pressure to control vehicle speed is standard in

automotive Stirling engines,
ton stroke control can be added as options at this point.

Other things like dead volume control or pis-
The control

scheme is parallel with that used to control engine speed during idle.
If the vehicle speed, SPV1 is within the proportional
band of PBVS of the scheduled vehicle speed, SPVD, then the valve setting

(See Figure 4.5.)
MIR1 is proportional to this error.

either direction, the valve setting is MIR.
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Once the valve setting is determined, the switch valve to connect the engine
space to either the high pressure reservoir or the low pressure reservolr is
set by making X either PRL if gas should come out of the engine or PRH if
gas should go into the engine. Once this is determined the subroutine mass
is called because two different parts of the program uses it. Subroutine
determines which engine compartment gets or gives the gas. It identifles
this working space for later use (sets IG3) and determines the new pressure,
PX. The subroutine has already been explained in this section.

428° C ADJUST ENGINE PRESSURE TO CONTROL VEHICLE SPEED

429: 91Z IF(SPV1-SPVYD>920, 940, 940
420: 240 IF(SPY1-(SPVD+PBVS))941, 941, 942
431 942 MIR1=MIR
32 GOTO 943
423 941 MIR1=MIR*(SPV1-SPVD)/PBVS
424: 943 X=PRL
435 GOTO 955
478 QI IF(SPV1-<SPVD-PBVS)»921, 921, 922
4z7: 931 MIRA=MIR
438" GOTO 932
4z9: 932 MIR1=MIR*{SPYD-SPV1)/PBVS
440 923 X=PRH
441 955 CALL MASSCIGE. PX.MIR1, DDT. X. P1, ERDEG?

Next, the rolling friction and air friction are determined. The rolling
friction, RF, is in Newtons of retarding force applied to the vehicle. The
formula used is from Reference 1. The air friction formula is from the
same source. The original rolling resistance formula is:

R=(N/65) 1+ (1.4 x 1072 V) + (1.2 X 1072 Vv9)
where V is vehicle velocity in feet per second and W is vehicle weight in
pounds. R 1s the rolling friction in pounds force.

Unics and nomenclature have been converted tos

RF = rolling friction, Newtons
MIV = inertial mass of vehicle, Kg
SPV1 = vehicle speed, meters/second

The air %rag Specifﬁed is for a combined drag coefficient times frontal area

of 12 ft< = 1.12 m“ = AFR. The air friction is determined by the formulas
a = BUATR) - (gpyy)2
¢ where AF = air friction, Newtons
3 P = air density at 300 K 3
% - 29 ﬁ[g mol _ y 273 y 1000 1§m
22.415 1 '&01 300 © 1000 g/Kg
-3 = 1.1774 Kgﬁm-
AFR = frontal area times flow coefficient, m2
SPV1 = vehicle speed, m/sec
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Thus, ar = LAZZ (urm) (sPV1)?
In CNTLA, KAR = 0.589 (AFR)

The retarding torque that the rolling and air frictions of the vehicle apply
to the engine also depends upon the gear ratio RGE.

442 C TORQUIE DUE TO VEHICLE ROLLING FRICTION. AIR FRICTTNY

442 RF=MIV#(@, 151+0. DOAEITHSPYL+A, AARRLISHSPYL++2)
444 AF =KARHEPYL 4ok2
445 TQV=(RF+AFYRGE/C 2, %P>

Finally, after all the uses for the old engine speed (angular veolcity) and
the old vehicle speed have been applied, new values for both of these are
calculated in this part of the program. The engine speed, OMEG, is calculated
the same whether it is in the idling or in the in-gear part of the program.
However, they canrot, be combined benause in this part the new vehicle speea,
SPV1, depends upcn OMEG and also upon RGE, the working gear ratlo,which is
only defined in +his part of the program.

445:  C COMPUTE NEW ANGULAR VELOCITY

447 NMEG=DANG/DDT
442 C COMPUTE NEW VEHICLE SPEED
449 SPY1=0MEGHRGE <2 P>

Now the two parts of the program come together. At this point a check
display to the screen is included so that the operator may monitor the solu-
tion more accurately than the graphical display does. (See Section 6 for
additional details.g

450: C ONE LINE CHECK DISPLAY TO SCREEN
451: So1 MRITE(S, 3820>TIM. CFF, REV. OMEG. SPY1. SPYD. RGE - NGC
452: esze FORMATC7ES 2. I3

Whether the engine is stopped, idling or in gear (see Figure 4.4), the
cunulative time counter, TIM, is incremented.

452: C INDEX TIME
454 TIM=TIM+DDT
455 :  CeoksskEND ENGINE AND VEHICLE CONTROL SUBPROGRAM PART 1

This is the end of the explanation of the engine and vehicle control sub-
program--part 1. Explanation of the other two parts will be given as they
appear in the program.

4,2.7 Burner and “onduction Subprogram

This subprogram along with part of the control program is the only one opera-
tive when the engine is stopped. It takes care of controlling the average
temperature of the heater tubes at the target temperature and figures heat
conduction through the engine to the cooling water. It also computes the
transient response of the air preheater.
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This subprogram will be explained in the order of calculation. However,
before very much in this subprogram will make sense, the nomenclature must

be explained.

4.2,7.1 Nodal Organization

Figure 4.8 shows a schematic of the burner and alr preheater. Eight metal
nodes are chosen since this gives rapid computation and reasonable accuracy
(see Appendix A). The metal node temperatures in the air preheater Ex(1)
to EX(B? must be initialized to ambient or whatever the input file says.
(Ses Section 4.2.2.)

— o o~ —— — — — — —

=S85 388 & s M

L— S el D S S D L — e

= = = = = = = = = Fuel

e P [ b g S — [ by

Y Y 'n- Burner
Ambient et
Air

Ex( )
Flue Gas

! 1 1
IR D
> = > > =2
S 22 B 228 8 8 —
Air Preheater ™(3,1) TM(2,1)

Gas Heater

Figure 4.8, Burner and Air Preheater Schematic.

Figure 4.9 shows the metal node nonenclature for the engine needed for burner
heating,heat conduction, and engine operation. There are 8 metal nodes
defined. Each node has the following propertiess

1. a temperature, M(X,Y), K

2. a location, WM(X,Y) in cm3 of gas volume from t.e hot end of the
engine to the node point

3. a thermal conductivity, KM(X), from the node point to the next
lower one, w/cm K

4, a heat capacity, CM(X), of the material surrounding the node point
to half way to the next node point, W/K

In the above 1list the agruments of the fouwr arrays defined were listed as
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X and Y. In this case X is the number of metal nodes, 8, and Y is the
number of working spaces in the engine, 4.

The gas volume nomenclatu~e for the engine is also shown on Figure 4.Y.
VHA(X,Y) is the variable hot volume which is assumed to be adiabatic. This
is a very good assumption except for a small portion of each cycle. X 1s
for the beginning and end of the time step and Y is for the four cylinders
of the engine.

Similarly, VCA(X,Y) is the variable cold volume assumed to be adiabatic.

The constant dead volumes are also ldentified in Figure 4.9. The gas in
these volumes 1s assumed to atiain metal temperature once each cycle. 1In

the engine torque and internal heat transfer subprogram, the heat transferred
at each metal node is computed for this equilibration. Afterward the tempera-
tures of the metal nodes are adjusted because of this heat transfer. For
well designed engines, the assumption of isothermal spaces in all except

for the variable volime spaces 1s falrly good. The assumptlion was made to
speed up the calculation.

The thermal conductivity attached to metal nodes 1 to 6 is the watts of heat
that would pass per % of temperature difference. It pertains to the path
toward the next lower node number. Note that these thermal conductivitles are
the same for all cylinders.

The heat capacity attached to metal nodes 1 to 5 determines how fast the
temperature of sach node changes due to thermal imbalance. All metal node
temperatures are adjusted each time step due to external convection and metal
conduction.

4.2.7.2 Heater Temperature Control

Now we will proceed with the explanation of t.ie program.

The first thing is the indexing of the metal node temperatures in the air pre-
heater. In the unified printout (see Section 4.2.4), the temperatures of the
air (TIN(I)) and the flue gas (TOU(I)) (see Figure 4.8) relate to the original
air preheater metal node temperatures, EX(I), rather than the metal node
temperatures at the end of the time step EY(I) after heat transfer has

taken place. Therefore, this indexing is done at the start of the subprogri:.

454 C owsers BUPNER AND HEAT CONCUCTION SURPROGRAM
457 C INDEX APH METAL NODE TEMPERATURES
4% 0O 2050 I=1.N

459 2050 EXCINV=EYCDD

Next, the average temperature for the gas heater metal at the start of the
time step i1s found. According to Figure 4.9 the gas heater has a node on
each end of each of the heaters. These temperatures may be different due to
different conduction effects or the effect of the gas flowing inside the

engine. An average is taken of the temperatiure of all 8 metal nodes (2
for each working space) .
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Then the temperature errur is :termined and the current fuel flow is deter-
mined from it ty a proportional control algorithm. Figure 4.10 shows this
response acheme. It i1s a simple proportional band contrcl scheme. The
average temperature will always droop a bit below the goal. Better control
schemes can be substituted if needed. The fuel usage from the sinr+ . =00
accumulated. The cumulative fuol (oo-«, Fuzl, is initialized on line 675 of
CNTLA. Therefcre, the value for the cumulative tuel usage is shown at the

end ot iiic nrogram.

full Fuel FTFB’ S0K:
Flow, FFF

CURRENT FUEL FLOW, CFF, G/SEC.

Pilot Flow,
0.01*FFF

AVERAGE HEATER TEMPERATURE, TA, K

Figure 4.10. Control Scheme for Engine Heaters,
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463: C TEMPERATURE ERROR (FOR CONTROL)

464 TE=THMG-TA

465: C  CURRENT FUEL FLOW

486 IF(TE)>40%5, 405, 405
467: 405 CFF=0. 01+FFF

468 GOTO4029

469: 405 IF(TE-TPR)408, 407, 407
470: 407 CFF=FFF

471 : GOTO409

47z 408 CFF=FFF*(TE>/TP3
472: 409 CONTINUE

474 FUEL=FUEL+CFF*DDT

4,2.7.3 Heat Transfer Factor Calculetion

This next part of tne subprogram has to do with calculating heat transrer
factors to use in computing heat transfer in the air preheater and to the
engine heater tubes. Since this process is complicated and since the results
involve correlations that are only good to +20%, it was decided to go through
it once at the beginning and then go through it agair when th¢ fuel flow has
changed more than 20% in either direction. The following shows the if state-
ments that direct the calculation around this part if CFL < CFF < CFH.

475 © CHANGE HERT TRANSFEP FAZTOPS IF CFF HAS CHANGED SIGNIFICANTLY
476 IFCCFF=CFLY 404.420. 420
47T 404 IFCCFF-CFHY 420, 420, 407

This next part gives the basis for calculating the heat transfer factors for
both sides of the alr preheater and the gas heater. First, the air flow and
the heat capacities must e determined. With the fuel flow srecifled, the
alr flow is specified in order to give 108 excess air. The air fuel ratic
Was t . J apdon no.mal octane us an average for the fuel actually used. The
combustion equation iss

C8H18 + 12.5 02 + 1.2;‘02 + 51.73 Né-.-B CO2 + 9 HZO + 1.25 02 + 51.73 N2
1

excess

On a one gram mole basis the fuel burned weighs 114.14 g and the air used to
turn 1t weighs 1889.47 g. Therefore, for these assumptions the ratio of air
to fuel, RAF - 16,55 as given in the base case. Using this same chemical
equaticn the heat capaclity of the flue gas was averaged as f{ollowst

002 8 x 11.94 = 95 52
HZO 9 x 9.20 = 82.80
0., 1.25 x 7.94 = 9.93

N,  51.73 x 7.50 =386.98
09.68 g mol  576.22

Averzge flue gas heat capacity = j%g:ég = 8.23 cal/g mol C
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The molecular weight of the flue gas is 28.63. Therefore, the heat capacity
of the flue gas, CPFG, in the units used in this calculation is 1.20 i/s K.
The heat capacity for air, CPA, 1s 1.03 j/g K. These values are given in the
program)and can only be changed by revising the data statement (see CNTLB
line 32).

Given the fuel flow, the alr flow 1s determined. From the air flow, the
mass vcl.ocity, GAPH, of air in terms of grams per second of air flowing per
cm? of flow area is computed. Next the Reynolds number is defined. Tuat is,

RE - - DEQ_(GAPH)
(viscosity of air)

The equivalent diameter, DBEQ, of the rectangular flow area 1s calculated as
4 times the flow area divided by the wetted perimeter.  (See line 669 of
CNTLA.) The viscosity of air at 700 K is about 4 x 104 g mass/em sec. The
reciprocal of this, 2500, is used to compute the Reynolds number, RE.

472 C HEAT TRANSFER FACTOR. AIR SIDE
473 4z GRFH=CFF+RAF.“AFAPH

429 FE=DEQ+GAPH+2500.

421 CALL STANTNCRE. STND

From the Reynolds number, the heat transfer coefficient is calculated by
means of the correlation shown in Figure 4.11. This correlation is used for
both the air and the flue gas side of the alr preheater. It is subroutine
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Figwe 4.11. Heat Transfer Correlation Used for the Air Preheater (2).
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The output of this correlation is taken as ihe Sinalcn number times the
Prandtl number to the two-thirds pow:s, *t wi Ll Zewmera. e tactor 1s ignor. i
Thus,

= __,__“h e nr 2."';",
PIS TCAPET TGPy
at 700 K,the specific heal at corstunt pressure for air, CP is 1.C/52 and the
?randtl number of 0.864. Thus, the heat transfer coefficient is:

h = (STN) (GAPH) (1.19)

In modeling the air prebester a number of differe.at mathematicnl mcuels were
tried. It was desired to have something simple ot still take into account
the transient heat up of the air preheater startiag ! t.e hot end. The
scheme That was chosen ic shewn in Figure 4.12. It is assumed taht the air
preheater 1s divided into N segments. For the main program N was chosen as
6. In Appenaix A the effect of N on the accuracy ois calculation is discussed.

Engine Heaters *
| Flame
& Ga% S el
2 fwe S e I
& ! | 7pmmmn gy Burner
al t I premm—_ !
) | ! ; 6 ; ‘1
~ Bk ' ‘ ; 4, 5?"-4 i g
{I— ’ ue
| ! 3“--q X
| 2 ' 7 4 Air Preheater Plates
EX(1) o 1 3
Air | 2
IN(1)
LENGTH

Figure 4.12. Air Preheater Calculaticn Scheme.
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In each segment the alr and flue gas are separated by a plate with a constant
temperature for that segment. It would be more realistic to assume a con-
stant temperature gradlent but the mathematical formulation was too compli-
cated and would involve an iterative solution at each time step. The method
chosen willl be sufficiently accurate except at very low flows. Note that for
each node both the air and the flue gas temperature approach the temperature
of the air preheater plate. Buoth of these processes involve heat transfer to
or from the plate. Then there is the process of conduction from one metal node
to the next. In CNTLB the temperature of each metal node, EX(N), is changed
after both air and flue gas heat transfers are calculated. In WARM (Appendix
A) metal temperatures were changed twice and heat conduction along the metal
was ignored.

The calculation starts by setting the metal node temperatures, EX(1) to EX(8).
The inlet air temperature, TIN(1) is taken as the ambient air temperature.
TIN(2) is calculated from TIN(1) as will be shown hereafter. TIN(3) is
calculated from TIN(2) and so on up the stairs to TIN(9), the temperature of
the air leaving the air preheater. This preheated air burns with the fuel to
produce a gas with &« temperature FLAME. It exchanges heat with four sets of
engine heaters which may have different temperatures due to the internal
workings of each part of the engine. Each engine section has a metal node at
both ends of the engine heater. It is assumed that the same heat transfer
coefficient applies to all heater nodes. The flue gas leaving the engine
heaters has cooled and may be at different temperatures. It is averaged to
becom: TOU(9). The flue gas is now cooled down along the stairstep air pre-
heater in the same way the air heats up. Finally, the temperatures of the
alr preheater metal is adjusted due to air and flue gas heat transfer and
metzl conduction. Also, the temperatures in the engine are adjusted due to
metal conduction. In another part of the program which is active when the
engine rotiies the engine metal node temperature will be further adjusted
due to heat transfer with the working gas. In all these calculations the
time step must Le small enough so that the metal node temperatures do not
change very much each increment. If they did, calculational instabilities
would builé up and destroy the simulation.

For the first increment in the heat exchanger, the heat trancfarred from the
metal to the alr, H, can be expressed two different way:.

H = CPA % CFF » RAF * (TIN(Z) - TIN(1))
- —T T ————
Heat Heat Air Flow Temperature Rise
Transfer Capacity
watts j/e K g/sec K

and
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Hoeho g o (EX(D) - TIN(D)) - (EX(1) - TIN(2))
' . 1 { B T
EX(1) - TIN(2

where h = STN * GAPH * 1.19
A = LAPH % WAPH » NAPH * 2/N0
length width numbex 2 number
one way sides of nodes

When the above two equations are combined and solved for TIN(2), the result is:
rrlsY . B _EX(1) - TIN(1)
TIN(2) - 2X(1) (X (1
where X = UXX % STN * GAPH * 1.19/CFF

yX = LAPH * WAPH * 2 ¥ NAPH
o NO * RAF »* CPA

In evaluating Equation i, it is easily possible for X to be large enough to
overflow the numhe;: size 1limit of a computer. For the Altos Z 80 based micro-
computer used to .‘evelop this program, exp(32) was about as large as the com-
puter would go withcut giving an overflow error. Therefore, if X > 32, it is
made equal teo 32. Therefore, the heat transfer factor is:

XY = exp(X)

and the final equation to find the air temperatures in succession iss

TIN(2) = EX(1) - (EX(1) - TIN(1))/XY
Similarly, TIN(3) is calculated from TIN(2) and so on to TIN(9).
All of the above is necessary to expliain the programming lines below, to
find the heat transfer factor for the air side of the air preheater. The
constant UXX is evaluated on line €73 in CNTLA and brought over through the
data file.

23 S A STNHGAPHYL. 19/ CFF

4 &
OO I ]
fa i)

The heat transfer factor for the flue gas side of the air preheater is cal-
culated in the same way as the alr side. The flow rate is greater and the
heat capacity is greater. A quantity UXY analogous to UXX is brought over
from CNTLA and used here.

425 € HERT TRANSFER FACTOR. FLUE GRS SIDE

425 SRAPH=CFF »¢PAL " “AFAFH
47 FE=DEQ+GAPH+2520

422 CALL STANTMCRE. STND
489 H=STHHGARPH+L. 1945y /CFF
493 IFC BT 32 v w=32

491 HE=ENP
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Next, the heat transfer factor, XH, for the flame heating the heater tubes
must be calculated.

Direct flame heated Stirling engines always have the outside heat transfer
coefficient controlling.

The equation and the values assumed to be valid for this case were taken from
Table 4.2,
Table 4.2
EQUATION PARAMETERS USED FOR
HEAT TRANSFER TO GAS HEATER (3)

I(,,,’)., /./ = by I)‘,(:'., o p/'“l(/ =y — iy = Ly 2

ry = 1.25 ! rr = 1.9 . Ly =2 Iy =3
SL
L= E
ba n b " b n b n
e ]
Staggered:
0 600 .. i 0230w
0900 - Y S0 G 0ATEL 00l D AN
1.000 I . , CO T 0 A6
1.123 { ‘ : O 478 0 M) 0518 0 560
1.250 POossS . 0656 0505 0551 0519 035 0522 0562
1500 0,451 {0 568 0 160 0362 0 152 0 558 0 INS 0 568
2.000 0 101 ‘ 0572 0416 0 568 0482 0 536 0 1190570
3.lN)0 ’() 310 | 0O 51)’.!!! 0,356 0 >80 i 0.110 , 0.9062 0 421 0 571
In line: ! ! | '
1 250 0 318 ! 05210275 6O 0 100 0 T0F 00633 0 752
1 500 0367 | 058 | 0250 0 620 0 101 0 02 0 0678 0.7
2 000 [ 0418 0570 1 0299 0602 0220 0632 0 198 0 6IS

4000 { 0200 0601 L0 35T 0a81 0371 0581 028G 0 60N

x = 81./Do; x7 = s7/D,.

In the 4L23 engine there is one row of heater tubes. In the P-40 engine there
are two rows widely separated. Assume that the pitch to diameter ratio is
1.25. That is, each tube is separated from the next by a space i the outside
diameter of the tute. Assume that the transverse pitch is large, say, 3
times the outside diameter. Also, assume that the heated length includes the
front and back row and negligible for the bend. Thus, the gas heater

minimum flow area is:

DOH , LHH

AMF—-L" ‘2—*NTH*“

‘\~cylinders per engine

DOH * LHH * NTH/2

Therefore, the maximum mass velocity iss

GMAX = CFF * (RA1)/AMF
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At 1000 K the viscosity of air is:
He ¥ 6 x 10-“ g/cm sec

and the thermal conductivity isi

kp ¥ 7 x 10'“u/cmx

Therefore, by substituting into the equation from Table 4.2 and simplifying,
the heat transfer coefficient is found to bes

_ DOH * CFF * RA1
UH = “5F¥%00008 ™ 0-592 * 0.00022/DOH

It is also not necessary to evaluate the heat transfer coefficient every

time step since it changes lit*le so it is grouped with the evaluation of the ;
heat transfer coefficient for the air side and is only re-evaluated when the i
flow changes appreciably. i

Each part of the engine may have a different heater temperature depending
upon wiat is going on inside. However, it is assumed that 1 of the flame
passes through each of the four engine sections. For each section the heat
transfer can be expressed two ways (see Figure 4.13)1

By temperature changet

H = S5 * RAL * CPFG * (FLAME - T3A(Y))

And by heat transfer:

Let X = (M(2,Y) + ™M(3,Y))/2
H = UH * ay » (FLAME - X%‘L;MP(:T?A)((Q - X)
in (T3A ) - X

Combining the above two equations givess
T3A(Y) = X + (FLAME - X)/XH

where _ UH * AH * 4
A= e ( CFF * CZ )

AH = PI * DOH * LHH * NTH
CZ = CPFG * RAl

If the argurent of the exponential is greater than 32 it is made 32 to pre-
vent overflow in the computer.
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Heater Tubes

DISTANCE

Figure 4.13. Gas Heater Heat Transfer Scheme.

All the above explanation is necessary to show how the heat transfer factor,
XH, is computed and used. The programming is:

4 r HFaT TRPRMNSFEFR FACTNF. GRS HERTER

Sl LH=CDOH+ CRF+RPARLAMF. GROE v «+3 SA2+A 00822 00H
RE-R Nt #lIHARY COTER T T

195, TR BT 78« H=Eg

S HHTELE

Every time the heat transfer factors are calculated the flow bounds must
be recalculated.

R T ORESET FLOW EDLINGS
R FEH=1 2«rFEF
45va CFL=0 S¥CFF

4,2.7.4 Alir Side Temperature Calculation

Now that the heat transfer factors are calculated ( if they have had to be),
the temperatures through the alr and flue gas circuit can be quickly deter-
mined. In this calcalation it is assumed that the thermal lag due to heat

capacity of the metal parts is so important that the added complication of
figuring transit times for the gas around the circuit is not necessary.

Theretore, steady state temperatures are calculated for the gas side. Cal
culation starts with ambient air at the lirilet to the air preheater and works
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around the circult. First, the air temperatures in the preheater are calcu-
lated sequentially as has already been explained.

SA0: C CALCULATE APH AIR TEMPERRUPES

501 42Q DD 427 I=1.N

542 F TINCI+LD=EX I =CERCID=TINCT ¥ 5y
2. Burner Calculation

Next, the preheated alr enters the burner. The temperature rise is given by
the equation

LHV * 1000 * CFF = CFF * (RAF + 1) * CPFG * DT2

heat supplied by heat absorbed by flue
fuel combustion, gas temperature rise,
watts watts

which reduces tos

DT2 = LHV * 1000
(CPFG) * (RAF + 1)
LHV = lower heating value of fuel = 46.432 Kj/g
= 20,000 BTU/1b
CPFG = heat capacity of flue gas = 1.20 j/g X
RAF = ratio of air flow to fuel flow, j/g
(RAF + 1) = ratio of flue gas flow to fuel flow
CFF = current fuel flow, g/sec
DT2 = temperature rise in flue gas temperature

(neglecting disassociation)
Note that DT2, in the simple way it is calculated here, neglecting disassoci-
ation and heat loss through burner insulation, is not dependent on flue flow.
DT2 comes from CNTLA, line 671.

?BB C  FIND FLAME TEMPERRATLIRE
T34 FLAME=TIN'N+1+0OT2

4.2.7.6 Heat Transfer to Gas Heaters

Next, the four effluents from the heaters are calculated as has been explained.

S@5: C DETEPMINE NUTLET FLUE GRS TEMP. FROM HERTERS

SQé DO 437 T=1, 4
sav NECTMER, IVHTMOT, 10,02
S8 437 TIACI =N+ FLAME-X) “NH

The flue gas temperatures are averaged and the one outlet temperature,
TOU(N+1), is obtained.

S@9- C RAVERAGE FLUE GRS TEMPEPATURES
S1e- TOLCN+LY=C¢TRAAI+TIA2I+TIRCIN4TIAR YV "4
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4,2,7,7 Flue Gas Side Temperature Calculation

Finally, the flue gas temperatures down the stairsteps of the air preheater ]
are calculated as has been explained. i

511 T EMIT FLUE GRS TEMPERRTURES THROUGH RIR PREHERTER
s [O44€ T=1.N

94z F=N=-T+1

S14-  44F TOL K =EMC R 0+ TOLICE4L D =E B 0 AW

4.2,7.8 Metal Temperature Adjustment in Air Preheater

Next, the metal node temperatures in the alr preheater must be adjusted for
heat transfer and conduction. For the first node the heat lost, in joules,
to the air is:

X = CFF * RAF * CPA * (TIN(2) - TIN(1)) * DT

The heat gained from the flue gas iss
Y = CFF * RA1 * CPFG * (TOU(2) - TOU(1)) * DT

The heat gained by metallic conduction is:

2z

]

EX(2) - EX(1
* * *
KM * (TMAPH * NAPH * NAPH * 2) * NI * DT

2Z

KAPH * (EX(2) - EX(1)) * DT

The heat_capacity of most metals on a volume basis is about the same,
500 j/cm”K. Thus, the heat capacity in each metal node is:

LAPH * WAPH * 2 * NAPH * TMAPH * 5.00

CMAPH = NO

Therefore, a heat balance on the first metal node is:
CMAPH(EY(1) - EX(1)) =2Z + Y - X
Therefore, the metal node temperature at the end of the time step is:
EY(1) = EX(1) + (22 + Y - X)/CMAPH
This derivation is different for the middle nodes and the other end nodes
but the ccncept is the same. It is assumed that the air preheater metal is
not connected to any other heat source or heat sink except the gases flowing

through it. Based upon the above explanation the following programming
calculates the new air preheater metal node temperatures.
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515 C CHANGE APH METAL NODE TEMP. DUE TO CONVECTION AND CONDUCTION
S16: DO 420 I=1,N

517 A=CFF*RAF+*CPAX (TINC I+4D=TINCI» 4DDT
18 Y=CFF*RAL*CPFGHCTOLICT+40=TOLICT ) ¥%DDT
s IFCI-17442, 442, 45Q

S2a- 454 IFCI-2%449, 451, 451

521 448 ZZ=KAPH* (EX T+10=EXC T QDT

Se2- GOTO 452

S22 449 ST=HAPHAEXCT+10 -2 4EXCIVHENC T=1 3 v 00T
524 GATO 452

25 451 2E2=—KAPH®CEX IY=ENC T2 VoD T

S2e: 452 CONTINLIE

527 420 EYCIv=ENC IV 40 2249- 0 ' CMAPH

4,2.7.9 Metal Temperature Adjustment in the Engine

Five metal nodes in each of the four parts of the engine float in temperature.
They receive and give up heat by conduction and by being heated by the
heater all the time. This part will now be explained.

Each node as shown in Figure 4.9 is a special case but the formulation for
calculating the same node in the four parts of the engine is the same. The
calculation for each engine metal node will now he exnlained.

Metal Node 1 is the metal around the hot spac., haif the way to the water
cooled portion of the engine cylinder. The thermal conductance to the
cooling jacket isi

KM * PI * DCY * (TCY + THC)
HCL

KME(1) =

KME(1) to KME(6) are brought over from CNTLA.
The thermal conductance from the heater is:

* PI * DIHM * WTHM ¥ NTHM
KME(2) - KL * Pl DH}LHM Ti

The heat capacity of metal node 1 also involves the same specific heat capa-
city of 5.00 j/emK. This heat capacity in j/K degree change is computed as
followss

The metal volume of the end caps iss
X = PI4 * DOY ** 2 % (THH + TCHC)

The metal volume of the cylinder wall belonging to the node iss

Y = PI * DCY * (TCY + THC) * HCL/2

Tiie metal volume of the heater manifold belonging to the rode 1o
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Z7 = PI * DIHM * WTHM * NTHM * LiM/2

Thus the nodsl heat capacity isi
CM(1) = (X + Y + 2Z) * 5,00

CM(1) to M(5) is brought over from CNTLA.
In the calculation the metal node temperatures will be changed once due to
flame heating and metal conduction and then later in the program due to
internal heat transfer. One must have two sets of metal node temperatures.
Each temperature figures in several equatlions., It would net do to mix new
and old temperatures in the calculations. In metal node 1, for the time
step DDT, the heat lost to the cooling jacket is:

A - KME(1) * (mM(1,I) - TWI) * DDT
The heat galned through the heater manifold ist

B - KME(2) * (™M(2,I) - ™(1,I) * DDT 1
Thus, a heat balance of metal node 1 glves:

CM(1) ~ (M1(1,I) - ™(1,1) - B - A

Theretfore, the new metal temperature due to one time step's worth of conduction
is

B - A
™ = ™(1,1) -

Note that the 1 represents the rowr cylinders which will have diftferent
Internal beat translera,

CTE CHENSE ENRTHE METEL AR TEMCT  LE TO FANG AND OUTST0E CONY
R e 473 1-14 4

Ll 3 SR ME D e T T L TREY e

Lok | E b ME s T e TR T T STt Y LT

r“: T?‘l. M | Ty ! T e Ej..ﬂ'..'l'mnl '

Metadl neode O Io centered at the Junction between the heater manitold and the
teater, t includes halt the heater maudtreld and bhalf the heater., Fertain-
ing to 1t wre thermal conductance KME(D), already det'ined, and KME( 3)

Potween the twe ends of the heater, Thust
KME( 3) KM ® PI4  (DOH % - DIH % D) =« NTH/LHH

matirold metal voluame, adready calewdated as £, and half of the heater metal

The beat capacity of netad node . involves the other hal® of the heotoer "
voliume whict. 1o

X  PIs & (DOH & 2 - DIN &% 1) & NTH & LEE/.: l

ity the nodal beat capactity lag

CMGD (0= X)) s 0
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In metal node 2 the heat loss in joules for the time step DDT to node is
already calculated as B, The heat loss to metal node 3 by conduction is:

A = KME(3) * (M(2,I) - ™(3,I)) * DDT
The heat gain due to flame heating isi

C - [9{3 * RA1 *CPFG * (FLAME - T}A(I))] * DDT/2

aince half of the heat from the flame is assumed to go to node 2 and half to

node 3. Therefore, by 2 heat balance
cM(2) * (M1(2,I) - M(2,I)) =C -A-B

Thus, the new temperature on metal node 2 after one time step's worth of
conduction and external heat transfer is:

™1(w,I) = ™M(2,I) + c 6MA2- B

573 Ao ME T e T T TN=THE T T DD T
€24 PEiCFF G PRI SCRFGe FLAME-TTR T Ve inT 2
525 THLOD. 1h=THO D T CefeB O 2N

Metal node 3 is centered at the junction between the heater and the regenerator

manifold. It includes half the heater and half the regenerator manifold.
Pertaining to it are thermal conductance KME(3) already defined and KME(4)
along the regenerator manifold. Thusi

KME(4) = XM * PI * DIRM * ~TRM * NTHM/LRM
The heat capacity of this metal node involves the other half of the heater

metal volume already calculated as X and half of the regenerator manifold
metal volume, Thuss

Y = PI * DIRM * WTRM * NTRM * LRM/2
Thus the nodal heat capacity is
M(3) = (X +Y) * 5.00
In this node the heat gain by conduction from metal node 2 is already cual-

culated as A. The heat gain due to flame heating is already calculated as
C. The heat loss by conduc*im to metal node 4 isi

B = KME(4) * (M(3,1) - ™(4,I)) * DDT
Therefore, by a heat balance

cM(3) * (M1(E,I) - ™M(3,I) =A+C - B

Thus, the new temperature of metal node 3 after one time step's worti of
conduction and external h2at transfer isi
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; A+C -B
™1(3,1) = M(3,I) + STy

TR FzpME 4 4 TM/Z, T9=TMd, T v eiDT

ey TMLOT TheTMAT T e Ga B 0Me T

Metal node 4 1s centered at the hot end of the regenerators attached to each
cylinder. It includes the heads on the regenerators, half the regenerator
manifolds, and one quarter of the regenerator matrix and one quarter of the
regenerator wall. Pertaining to it are thermal conductance KME(4), already

defined,as well as KME(5) between the hot end and the middle of the regener-
ator. Thuss

KME(5) = KM * PI * DR * RWT * NR/(LR/2)
+ KMX * PI4 * DR #* 2 * NR/(LR/2)
The heat capacity of the metal node involves the other half of the regenera-
tor manifold volume already calcuiated as Y. The volume of the regenerator
heads ist

X = Pils * (DR + RWT) ** 2 * TRH * NR

and 4 the metal volume of the regenerator and surrounding cylinder wall.
Thuss

2Z = PI * DR * RWT * LR/4 + PI4 *DR ** 2 * LR/4 * FF
Thus, the nodal heat capacity isi
Q(4) = (Y + X +22) * 5.00

In this node the heat gain by conduction from node 3 is already calculated
as B, The heat loss by conduction to the middle of the regenerator 1isi

A = KME(5) *» (™M(4,1) - ™(5,I) * DDT
There 1s no extz2rnal heat transfer in this node. By heat balance
cM(4) * (M1(4,I) - ™M(4,I) = B - A

Thus, the nevw temperature of metal node 4 after one time step's worth of
conduction ics

™14, T)= M,T) + Grry
:ZE R=bME SH e/ TH A, TH=TM S T aiDT

TMICD T0=TMO. T B=R5 /0M 4

Metal node 5 1s centered at the center of the regenerator and includes the
middle half of the regenerator. Pertalning to it are thermal conductances

KME(5) tetween the hot end and the middle of the regeneraéor and KME(6)
between the middle and the cold end of the regenerator. Since dependeiice of

thermal conductivity on temperature is being igncred, KME(6) = KME(5).
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The heat capacity irvolves hali the metal volume of the regenerator and
suwrounding cylinder wall. Thus, the heat capaclity for thls node iss

M(5) = 2+ 2z ® 5,00

The heat gain from the hot part of the regenerator is already culculated, A.
The heat loss to the cold part of the regenexrator 1isi

B = KME(6) * (TM(5,Y) - ™(6,Y))* DDT
By heat balance
M(5) * (a5, Y) - ™(5,Y)) =A-B

Thus, the new temperature of metal node 5 after one time step's worth of
conduction iss

A -B
™1 (5.Y) = TM(S'Y) * Eﬁrﬁy
540 B=bME £ TS, To=TH R, T el T
S41 424 TMI VS, T9=TM/S, T+ RA=-BICHMr S

The value ™M(6,Y) is always equal to TMI.
4,2.7.10 Index Meta® Temperatures

A% +his puint the new engine metal node temperatures, TM1(X,I) are trans-
ferred to the old metal node temperature ™(X,I) which is displayed. When
the engine rotates, the metal temperatures ™(X,I) will be changed once
again., However, this time new and old metal temperatures will not be needed.

€42 O TNOFOOF THMLOR. T TOOTHMOYL T
a4z 0D 422 V=15

Sd44 0 427 I=1.4

T4 TRk Ta=THMLOE. TN

4 K Jals CONTINNIE

LR S COMT IMLE

4,2.7.11 Average Temperatures

Finally, average metal temperatures between the metal node points must be
calculated. These temperatures alco become the gas node temperatures for
the isothermal section of the englne.

ER T TORVERSNE METS TEMRECESTUSES COR TSATRHESMG  1)oroee
LR 0 =8 T-1 4

EL0 Yl T b =20 B

L | T TS, T = T T ATt T, 0T

e THOT 1T, TS T

Lo T CONT IR

AL | Ceeess ENOLOFE BHENES apr, 4EST © LT Y oy SHIEES 0T St

4,2.8 Engine and Vellcle Control Subprogran (EVSC) Fart 2

Part 2 does one thing. It tests {lag 1IG!. 1f tne engine shc.ld be ntopped,
1t returns to the unified read out (see Sectlon 4.2.4). If it should te
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going, it goes on to the next section. ;

P CONTROL PROGRAM PART 2
¢ TEST FLAG TO DECIDE WHETHER TO GO ON TO NEXT SUBPROGRAM
TF¢131-1)401, 425, 425

nn

o
Ty 1 R

a
=)

4.2.9 Engine Torque and Internal Heat Transfer Subprogram

The engine calculation subprogram calculates the torque generated by the
engine for the conditions of temperatw'e and pressure in each of the four
engine spaces and for the engine speed at the time. In order to speed up
the calculations, the following simplifying assumptions are made:

1. The gas pressure in each engine space is uniform.

2. Internal heat transfer between the gas and the solid is perfect in
the heater manifold, heater tubes, regenerator manifold, regenerator
and cooler.

3. There is no heat transfer between the gas and the solid in the hot
space and in the cold space and in the cold manifold.

4. The regenerator metal temperature is initially assumed to be linear,
but during operation the midpoint metal temperature is adjusted
so that the net heat transfer to the regenerator (metal node 5)
is zero.

5. The metal in both the heater manifold and the regenerator manifold
is assumed to have linear temperature gradients.

The calculations in this subprogram proceed in the following steps. Each
will be explained as needed followed by the applicable program segment.

Step 1 - Calculate New Engine Volumes

The engine volumes for each compartment depends upon the engine angle EARAD.
This angle is determinzd from the last engine position and the angle incre-
ment, DANG, derived from a torque balance and assessment of acceleraticn.
This step gives 21l the varjable volumes for the four working spaces and the
total volumes for each working space. Figure 4.14 shows the spacing between
the cold end of each cylinder and the cold end of each piston for somewhat
more than one cycle. Note that at O degrees, cylinder 1 (X1) has the power
piston at the cold end. Then at 90° engine ang: -, cylinder 4 has minimum
colrl space. At 180° cylinder 3 has mininum cold space. At 2700 cylinder 2
has minimum cold volume.

In the Siemens arrangement which is used in the 4L23 engine as well as all
the United Stirling machines, the hot end of one cylinder is connected to
the cold end of the next through the heater, regenerator and cooler. Figure
L4, 4 and Table 4.3 shows how they are connected.

Daiiele and Lorenzo (4) have indicated that gas can only be added to or
renoved from each working space through a timing slot in the drive rod.
Fcr the purpose of this program it was assumed that these timing slots
would be full open 45° before and 45° after bottom dead center. Thi 's
the reason for the addition, removal schedule giver. in the explanat.

of the engine and vehicle control subprogram.
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Table 4.3

ENGINE SPACE NOMENCLATURE

Working Space Hot Space Cylinder Cold Space Cylinder
Number Number Number
1 1 2
2 2 3
3 3 L
4 4 1

The guantities X1 to X4 zruphed in Figwe 4.14 are calculated frum the for-
mula for a crank operated plston (5) . From these the variable volumes in the
hot space, VHA(X,Y), and in the -old space, VCA(X,Y) are calculated.

CHeesdkENGINE TORDUE AND THNTERNRI HEAT TRANSFES SURER RS

‘NN

5<
SQ. T ETEP 1-—CRLCULATE NFIW ENGINE \OLUM -
TEA 425 NM1=EORTCNR= R RS TNCERPAD S Y+ 4 25— 4005 ERRRL 6
kit LREEORT MR- R e SINYERRANER T2 1 4 2Pl e 0T ERRAn-E 12—
. NT=SORT MR- RS TN ERRADSR T Y 1442 =Rl 4005 EARPADE T < 4F:
SET NA=EORT MR- RT+S TN ERPADHP T2 4420 PCArAS ERRANSF 1700
SEd YHRC2, 1 Y=RACY R - 1 et -
S6S VIR 2. 1 v=ROYH2430 R
SEe - VHRI 2. 20 =R s ¢ POD=ND sy HE
SET VORI 2, 29 =BCYwNT+YC0R
S63 - VHAC 2, T =AY ROI=5T 1 4yHD
Se9- YCREZ. 3Y=ROYSNI+YTDRA
57 VHACZ. 43=ACYHCRC 2=+ W HE
5ol YTATZ. 43=ROY*1+ YDA
572 DO 259 I=1.4
ST YTE2, DY =NTDHVHRC 2, T+ 0RC 2. 1
ST4- 259 CONTINUE

Flnally, in Step 1 the cumulative volumes are calculated from the variable
and fixed volumes. Each cumulative volume 1is calculated from the hot end
of the engine to a particular point in the engine. (See the nomenclature.)
Volumes recorded this way are needed later in the calculation.

S7S.  C CALCULRTE NEW ENGINE SPRCE CUMUMATIME YOLLUMES
STE: pa 982 I=1.4

S77: CYMCL. Ty=wHAZ, 1D

are: CVMC2, TH=CVMYL. T +VHM

b i I CVMCZ, TY=CVYMy 2. TY+VYHD
S8 CVYMo4, TH=C¥MCZ, TY+VEM
581 CVYMS, IY=CWMG. TH+WRs2
S82: CVYMCE, TY=CYMY S, TY+WRD2
583 CVYMCT, IY=CYMIE. I+VCD
584 : CYMee. TH=wTe2, 1Y

585 982 CONTINLE
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Step 2 - Calculate Effect of Control

In this version of the program the control method is by adding or removing
gas. The conirol subprogram computed a new pressure, PX, for a particular
working space, IG3. (See lines 856-879.) Step 2 calculates the effect of
this action on the engine torque and heat transfer.

The first ihing is to calculate Y, the ratio of the volune now occupied by
the gas originally in the working space for which pressure has been adjusted.
This is done assuming the total volume is adiabatic., Next X, the volume of
gas added, is calculated. If X is negative, gas has been removed.

rORTER 2—=CHANGE IM GRS SDULUMES. TEMPERATURES AMD GRS NODE INVENTORIES
r O WOREING SPACE THRT TAM HAVE IT: GRS INWENTORY ADJUSTED €=
SR COWOLUME OF GRS RDOEDC+> OF REMOVEDY - AT CURFENT FRESSURE AND TEMF

ek r FOF THRT WORK ING SFPRCE

i A
o

)

b

-
!

; Y=L INT R Ak
MEVT L IGT L =4

It gas has been added, then the temperature of the added gas is first cal-
culated by assuming that the gas enters at cooling water temperature, TWI,

and original pressure, P1(IG3) and then is compressed adiabatically to pressure
PX. Next mass added, M2, is calculated from the perfect gas law. This pres-
sure change affects all gas node temperatures for the adjusted working space
since in this part of tie calculation no heat transfer is allowed. Finally,
the temperature of the cold space is adjusted because of the gas added.

Saz COOAS THWENTORY CHRNGE

ST IFf 1Rz, 191, 1981

S3g . TEME  0OF /ODED GRS

525 191 YY=THT 4 PEARLCTEED v+ +GH

Rl T MAZZ ROCED

a7 M= Y e

S COMFEL TEMREFATURES DUE T IMYENTORY THRMGE

b ke 18z TT=0RESR LY TG veGA

51 [ 287 E=1. 2

=5hE =37 TEACL. B TGT=TOROL. K. IGE 28

SRz T ORCTUSTMENT OF COLD SPACE TEMF  WITH GRS ROCITION
Az IFC: BT ATGACL. 20 IGEx=CTHACL, & IGE b1, 2, IGZE +YY*M2 0.7
g 1 CRIYLL R TEEYHMEY

After the old pressure '1(IG3) is utilized for everything it needs to be, it
is updated to the new pressure PX.
T MEW FREZZSURE DUE T INYENTORY CHAMGE

FL1GT =P

D W}
DR |

T Ty

Next the cumulative volumes and the gas node inventories fcr the working
space which 1s having its pressure changed (IG3) must be adjusted. The
process 1s different depending on whether gas is added or removed. I{ gas
added (X is greater or equal to zero), the cumulative volune of all the gas
nodes except the last are reduced by the factor Y which in this case is less
than 1. The total volume, CVG(8,IG3) does not change. The gas masses 1 to
7 do not change since all the added gas goes into node 8.
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6@7: C NEW CUM. WOL. AND GAS NODE INYENTORIES DUE TO GRS ADDED OR REMOVED

6083 IF(X)200, 201, 201

609 C GAS ADDED OR NO CHANGE

61Q: 2391 DO 282 K=1,7

€11: 8a2 CYGCK, IG22=CWG K, IG20xY
612 WO, 3, IG2M=WCY, 8, IG2»+M2
512 GOTD 2Az

If gas must be removed, any numver of gas nodes can be removed and the re-
maining nodes can expand to take up the space. In this case Y, the volume
ratio is greater than 1. Each cumulative volume is expanded by this ratio.
However, when the cumulative volume CVG(K,IG3) first becomes greater than

the total volume for that working space, CVM(8,IG3),then the mass of gas in
this node is reduced dependirg upon the volume of this node still in the work-
ing space (lines 620 and 621). The total cumulative volume for that inter-
polated node becomes the total volume (line 625). Flag ZZ is used to make
all subsequent gas nodes to have zero mass (1ine 624) and a cumulative gas
volume equal to the total gas volume.

14 O GAS REMOVELD
S15: 208 2Z=1
e1R DO 2Rd4 K=1.9
a17 CAOVGEE . TG v=0MG0E, TEZE Y
12 IFCCWGESY, IGEH=CWMOS, TEF2Rd, Sad. 26
S13 . 288 IFCZE01AZ, 193, 104
£20 184 Wed b IGEY=R L, b TGOS d CWMOS, TS —CMGIR =1, TIGEY 0
521 : 1 oWGER. IGTY=CWMGOE -1, TGEYD
F22 2Z2=8
GOTO 185

14z WL kL TIET =

125 PR, TR =R, TRT

{5} COMT THLIE

Finally, the new total mass for the working space must be re-added.

e I RPE-ROD MASSES

o e M TS ==

e PO 115 K=l @

TR 5 5 5, R SE g1 DA (T 20 Db RSO 1 o

For the case of gas being added the new value of M(IG3) has been calculated
in line 597.

Step 3 - Voluie Change--No Heat TTransfer

In this method of analysis the process which occurs in the engine simul-
taneously is broken up into equivalent sequential steps. These are:

Step 3 - Volume e_with No Heat Transfer. Find the volumes of the
gases tha%morzgigglly occupied each engine space before the volume

change in Step 1. Find the temperature that each of the original
nodes of gas now has due to an adiabatic expansion or compression.
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Step 4 - Redefine the gas nodes due to gas flow. Find the mass and the
mass average temperature of the gas now occupylng each one of the gas

spaces,

Step 5 - Allov heat transfer tc take place in each ome of the gas
spaces if it is sipposed to., To simplify calculation in this program,
the hot and cold variable volume spaces are assumed to have no heat
transfer and the other spaces are assumed to have perfect heat
transfer. The heat transferred in each node goes to change the
temperature of the mctal nodes or is absorbed by the cooling water.
No gas flow between nodes is allowed during this step so the heat
capacity at constant volume is the proper one to use for the gas.

Step 6 - Due to heat transfer in Step 5 each node will have a different
pressure, Step 6 calculates those pressures.

Step 7 - The ficticlous barriers that have separated the nodes during
Steps 5 and 6 are now removed. All gas nodes in each working space
are allowed to come to a common pressure again. Step 7 calculates
this common pressure.

Step 8 - The process of adiabatic pressure equilibration in Step 7
changes the temperat:ire in each gas node. Step 8 calculates these
final gas temperatures and prepares the calculation to srart through
for another time step.

Now that the overall process has been explained, Step 3 will now be explained
in detail.

The temperature-volume relationship for an adiabatic process is:

In the calculation CVG(8,I) is the original total volume for the Ith work-
ing space and CVM(8,I) is the new total volume as calculated in Step 1,
line 58%. After the new temperatures are calculated (line 639), all the
cumulative gas vol'mes are adjusted proportional to the total gas volume
change (line 642).

FI1 T STER ToMETERMINE FEESIURE. TEMECEATURE AN WOLUME CHRMSES OF 0RT3INAL
= E £ MOLUMES CIE TR TATAL WOLUME CHANGE ASSUMING MO HEST TRAMNSFER
3 OO290 T=1 4
ST4 0 TOTAL YOLIME PRTIN
£oe MM TGOS, TYTYMR, T
STET NFM GRS TEMFERATIIFES
5y DS EEATS RRS TG R
s no A5y =g =
e B L TGACL K, To=TRfe L b TV 4To T
sS4 T CUMULATIVE WOLUMES OF GRS NODES AFTER TOTAL YOLUME CHANGE
.41 PO AET p=q, 2
sS4 AgT CUGAE, T r=ChGEb, T T
R b TONT TNUE
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Step 4 - Computation of Mass Average Temperature and Mass of Gas Now 1n Each
Engine Space Due to Gas Flow

Because of the volume changes and the adiabatic temperature changes like
those shown in Figure 4.14 and because of gas inventcry changes for cortrol,
there 1s mass flow.

It was found by experience that because of gas inflow for control that the
programming must be able to handle mass flow across any number of nodes.
That is, during one time step so much gas can be added to the cold space to
push all the original gas into the hot space.

One of the important features of the program that was used as a model for
thls program was that the temperature was to vary linearly inslde the gas
nodes that were originally in the dead volumes of the engine. This idea was
programmed and debugged dbut 1t was found that after several time steps,
situations would develop which would result in a negative mass being assigned
to a gas node which would result in a negative absolute pressure for that
node, Since flow tnrough several nodes during one time step will create cor-
tain inaccuracies, it was decided to simplify the programming and have all
the gas in each gas node have an average temperature instead of o linear
temperature gradient.

In order to be able to handle mass flow across any number of nodes, it was
necessary tc have a nomenclature where the volumes of the gas spaces are
expressed as cumulative volume from the hot end. For instance, CVM{2,I)

is the cumulative volume frcm the hot end to the interface between the
heater manifold and the heater for the Ith working space. (See Figure /.15.)
The metal node temperatures ™(1,I) to ™(6,1) have already been discucsed.
™(6,1I) is fixed at the cooling water temperature T™I. All the other metal
nodes float in temperature due to heat transfer by conduction and convec-
tion. During Step 4 it is convenient to define an average metal temperature
for each part of the working space that transfers heat. For this purpose
T™A(2,I) to ™MA(7,I) are defined as midway between the metal node temperatures
(see Figure 4.15).

At the start of the time step the gas nodes shown in Figure 4,15 all have

the same volumes as the metal nodes. Up until ncw the mass in all these

as nodes has not changed except addition or removal of gas for control.

See Step 2.) However, because of motlon of the pistons and gas inventory
change, flow hac taken place. During the time step up till now no heat
transfer has taken place between the working gas and the metal so the tempera-
ture of the gas nodes will now be different from the metal nodes. 1In
Figure 4.15 an adiabatic compression is assumed so that the temperature of
all gas nodes is higher. However, the general shape of the temperature dis-
tributlion is retained. For instance, in this particular program, the gas
originally at ™A(2,I) attains the temperature TGA(1,2,I). (See Step 3.)

Now with the cumulative volumes in arrays and the temperatures also in arrays
one can program a general case that will determine the mass of gas in each
engine space after mass flow and the mess average temperature of that gas.

To start out the programming one must start the main do loop for the four
worklng spaces.
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S ©OSTERP 4—-COMPUTATION OF TEMPEFATURE AND MASS NOK IN EACH

L R EMNGTINE SFACE DUE TN GRS FLOW BUT NQO HERT TRANSFEF

4 THIS YERSIOM ALLOMS UNL IMITED MRSS FLOW DURING ONE TIME STEP
s C CALCULATE FOR THE 4 MOREING SPRCES

mds [ 220 T-=1. 4

Next, two flags are initiallzed to 1. The K flag keeps track of the solid
nodes and the L flag, the gas nodes., This arrangement 1s needed so that any
number of gas nodes can be packed into a solid node or a gas node can be
spread out over many solid nodes 1f required.

€42 © LET F=S0LIN INDEM ANDG L=GAS INDEX
£50 =1
£51 L=1

Then the gas inventory array at the end of the time step W(2,X,I) and the
average gas temperature array at the end of the time step are zeroed.

SS2 0 ZEPD NUT MASS AFRAY AFTER MASS FLOM
5T L0 743 11=1.§

54 THACZ 1T, 10=A

s55 744 ez T 7=

In apportioning the masses it was found that the first time through a parti-
cular part of the program was different than the next time. Therefore, a
second time flag was found necessary. This is initialized.

S T SET SECONG TIME FLRAG
57 I1=1

For each working space we start with the first gas node and the first metal
node. We keep adding nodes to the one with the least volume until both gas
and metal have 8 nodes. When this is so, the program for that working space
is complete. The decision point compares the cumulative volume in the gas
for L nodes to the cumulative volume in the engine metal for K nodes. The
cumulative gas volume can be less than exactly equal to or greater than the
cumulative metal volume,

[k

= C PETUPN POINT OF CECISION TREE
€59 742 IFCEVGEL. TH=CHMOK, 130245, 746, 247

Now the three possible cases will be discussed in the order they appear in
the program. We will first discuss the case when the cumulative gas veolume
i1s less than the cumulative metal volume. For instance, take the case where
K=1, L =1and IT = 1, initial case with gas compression.

CVG(L:I.I)
=1

CVM(K=1,1)
-

Wi,
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In this case Y = W(2K,I) = 0. The new average temperature TGA(Z,K,I) is
simply TG?l,L,I). (ibe'L)or gas index is incremented. If L is gréaie; or

equal to 9,the solution 1s completed. If not, the solution returns to the
top of the decision tree (line 659).

fEA:  Cedokek CUM. GRS YOL. LESS THAN CUM. METAL YOLLUME

6€1:. 245 IFCIINES4, 254, 295

e 254 I1I=1

fEZ: We2, k. Iv=PM

FE4 TGRC2, K, I»=TGR<1. L. I

a6ns GOTOZSS

£EE: 295 Y=le2. kL I

Eav WE20 K, TY=WC2 KL Tosed, L. T

FRS TEROZ, K, INV=CTOR2. K. T+ TGROL L Ty+lyL L T W20, T
59 I62 CONTTNLE

ava T INDE: GAS NODE FLAG AND RETLIRM

eET1. L=L+1

G720 T CHECK FOR END QOF MASS FLOMW CALCULATION
AT IFCL GE 20 G0TO 218

ard L FRETLUREM

ETS GNTO T3

If the next time through the cumulative volume of the gas is still less than
the netal space it is filling, in this case the hot space, the calculation
still goes through the same parts of the program.

CVG(L=2,1)

|
|

——

CVM(K=1,I)
i |

) |

i,

Now this time through W(2,K,I) is the mass of gas in the hot space with the

first two gas nodes being considered. TGA(2,K,I) is the average temperature
in the hot space so far.

The other half of the programming given above (lines 659-663) cannot be
entered from the teginnirg of the calculation. During the calcula*‘ton,

addition of a metal node makes the metal node cumulative volume greater than
the gas node cululative volumes.

CVG(L,I)
N---—------ 1
N CVM(K-1,1)  CVM(K,I)
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When this happens, the flag II is sei to zero (see line 723) and the calcula-
tion enters this other part of the program. A new mass W(2,K,I) starts to be
accumulated by the addition frst of residual mass or the gas mass hanging
over when the gas in node K-1 was completely calculated. The average gas
temperature calculation is zlso initiated with the temperature of gas node L.
L is indexed by one and the calculation may come back through again.

If the next gas node still makes CW(K,I) > CVG(L,I) as in the sketch below,
then the calculation goes tack through lires 66(-669 because now II = 1. That
is, it is the second time for the new metal volume node. This programming
adds to the calculation of the mass and the average temperature in a parti-
cular engine volume but never finishes it.

CVM(K-1,T) CVM(lK.I)

_——-—————-.' j

Vi

The cumulative volumes may sometimes be exactly equal during the calculation.
Quite of'ten when both K and L are 8, the cumulative volumes will match
exactly. Generally, this programming is ‘he same as previous programming.
The tirst time flag is set to 1 and both K and L flags are indexed. The
calcewlatiorn is ended if K or L are greater or equal to 9. 1In most cases
both would be 9.

TH Mewse Tom A8 wn) EURCTLY EDURL TR CUM D METAL YOLUME
PTT T THEVE FIEST TIME FLANn

3z i TOLTT o200 20 S50
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The final possibility is that the cumulative gas volume can be greater than
the cumulative metal volume. The way the programming was done there is a
special case when K L = 1 and a general case.

For the special case as shown below, the mass w(2,K,I) 1s a fraction of
W(1,L,I) based upon the volumes. The average gas temperature is transferred
over directly. The residual mass is that hanging over. The second time
flag II is set to zero and K is indexed by one.

B2 Covsn CIM GAS WO GFERTER TH&MN CUM - METSL W IME
<39 747 IECK EN L AND L ED LY GATA TSA

BiElx] GOTA =0

Tl  FIPST NOLFE FOF GRS AND METHL

Tz i B2 b Toesld L L ToeTyMOE TR0 T

7oz THRCE2 V. INM-THAML L T

T4 PM=17 1. L To-lrd . To

TS HOTO 25T

nE T GENEERL CASE
TAT T CHERE FIRST TINF LA

ot S | IFCTTV a7 T4 Tad

ThA TOFIRST TIME FOF NEL GRS NODE

T Ta4 BELCOUMIY TheCR L -t T T OnIL . Tt ot T
T4 FM= ) PRl L L T

g g CERRAOLL L T

e CEIT S-S &

T14 FIS-J0 TR T 17 P M A RS

T1S TEASD K. Tomd THRAT b TR eaTREG L L Taa s i T 1T
TiA BT DST

S1T ¢ HFTEF THE FIRTT TIMF

e 47 FRoi CUMOE L T oty b =L T oo L Tl -1 T
1 a 1D b Th=RMeRE

ToR EM=Fr-L b T

721 THRCTE T TRRCL L T

Tor 0 PESET FIRST FLAG QN GRT WOLUIME SWAET TI0E

g5 TR 170

TT4 COTNDEY SOLID NODE FLAR

s g

=T rOCHENE ENR CEMT NFE RO capL Tl T TaN

P 1€0 RF =0 SOTh TG

Toe ¢ RETURN

hntal= COTN Tl

N CVG(loI)
A 4
§ CWM(1,1) :
% e Res? .3l _—.!
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Now for the rext node K = 2 and L = 1 and II = O,

Cvs(L,1)
i
|

CM(K-1,1)  CVM(K, 1)
u —

M,

Therefore, it would go through lines 717-721. KR 1s the fraction of the
residual volume that is assignable to W(2,K,I1). Therefore, a new residual mass,
RM, 1s calculated for that still hanging over. Gas temperature is trans-
ferred across.

During the cowrse of the calculation, indexing of L leads to the case wherc
CVG(L,K) > CWM(K,I). Thuss

CvG(L-1,I) CVG(L,I)
L -

CVM(K,I)

N

In this case (1ines 709-716) RR is the fraction of W(1,L,I) that it takes
to finish W(<,K,I). The rest is made the residual mass. The final average
gas temperature is calculated for that node using the mass and the average
temperature up to that point and the new mass and average temperature.

With all this complicated progranmming for transferring masses during Step 4,
there were many chances for error. Therefore, an error trapping routine is
introduced at this point which will stop the program and print out some
intermediate results if mass is changed during this step. All the masses are
summed and compared with the previous mass sum., If the total mass l: off by
more than 0.1 gram, then it will write out the flow error and the working
space it has occurred in. Other intermediate values are printed out to show
the operator what the problem is. See the operator manual (Section €) for
additional detalls. This error tracking program was very useful i the de-
bugging of thls program.
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" HEAT FECEIVED BY METAL NOGE S
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Next, it is now assumed that the gas in each space of each compartment except
the gas in the adiabatic spaces attains the average temperature of the metal
in that space.

TET O CHANGE IN AYEFAGE GAS TEMPERATURES CUE T HEAT TRANSFER
TEg B0 263 K=2.7
TER ZET TGACE. L TA=THACK, 10

Finally, the metal aode temperatures are changed due to heat transfer between
the working gas and the metal.

B TOTHAMGE T METAL NODE TEMPERATURES DUE TO HERT TRAMSFER

= Lo TEI K=l

-

- TH L, THaTHMeOk, T e A0 b
P ==k . -'.'“ S F."I.IF
=24 Sy ST OMLIE

Step 6 - N.w Prosares for Each Space Due to Heat Transfer with No Volume
Claangg

The gas temperature cnanges in Step 5 were done with each gas node isolated.
Tnerefore, esach gas node will have a different pressure. 1In Step 6 these
pressures are calculated using the perfect gac law.

TTS ¢ STER S—-NFU FEESSURES FOR CACH SERCT LIE TN HEST TRANSFER WTTH WO

TR L UME CHANGE

e DOOTAN Tt
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—o ETET o T 1T el aTGROT, L T SYHRG S, T
"I T uEaTER MAMTSOLL

T FTOT Taslb I 2T s THRGD. T T WHM

e T UF&TER

B BT Tk D T DT eTRRACT T TUWHD

TIi 0 CEGENERHTOR MANTFEO T

e ETUT sl T g T TR T DL T R

TS RENEMESATOR WnT HALE

riie ETCT Sl DS Tt TR T S T YR
TET T REREMNERATOR COLT MRS

T BTl T S T AT TR T S T MR
=ty i3 R o =

i BTV T e 0T T e e TR T T NI

T = Qi B = =T g
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Step 7 - Adiabatic Pressure Equilibration at Constant Total Velume
Now in Step ? the barriers between the nodes are removed. Assuming adlabatlc

processes, it 1s possible to solve algebraicly for a common pressure for all
the nodes. Start with the adiabatic relationship

k

P, [V
§£=(Vi) , k = CP/CV
1 \'z

Using the nomenclature of the program the gas criginally in the hot space now
has a volume of

V1(I) = VHA(2,K) * (¥3(I,1)/F4(1)) ** KR

The gas originally in the heater manifold now has a1 volume of

L}

v2(I) = VEM * (P3(1,2)/P4(I)) ** KR

The heaters

I!

V3(I) = viD ~ (P3(I,3)/P4(T)) ** KR
The -egenerator manifolds

V4(I) = VRM * (F3(T,4)/P4(I)) ** KR
The hot half of the regenerator:

vs(T) = VRD/z * (P3(I,5),T4(I1)) ** KR

The cold half of the regenerator:

VO(I) = VuD/2 * (P3(1,6)/P4(1)) ** KR
The cooler:

VP(I) = veD * (93(1,7)/P4(1)) ** Kk
The cold spaces

VR(I) = VCA(2,1) * (F3(I,8)/P4(I)) ** ki

Now the tolal volume has not changed. Theretores
VT(2,I) = VI(I) + v2(I) + V3(I) + va(1) + vs(1) + vo(1)
+ V7(1) + vs(I)
The unkncui P4(I) is solved for in the above equations. See the programming

below.
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~a1 © STEP T--AQLJREATIR FRESSURE FALILTEPATTON AT CONSTANT TOTAL WOLUMF
an ¢ FTNAL COMMON PRESSIEE FO8 TNOREMENT

e UEWHRC S, THRTVTL L vk R
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Step 7A - New Temperatures

This pressure equilibration step rescults in different temperatures for each
gas node. Using the adiabatic relationship these temperatures are calculated.

=T b ¢OSTER TR-~ GRZ MNODE TEMPEFRTLIFES RFTER ALIARBRTIC PRESSUFE
S0 " ENUILIBFATION

2 B0 137 k=1, 3

SRS 157 TORC2 P T =TRRY 2 K. I+ PAO T RPTEOT L K e wR

Step 7B - New Volumes

With a new pressure and new temperatures, new gas node volumes and cumulative
volumes are now calculated.

20 rOSTER TR-- CUMULATIVE VWOLUMES OF GRS NODES DUE TO FRESSURE
=18 i FOUILTBRRTTION

241 CVEEL Theale T L T eI TR S L THAPE T
2.2 474 =28
S 174 TG, Tt =1, (Y02, K TV RCHTGARC 2. K. [2./P4r 1)

Finally, since CVG(8,I) by the above series of calculations may have an
accumulated error, the cocrrect value 1s substituted.

=14 COCORFECT SMALL EFEOR TN MWOLLME

a1s TRV, Th=Te 2 I

Step 8 - Initlalize Quantities for Next Increment

Because of the way the calcula'ion was formulated, the temperatures, volumes,
pressures and masses In the four working spaces and in the eight r.odes in
each working space could not be modified as the calculation progressed. A
difference had to be made between the old and new values. In this step these
values are reinitialized. Note that Steps 6, 7 and 8 are in ore do loop
(1ines 777 to 829). Theretore, these steps are done for working space 1,

I -1, and then for working space 2, I = 2, and so on.
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215: C STEP 8-- INITIALIZE QUANTITIES FOR NEXT INCREMENT
217 . TEMPERRTURE

818! DO 204 K=1.92

819 Z=R4 TGACL, K. TH=TGRCZ, K. I
g2 C VOLUMES

821 VT, Ta=YTC2, I
822 VCACL, IX=\CR2, I
e VHARCL, THi=WHROZ, T
e24: C PRESSLIRES

2% PL{IM=P4CI)

Qe € MRSSES

a2v DO ¥5A k=1, 2

g2 7R WCLs B To=Rid20 kL I
322 P40 CONT INLE

Step 9 - Determine Engine Torque at Output Shaft

This step is the culmination of a large amount of calculation. It proceeds
in three stepsi 1) find the forces on the pistons, 2) find the torques and
average pressure, 3) find the shaft torque from the indicated torque based
upon a correlation.

The force on a particular piston is the net of three forces: 1) the pressure
times the area of the hot end of the piston (ACY), 2) the mressure of the
next working space times tho area of the bottom of the piston (BCY) taking

ut for the drive rod, and 3) the pressure drcp across the seal times the
seal area (CCY). In this program the crank care pressure is fixed at 0.1 MPa =
1 atm., Since the pressures are in megapascals, 10 N/mz, and the areus are

in cm<, a factor of 100 is needed to counvert the units. Figure 4.16 shows

that the forces on the pistons are all upward for a positive force.

220 0 STEF 9-~LETERMINE EMGINE TOFOUE AT OUTEUT SHAFT

271 T IMDICATED ENGTME TORMIE. FOPTE MM FISTONS  HEHTONT

a3z FROL =100 ad =P 1 LU AT P 0 BT = B L @ ey
27T FROZV=L10R 40P L LR =10 TR0 Y= B0 o L
274 FEVT =g A0 4 P BB TR ey BT e L e
AT FROG=1A0 # R 1 DB =P 0 e BT = R L T ey

Next, these foices are converted to a torque from ecach crank. The angle con-
vention 1s that used in Figure 4.14. Ncte that since the radiuvs or the crank,
RC, is 1. cuntimeters, divirion bty 100 is needed to obttain the torque in
Newton-meters.

G TOTORNLE TN ERCH CRANE . N-M. TCW TS FOSITIVE
&TT T L R LA 4T T EREET S FR L

=T Tres 2 oesp Mt S THOERREEDEET T FRE T T
=7a TRCT =R CLAN s TINSERARPRNET e FE T

=4 TO R AN S ST ERFSRAE T T AR

Next, the indicated torque is the sum of the four crank torques. The average
pressure is calculated to be used in the shaft torque calculation.
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a1 T TNDICATED TARDLIE FOR ENSTMNE
[282 TOT=TOL 4TI 2NETO T4 TN g
QT FRV=CPLOLWHPAI2W4PLI TN 4PL I3 Y A

In order to avold calculating flow losses all the way along, a correlation was
made feor the 4L23 engine to determine how the power drop due to flow losses
correlates with engine pressure and speed. This correlation was

based upon 16 cases run with the isothermal second-order analysis (6). This
analysis was found to agree with the validated General Motors calculation to
within 10% over the full range of engine operation (6). Appendix B fully
explains this correlation and show that it is nearly exact.

244 ©  SHAFT TOROUE FOR ENGINE
245 SP=NMEG Y2 +FIY o )

845 TOS=TNISME. AR ¢ 92362- OEAALISHIMEGH+Z 401 —NMFGe ANRat s
247 1 PAYA* =1 84177 ) B

845 CaksssEND OF ENGINE TORPLUE AWML INTERNAL H T TUEPPOGERM

4.2.10 Control Program (Part 3)

This very simply asks if time is up. If not, it starts over.

249 T esTONTROL FROGRAM PRRT ©
2=a -  Tan IF TIM-TOTT \4QL, T35, 7as

4.2.11 Final Summary Report

The tinal summary report is now very simple. It simply prints the total fucl
consumed, the total time (given) and the ending vehicle speed. More infor-
mation can be added as the need is felt.

51 Cx+x++4F INAL SUMMARY FPEFNRT

a5z 795 WRITEY T. TRMFLEL. TOTT. SF\1

= 3a e ol FORMATY © FLIEL. TOTT SPY1 . ZF1A °5
|54 SRRA STOR

|55 END
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5.0 LISTING OF PROGRAMS

Three separate computer codes are included in this report. One code, WARM,
was used tc evaluate how best to handle the burner and air preheater. This
code is given in Appendix A along with an explanation of it and the results
found from it.

Listings are given in this section for CNTLA.FOR and CNTLB.FOR. CNTLA con-
tains the nomenclature for both programs. CNTLA.FOR is given on pages 73
to 86, CNTLB.FOR is given on pages 88 +to 1C4%., CNTLB.FOR was given
piecemeal in Section 4 as the equations were explained.
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FORTRAN SOURCE CODE LISTING

OF CNTLA
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FFROGPAM CNTLAR. FOP
MRITTEM BY MAFTINI ENGINEERING UNDER CONTRACT NUMBER
CENZ-2RE FOR NRSA-LEWIS UNDEP THE DOE ADVANCED AUTOMOTIVE
PFOFPULSION PROGRAM. THIS PROGRAM SHOWS NOMENLCATURE FOR
CHTLA AND CNTLB. CNTLA IS FOR CHANGING INPUT PARRAMENTES
FFRQM THE COMSOLE AND IS FOR CREATING A DATA FILE TO BE
FERD BY CNTLE
srhdd NOMENCLATURE  #ookkd
R = TEMFOFARY VARIABLE
ARPH = HEAT TRANSFER ARER OF FULL AIR PREHERTER., S CM
ACE = FROTIAL ENGINE RCCELERRARTION, RADSSEC 42
ACFE = ANGLE INCREMENT CRITERIR. DEGREES
ACRF = ANGLE IMCREMENT CRITERIA. RADIANS
ACY = RCCELERATION OF VEHICLE AT START QF TIME STEP, M/SEC##2
ACY = PI4ADCY 42
AF = RIR FRICTION. NEWTOMS
AFAFH = RIP FLOW APEA FOF RIR FPEHEARTER. S0 CM
AFF = FROMTAL AREA OF VYEHICLE TIMES SHAFE COEFFICIENT. M*#2
AH = HEAT TRANSFER AREA FROM FLAME. FULL ENGINE. SO CM
AMF = GAS HEATER MINIMUM FLOW AREAR. CHM#%2
E - TtHMPORARY YAFIRELE
BCY = PIS4 DY s42=0DF 442"
r = TEMFORAFY “YAFIARBLE
roY - RCY-BCY
CFF = CUFRENT FUEL FLOM. 5%
YFH - FLUEL FLOQK ABOYE MHICH NEK HERT TRRAMSFEFR FACTORS
MUST BE CALCIULATED. G5
FFL - FLUEL FLOW EBELOK MHICH MEW HEAT TRAMSFER FRCTORS
MUY BE CALCULRTED, Q.S
CEY S = METHL NODE HERT CRPACITIES. T-E
fMH — HERT CAPRCITY OF GAS HEATERS FOF ONE CYLINDER. JE
CHMAPH - HERT CAPARCITY OF AFH METHL NOCE. T0F
CMe - HERT CARSTITY OF FESENEFATOF MATFIN. I/F
FFP = HEAT CHRFACITY AT CONSTANT PREZCSUPE. TG ¥
TEFA = HERT CAFRCTITY OF RIP. TG ¥
CFFL = HERT CAFARCITY OF FLLE GRS 1.0 F
FS « COFFFICIENT FOR SHAFE OF YEHICLE
TV s HERT TAFETTTY AT COMSTAMT SOILUME. 1.0 K
Y = 4 SI DT T MARPH
DEND = CHANGE TN FHNGTHE AMNGLE . FHED
(oY = DTAMETER OF CYLTHDER. ©H
noF = DIAMETER OF CRIVE FOC. TM
0T TIME STEFR TH ENGINF CALCULATION T MAPE DAMG BETHEEM
LORND Th DESREET. SEC
LED - EQUIYALENT CIAMMETER YUSED IN AIFP FFEHERTER:. M
0IC = DIAMETER TNSICE GF COOLEFR TUBES. CH
['IH = CIAMETEFR INS10E OF HERTEFR TUBE=. M
(e THM ITNSTI0FE DIRMETER OF TUHEEZ TH HERTEFR MAN . CM
r1FmM INSIOF OTAMETER OF TURES IM FPESEN  MAN M
CIST - GISTANCFE TRAVELED FROM STRFT. M
ToH = OUTSTOE DIRMETER OF HERTEF THEE=S. 7TH
T FIAMETER NF For i FEGENERATOF. M
CIT L LITTANCE TRRWELED RTNG TIME ZTEF. M
ry - TIMFE TTEFR TNTTISL RN TTRNOAED TEF
FROER - ENGTNE RNGLE  DESREES
FEeRr FrUcnING AMGLE o FAROTANS
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571
581
=3- 1
6@:
el
623
e3:
641
6e5s
66
e7:
€83
693
703
713
72:
733
743
75
76:
773
781
793
80:
81:
82:
83:
84:
85:
86:
87:
88:
89:
901
911
923
93:
94
951
961
973
981
993
190:
101:
102:
103:
104
1053
106
10713
1083
109:
110:
111:
1122
113:
11413

ooooooonnoOooonOoooooaonoaoooooonnNoonnoononononOonoooooononOonnonoonon00O00o00on

EIN = ENGINE INERTIR, KG#*Mw#2

ERRFL = ERROR IN FLOW MASS BALANCE. GM

EX(Y) = QIR PREHEATER METAL NODE TEMPS. AT START OF TIME STEP, K

EY(Y) = AIR PREHEARTER METAL NODE TEMPE. AT END OF TIME STEP,» K

FCA = FRACTION OF VCDX THAT IS ADIABATIC

FF = FILLER FRCTOR:, FRACTION OF REGENERATOR VOLUME FILLED
WITH SOLID,» MUST BE ZERO IF IT IS NOT KNOWN

FFF = FULL FUEL FLOW., G/S

FLAME = BURNER FLAME TEMPERATUL.E, K

FP(4) = FORCE ON PISTOUNS(RAWAY FROM CRANKSHAFT IS POSITIVE)

NEWTONS

FUEL = TOTAL FUEL CONSUMED BY ENGINE, G

FWI = FLOW, WATER INLET FOR ENTIRE ENGINE. G/SEC

G = GAP BETWEEN HOT CAP AND CYLINDER WALL. CM

GARA = (KK-1)/KK

GAPH = MASS VELOCITY (USED IN AIR PREHEARTER),» G/S CMw»2

GCT = GERR CHANGE TIME, SEC

GDF = GRAPHIC DISPLAY FLAG, SEC

GDI = GRAPHIC DISPLAY INCREMENT, SEC

GMAX = MAXIMUM MASS VELOCITY IN HEARTER, G/S CM#»2

HRS = HEAT TRANSFER COEFFICIENT: W/K CMw#%2

HCL = HOT CAP |.ENGTH, CM

I = TEMPORARY INTERGER VARIABLE

II = TEMPORARY INTEGER VARIRBLE

IGl = FLAG @=HEAT UP, 1=IDLE, 2=IN GERR

IG2 = FLAG @=INITIAL VALUE, 1=AFTER CALC INITIAL GAS MASSES

IG3 = FLAG SHOWING WORKING SPACE IN WHICH GAS MASS WAS CHANGED

J = PRINTOUT FLAG--5 TO SCREEN, 2 TO PRINTER, INTEGER

I1,12 = GRAPHIC OUTPUT, X VALUES

IPV(2,4) = GRAPHIC OUTPUT ARRAY FOR PV DIAGRAM

J1,J2 = GRAPHIC OUTPUT, Y VALUES

JPV(2,4) = GRAPHIC OUTPUT ARRAY FOR PV DIAGRAM

J7 = DETERMINES INPUT NUMBER SELECTION

K = TEMPORARY INTEGER VARIABLE, SOLID INDEX COUNTER

KAPH = THERMAL COND. FRCTOR IN APH, W/K

KAR = COEFFICIENT OF AIR RESISTANCE

KK = CP/CV

KM = THERMAL CONDUCTIVITY OF STRUCT. MAT., W/CM K

KME(B) = THERMAL CONDUCTIVITY FRCTOR FOR ENGINE METAL NODES W/K

KMX = THERMAL CONDUCTIVITY OF MATRIX MAT., W/CM K

KR = 1 / KK

L = GRS INDEX COUNTER

LAPH = HEAT TRANSFER LENGTH IN AIR PREHEARTER. CM

LC = LENGTH OF COOLER TUBES. CM

LCR = LENGTH OF CONNECTING ROD, CM

LH = LENGTH OF HEATER TUBES, CM

LHH = HERTED LENGTH OF HERTER TUBES. CM

LHM = _LENGTH OF TUBES IN HERTER MANIFOLD. CM

LHV = LOWER HEATING VALUE OF FUEL. KJ/G

LR = LENGTH OF REGENERATOR: CM

LRM = LENGTH OF TUBES IN REGENERATOR MAN..CM

M(4) = INVENTORY OF GRS IN ERCH ENGINE COMPARTMENT. G

M2 = GRS MASS CHANGE. G

ME = ENGINE MECHANICAL EFFICIENCY, PERCENT

MGI = INITIAL GRS INVENTORY, G

MIR = BASIC TIME CONSTANT IN ADDING OR REMOVING GRS

MIR1 = ADJUSTMENT OF MIR TO PREVENT CONTROL OVERSHOOT

MIV = MASS, INERTIR OF VEHICLE. KG
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115 B MML = MRZS OF GRS MAYED ACPOSS NOCE L IM COLD DIRECTION
R r MM TO MMT = SAME FOP NODES 2 TO T

117 r MZH = MESH SIZE. WIPES. 'CH

J L3 "~ M = MOLECULAF WETGHT 0OF LIORETNG GRS, G5 MOLE

114 r MUFG = MAOLECULAP WEIGHT OF FLUE GRS, G.G MOLE

1260 "~ H = HUMEEF OF NODEZ IN RIFP FPREHERTEFR. INTEGER

121 i MAFH = W NF RIP PPEHERTEF FLOL FPRSSAGES TH EACH CIPECTINN
122 i MEF = FLAG TO COLUNT NUMBEFP OF CYCLES BPEFOPE EPASING PY [IAG
122 J§ MGC = GERF CHARNGE FLAG. INTEGEF

124 I~ MO = NUMEBER OF MODES 1IN RIF PREHERTER. PEAL

125 r NNZ2 = NA2

126 r MF = NUMREF OF PEGEMERATORS CYL INDEF

127 f H= = NUMBEF OF SCREENS PEP PEGEMERATOR

122 C MTC = MNUMBER 0OF COOLEF TUBESACYLINLCER

129 o HMTH = NUMEEF 0OF HERTER TUBES PEF CYLINDER

170 (N MTFM = NIMREP OF TIUEES IN PEGENERATOF MANIFOLD

) fer L " ML = DESIFED IDLE SFEED OF ENGINE. F.'S

=2 i NMMEG = ACTUARL EMGIMNE ZPEED. P/S

175 C FRY = RAYEFAGE FFRESSUFE IMN 4 CYLINDEPS. MPA

1”4 C PEIZ = FPOPOPTIONAL EAND. IDLE SPEEL. PRL.SEC

I=5 C FEYS = PPOFOFTIONAL EBAND. “EHICLE SFPEED, M-SEC

12¢ i FOIF = FFPH-FFL

L:v N FI - FT - 7 14153294

122 r P12 P12 = 1 TRTRTIEZLT

174 r FTI-.2 =~ ZeP142

140 r FI14 - FT 4 = TEETIR1ATS

1141 " FiE FRINT OUT FLRS. SEC

147 " FEH - HIGH FRESSUFPE PESERYIIR FRESIZUFE. MPA

147 r PR = LK FRESSURE FESERVYOIR FRESZURPE. MPA

144 " EL AT FRESSHREE OF LNRE TS SPACE HRYING 1T PRES AGT . MPA
IR A \7 Flod o < GRS PRESSHFE AT BEGTHNTING OF TIME =TEF. HMFPA

1AF ¥ | SIS NS FREZSUFRE RFTER YOLILIME CHANGE. MRS

1497 2 Fmodg T o S PRETTURE AFTER TEMEZEATUFE ENUILIEBFATION AT
IR G COMSTENT WL LIME P

(8 = PG o TOMT SRS PRESSHIRFE AT ENMC NIF TIME STEF. MPRA

1R " A} MUATRPUT FLAG. 1 A=0FRAFHTICS NN SCFEEN. FERL

171 r CT L BRINTOUT FILAG S 00 TO SrREEN. D oad TN FRINTEFR

1o r 07 - OUTEUT FLAG. 1 O=FERIALIC PRINTOUT. & 6=NONE

e (i NE - HEATING OF HEATEFR THEE= 0OF OME TYLIMCERP BY BLUPMEF
154 i [iJFTNG A TIME STEF. T

I
155 r PE < HEATING OF WHOFEING GAS TH HEATEP TUBES CURING TIME STEP.J
1% r ORI 4% = CUMULATIVE HEST INPUT FOP CYCLE. T
) I oMo T = HERT PECEIVED BY METAL MODES 1 TO 7 DURING STEP S
155 G o= o8 I14 106G MOL K
193 & FAC = @ A1745T FADIANSTEGREE
12 v FRF = PATIO OF AIF TO FUEL. GG

-1 r FAL = FPRF+1. GG

e C Fo o= PACIVS OF CRANK. CHM
S r PLZ = 24PC

14 C FE = PEYNOLDS NUMBEF

155 FEV = HUMBEF OF ENGINE PEVOLUTIONS SINCE STAPT
1Er ’ FF = POLLING FRICTION. NEWTONS

157 r PGE = WORKING GERFP PATIO. METERS-REY

153 I PGEL1 = FIPST GEARR PATIO. YEHICLE TRAVEL/REV, METERS
ek C PGEZ = SECOND GERRP PATIO. VEHICLE TRAVEL-PEY, METEPRS
1ma € FGEZ = THIRPL: GEAF PATIO. YEWICLE TPAYVEL.'PEY. METEFS

ZS
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171

172
172
174
17%.;
176
177
178
179
160
181
182
182
184
185:
186
187
188.
189
159
191
192
193
194

195

196
197
198
199.
200 :
201
202
203
204
205
206 .
207
208
209 .

210

211

212

213

214
215
216
217
218
219
22¢

221
222
223
224
225

226

CIOMAMOOONNOANOODONDOO0NO0DNO000NO0DO00000N00NO0000ONO000O000O 00000 NTD DD

RM = RESIDUAL MASS IM STEF 4, G

RR = Pi.SIDUAL RATIO IN STEP 4

RT = INTERFACE TEMPERATURE IN STEP 4

RWT = REGENERATOR WALL THICKNESS,CM

RX = CP - CV

SPM = CRUISING SPEED OF VEHICLE, M/S

SPVD = VEHICLE SPEEC DESIRFD BY SCHEDULE, M/S

SPY1 = SPEED OF VEHICLE AT BEGINNING OF TIME STEP. M/SEC
SS = CHECK TO ALLOW USER CHANCE TO STOP

STN = STANTON NUMBER TIMES PRANDL NUMBER TO TWO THIRDS POKWER

T1 = AMBIENT AIR TEMPERATURE, K

TA = AVERAGE OF HEATER METAL TEMPERATURES, K

TAC = VEHICLE ACCELCRATION TIME, SEC

TAPH = THICKNESS OF PREHEATER PASSAGE, CM

TC = GRS TEMPERATURE AT REGENERATOR-COOLER BOUNDARY, K

TCR = DURATION OF STARTING MOTOR TORQUE, SEC

TCY = THICKNESS OF CYLINDER WALL, CM

TD = THMG-TUWI

TE = ERROR IN CONTROLLED TEMP. OF HOT METAL, K

TG(X, ¥, 2> = MATRIX OF GAS TEMPERATURES AT NODE BOUNDARIES
¥=1 BEFORE MASS FLOW =2 AFTER
¥=1 MIXED TEMP OF ADIABATIC HOT SPACES
¥=2 AT HOT END OF HEATER MANIFOLD
¥=2 AT INTERFACE BETWEEN HERTER MANIFOLD AND HERTER
¥Y=4 AT INTERFACE BETWEEN HEATER AND REGENERATOR MANIFOLD
¥Y=5 AT INTERFACE BETWEEN REGEN. MAN. AND REGENERATOR

vY=6 AT MIDPOINT IN REGENERATOR
v=7 IN COOLER

¥Y=8 IN ADIABATIC COLD SPRCE
Z=1 TO 4 FOR 4 WORKING SPARCES
TGACX, ¥. 2> = MATRIX OF AVERAGE GRS TEMPERATURES
X=1 BEFORE MRSS FLOW =2 RFTER
¥Y=1 FOR HOT SPACES
Y=2 FOR HEATER MANIFOLDS
¥Y=3 FOR HERTERS
¥=4 FOR REGENERATOR MANIFOLDS
¥=5 FOR HO1 HALF OF REGENERATOR
¥Y=6€ FOR COLD HALF OF REGENERRTOR
¥=? FOR COOLER
Y=8 FOR COLD SPRCES
Z=1,4 FOR 4 WORKING SFACES
TH = GRS TEMP AT PEGEN. MANIFOLD-REGENERATOR BOUNDARY. K
THC = THICKNESS OF HOT CAP CYLINDER. CM
THCH = THICKNESS OF HOT CRP HERD, CM
THH = THICKNESS OF HOT CYLINDER WALL HERD. CM
THW = THICKNESS 0OF WIPE IN SCREENS OF REGENERATOR. CM
THMG = TEMPERATURE, HOT METAL GOARL. ¥

THU = ENGINE WAPM-UP TiME. SEC

TID = IDLE TIME AFTER CRANKING. SEC
TI1 = THUTCR

TI2 = TIL+TID

TIS = Ti2+TAC

TIM = CUMULRTIVE TIME. SEC

TIMZ = SPECIFIC CUMULATIVE TIME FLAG. SEC
TIN“ZAY = INLET ARIR PREHERTER AIR NODE TEMP . ¥
™MLYy = METAL TEMP. AROUND HOT SPACE, ¥
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THM2, Y

n

METAL TEMP BETWEEN HEATER MAN. AND HERATER. ¥

TMYZ. ¥y = METAL TEMP BETWEEN HERTER AND REGEN MAN . ¥
TMS4. %Y = METHL TEMP  BETHEEN FREGEN MAN. AND PEGEN . ¢
TM/S. ¥y = METAL TEMP MIDPNINT OF REGENERATOP. K
TMYs. ¥y = METAL TEMP BETWEEN FEGEN. AND COOLER, ¥

THYT %Yy = METAL TEMP BETHWEEN COOLER AND COLD SPACE. ¥

THMAFH = THICKNESS OF METAL SEPARATING ERCH FLOW PRSSAGE. CM
TNET = NET ENGINE TORPQUE, N-M

TOTT = TOTAL SIMULATION TIME. SEC

TOUC20> = RIP PREHEATER FLUE GRS NODE TEMP , ¥

TPE = TEMPERATURE, PROPORTIONAL BAND IN HOT METAL. K

TQ(4» = TOPOUE FROM EACH PISTON. CCW IS POSITIVE, N-M

TRT = TOTAL INDICATED TOROQUE, N-M
TRS = TOTAL SHAFT TORAUE. N-M
TOV = TOROUE VEHICLE PUTS ON ENGINE. N-M

TRAY = AVERAGE REG. METAL TEMP, K

TREP - TIME INTERVAL FOR REPORT PRINTOUT, SEC

TPH = THICKNESS OF REGENERATOR HERD. CM

TST = STARTING MOTOR TORQUE, N--M

TT = CHECK TO DETERMINE WHEN POINTS SHOULD BE PLOTTED
TWI = TEMPERATURE, WATER INLET. K

TWO = TEMPERATURE OF COOLING WATER, K

TXML = TEMP-MRSS PRODUCT FOR GAS MOVING PAST NODE 1
TKM2 TOQ TXME = SAME IR NODES 2 1:' 6

URPH = HEAT TRPANSFER COEFF. RIR TO METAL IN RIRP PREHEATER, W/CM:: K

UH = HERT TRANSFERP COEFF. FLUE GRS TO GRS HEATER METAL. W/CM2 K
UXX = LAPH*WAPH*2. *NAPH/ (4 *RAF+TPRY
UXY = LAPH*WAPH*2 #*NAPH/(4 *(C2°
Vi = VOLIIMF NF GAS mouenh ToArD COLLD END AT NODE 1. CM2
v2 TO V7 = SAME FOR NODES 2 TO 7
YAB = VOLUME OF AIR IN BURNER, CU CM
VCA(2,4) = VOLUME. COLD. ADIABATIC. START AND END OF TIME STEP
VCA1¢4" = VOLUMES OF GRS ORIGINALLY IN RADIABARTIC COLD SPACE
AFTERP VOLUME CHANGE, CU CM
VCDA = VOLUME. ADIABATIC COLD DERD, CU CM
VCD = VOLUME, ISOTHERMAL COLD DERD. CU CM
VCO<4> = YOLUMES OF GAS ORIGINALLY IN GRS COOLER RAND
ISOTHERMAL PART OF COLD DUCT AFTER VOLUME CHRNGE
VCDX = VOLUME, COLD CERD NOT IN GRS COOLER, CU CM
VHRC(2. 4> = VOLIIME, HOT. ADIABRTIC, START AND END OF TIME STEP
VHRL1/4> = VOLUMES NOF GRS ORIGINALLY IN HOT ADIABATIT SPACE
AFTER VYOLUME CHANGE, CU CM
VHD = HEARTER DEAD VOLUME. <¢ASSUMED ISOTHERMAL> CU CM
YHD1¢4> = VOLUMES OF GRS ORIGINALLY IN HOT DERD SPRCE R“TER
YOLUME CHANGE. CU CM
YHO'X = EXTRA HOT VOLUME BESIDES THAT IN THE GRS HERTEP.
Cll CM, INCLUDES END CLERRANCE, GAP AROUND HOT CAP
AND MANIFOLD ASSUMED ADIABATIC
VHM = HEARTER MANIFOLD DERCD VOLUME. CU CM
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276

277

278
279.
280
281 -
282
283
284
285
286 :
287
288 .
289:
290 .
291 .
292 .

292
294

295

9%
297
298
299
-0

391
0z

ter
R4
-5
sl
oar
Teg
Ia9
10
211
212
213
214
215
1€
=17
1e
=19
520

s leEXalsEukelis e En e e e Rl e e Re e N N ke o N Ee s Ne ke i v e Rv Rvieis e lin ke il e kn i R i n i e )

VIN = VEHICLE INERTIA RS SEEN AT CRANK SHAFT, KGeMa#2
VRD = VOLUME. REGENERATOR DERD. PER CYLINDER. CU CM

VRD1¢4)> = VOLUMES OF GRS ORIGINALLY IN REGEMERATOR AFTER VOLUME

CHANGE, CU CM

VRM = REGENERATOR MANIFOLD DERDC VOLUME, CU CM
VSP2 = VEHICLE SPEED TO CHANGE TO SECOND GERR, M/SEC
VSPY = VEHICLE SPEED TO CHANGE TO THIRD GERR. M/3EC
VT(2. 4> = TOTAL GAS VOLUMES AT START AND END OF TIME STEP,
VTDh = TOTAL DERD VOLUME, CU CM
WX, ¥, 2> = ARRAY OF NODAL GRS MASSES

X=1 BEFORE MRSS FLOW =2 AFTER

¥Y=1 ADIARBATIC HOT SPACES

Y=2 HEATER MANIFOLDS

Y=3 HERTERS

Y=4 PEGENEPATOR MANIFOLDS

¥=5 HOT HALF OF REGENERATORS

¥=6 COLD HALF OF REGENERATORS

y=7 COOLERS

¥=2 ADPIARATIC COLD SPARCES

Z=1,4 FOR 4 WORKING SPACES
WAPH = WIDTH OF ERCH RIR PREHEATER PASSAGE. CM
WRC = MASS OF PEGENERATOR GAS MOVING INTQ COOLER. G
WRH = MASS OF REGENERRTOR GRS MOVING INTO HERTER., G
WTHM = WPLL THICKNESS OF TUBES IN HERTER MAN. . CM
WTPM = WALL THICKNESS OF TUBES IN PEGEN. MAN. .CM
= TEMFORRRY VARPIABLE

X1 = ENGINE SPACINGS IN 4 CYLIHDER MACHINE

wt = " “

A2 = ERAPCUKRNACYYY. ZERD FORP SLOW AIP FLOW THROLIGH PPEHERTEFR
SR = LCP#A2

“g = LCR ~- RC

A o= B S MW

DV = HORIZONTAL SCALE FACTOR FOR PY PLOT. CMeel
XH = HEART TPANSFER FRACTNP FOP GAS HERTEPS

$LOW = HORIZ ZEPQ SURPRESSOR FOR PY PLOT. CMewaZ
¥X<¢4y = OLD, NEW VOLUME RATIOQ

“Tr4y = OLD. NEW TEMPERARTURE RATIO

~Y = HERAT TPANSFER FACTOR: FOR RIR SIDE OF APH

X2 = MERT TRANSFER FHCTOUR FOR FLLUE GRS SIDE OF APH
Y = TCMPORARY VARIABLE

Yy = TEMPOPARY YARIABLE

Z = FLAG FOP WORKING FLUID. 1 FOF H2, 2 FOR HE. I FOR RIR
ZZ2 = TEMPORARY VARIABLE
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321:
322
323
224
325
225
327:
328:
229
220:
221
322:

332

X34
235:
336:
337:
338:
239;
340
241 .
342
343
244
245
246
247
248
349
350:
351
352
353
354
285:
256
35'0" .
=58:
359
360
361
82

—

Ay = P

264
2€6S.
266
67
268

-

289

-
-
-
-

b o L 8

f

———-

S5

-
=y

=75
-

226

<,
-t

- —

200

o=

-——

C BASE

SWNFE-

skikok START OF PROGRAM koo

DIMENSION THM{43, TCM(4), TGHS(2, 4>, TGHC(2, 4>, TGC{ 2, 4), TGCS(2, 4).
P2¢4)>, P24, 5>, P4(4), M(4), FPC(4), TQ(4), VHAC2, 4>, YCAR(2, 4>,
VCAL1<{4)>, VCD1<{4), VHR1(4), VHD1 (4D, YRD1(4), ¥YT(2, 4), KX(4),
WHAC2, 4>, WHD(2, 4>, WRDC2, 4), WCDC(2, 42, WCAL2, 4>, TGRL2, 42, P1{4),
TMRC 4, GHIC(4), T3A(4), CM{E), KME(E>

INTEGER 2

REAL LCR. LH.LR. MSH, MW, KK.: KR, LC. M, ME, KRR, KAR, MGI

REAL LHH., LHY, MWFG: LAPH: MIR, MIR4, LHM. MIV, LRM. KM, KMX
REAL NTRM, NTC. NS, NR. NTH, NTHM, I1G1, NO, NAPH, KAPH, KME

CASE INPUT IN ORDER OF CHANGE TABLE

DATA THMG, TPB, THWI. FWI. OM1/922. 2, 50. , 308. , 1S575. , 40. /
DATA T1.DT.ME. Z, RGE1/200. .. 5.90.,1,0. 54/

DATA NTHM. D!HN.FFF,THU,LHM/EG 0. 472, 4. 85, 20. , 7. 95/
DATA TCR. TID, TRC. TOTT. SPM/1. 8, 1. @, 20. ,90. , 22 4/

DATA RC. LCR, DCY. DDR. DIH/2. 325, 12. 65, 10. 16, 4. 06, 0. 472/
DATA WTHM. NTH, YHDX. NR. DR/0. 884, 35. , 11. 59.6. . 2. 5/

DATA LR.FF.NS, MSH, THW-2 S.0. 2,9.,0. 2,0, 8/

DATA VYCDX, FCA. DIC, LC, NTCA196. 82, 8. 95, 2. 115, 12. 9, 212. /
DATA MIY. NTRM, DIRM, AFR. LRM/1100. , 36. ,. 472, 1. 12, 7. 95/
CATA DOH, LHH. TMAPH. LAPH, WAPH/0. 640, 25. 58.0H. 91.,16. ,5. /
DATA TAPH, NAPH. PRL. PRH. NTRM-A. 2, 50. ,. 5, 10. . 8. 084/

DATA TST. MIR. RAF. NO, LHY/1006. . 15@. , 16. 55, 8. , 456. 432/
DATA GCT. RGE2, RGEZ, VSP2, VSP3-1.9,1.0.2. 8. 4. 47,13, 42/
DATA THH. TRH. RWT. TCY. THC~1. 5. 9. 5.@. 41,1, 27.0. =81/

DATA G, HCL, KM, KM¥, THCH/8. 840¢, 18. 62. 8. 2, 0. 817, A 381/
DATA @1, 02, 0Z. EIN. PBISA1. . 2. .1 .56 0,5 8/

CATA PBYS., TREPA1. B.5. &/

C DATA CONSTANTES

8006
¢

€019

011

1

DATA PI4, PI,PI2. R
DATA 1. CPA. CPFG/S.
WRITE.J. 8805

FORMAT* DATA RERD IN“2

5S4, = 14159, 1. 57886, @ 917453, 8. 314/

HD. RAA. 7854
1.4 .28/

=1

I 0

INSTHLL BASE CRASE DATA OF DATA FRCHM FORTLO. CAT

WRITECS, 8918>

FORMAT<” TYPE 1 LERAYE IN BRASE CRSE DATR"/

TYPE 2 TO BRING IN STORED [ATR FROM LAST CASE. 73
PERD S, @111

FORMATCIZ2

IFCI-2¥950, 268, 95

C RERD IN DATA FROM LAST CASE

ALL

READ{ 10, 3004 »THMG. TPB. THI, FWI, OM1
RERAD 16, 2300471, DT, ME. RGEL. KAPH
RERD 19, 8AA4 NTHM. DIHM, FFF. THU, LHM
RERD<18, 2204 >TCR, TID. TAC, TOTT. SPM
READ 19, 8204 1kC, LCR. DCY. DDR, D' IH
RESLC10. 2864 WMTHM. NTH: YHEX. NR. DR
REAL:{10. 204 LR, FF. NS, MSH. THW
REAMC1@. 2884 3YC0X. FCR. DIC, LC. NTC
FERL 10, 38604 *MIV. NTRM. DIRM, AFR. LRM
RERD 1A, 88924 )[0H. LHH. TMAFH. LAFH. WAPH
RERAD<10. 8004 »TAPH. NAPH, PRL. PPH. WTRM
RERD< 19, 38@4TST. MIR. RAF. NO. LHY
READ 18, 2004 :CMAFH. AFAPH. RR1. CZ, DER
FERC " 18, 2804 UKXY, DT2, CY. LK, CYY
PERDY 18, 36084 FUEL . AMF, AH. CiMH. DE:
RERDC 18, 2004 KRR, TIM. YHD. YR, CM:
rEALC16, 8954 VC0, YCDA. VYT, ©A. ¥B
FEAD:C 18, S04 R/CY. BCY, PIZ2, PC2. CCY

/9



£l Dy

-

Do N

!

READ L0, 2204 ERFPARD. ERDEG. DIST. UMES. BCT

FEAC LR, 20 0 WHAC L, 150 WHRC L 20 WHACL, T YHAC L 4G WERC L L
FEADY 1A, SRR ONMTRCL, 20 VAT L 200 WORSL 4l VT 10, VT 20
FERD 1R, 288G VT L, T NMTEL G0 TR T MM

FERDC 1A, SEnd “FiL EK, GR.FR. ST

FRERL LA, Uﬁﬂ4“TﬁV IGL WHM. YRR PGER

RERAC 18, S604RGET. V'SP WSR2, THH. TRH

RERD 18, ! 9@4<RNT.TEY.THL,F.HLL

RERC 1A, 2024 3kM. KM, THIH, 21, 02

PERD (16, 2064 0%, EIN, KMEC L FMEC2N, KMEC )

PERAD 1A, 2084 KMECS KMECS ), EMECS Y, CHOLY. CHO2

PERC« 18, SAA4HCMCZY, CHMUgh, CMISH, PBIS. PBVS
PFALY 1A, 2084 >TREP

EMDFILE 18

WRITE S, 808501

2825 FORMAT S OLD DATA PERL: IM'  21=", F3 2h
250 WPITEC S, 5%
2 FORMAT S CNTLR INPUT ACTUSTHMENT FPROGRAN TD CHRNGE

1° TYPE 2 DIGIT INPUT NUMBER A SPACE. AND THE NEW INFUT “ALIE ‘.
27 WITH A DECIMAL POINT T CONTINUE HIT RETURN .
RERLS, 771
7 FORMAT ¢ 11>
3 WRITE( T, 187
10 FOPMHTffffffﬁ"B’,Tli"*’)ﬁ‘ ¥ OPERATING CONDITIONS EY NUMEER®
1,400 “4°L 13, 7, 13 T*7D
MRITEC T, 122THIS. TRE, THT. FUL, DL, TL. OT. ME. 2. FGEL

1z FORMATC~ & 17, F3 2, % B27.F3 2. # G27.F3. 1.’ + @4°,F23 I,
17 #@5.F2 2.7 %70 # B8, F3 3.7 & @7 LF9 I, 4 03°.F3 .+ @3
2 s - # 187, F9. 2, 7 473
WPTTEY T, 14 5NTHH. CIHM. FFF. THLL LHM, TCR. TTIC. TRC, TOTT. SPH
e e e e e e b
14 FORMATY * ¢ 11°.F2 I. - & 12 . F3 2.7 & 13°,F3 . » 147, F2 I
$LTFF T 4T 4 1S FS D0 4 IFLFR T 4+ 18°.F3 T, 0 4 (a”

[y -

SFR T 4 ZRTUF 20T )
WFTITECT, 2@ R0 LOR DOY. DDREL DTH, WTHM. NTH. WHEDS MR DF
s FOFMAT

17 % 217, F9 2.7 % 22°,F9 2.7 % 23°,F9 T, © % 24°.F8. 3. + I5,F9 3,
TeST x DECLFS I, e ITOF9 D00 4 287,F9 I 4 29°.F9 3.0 & 3w
SOFQ T T 40D
WRITEY I. 22LF. FF. NS, MSH. THI. YOI, FOA. DIC. L. NTE
a2 FORMATY ~ & T1°.F3 T.° % 72°.F3 2, & 33°,F9 I, " + T4 Fa =
17 & ISLFQ T.C 407 K DECFA 20 v 377 F9 3.0« I8.FA T c 4 19
2OFS T b 4RCFR T a0
WPTTEY T. 25 M1 NTRH. DIPH. AFF. LEM. DOH. LHH. THAPH, LAFH. HFFH
25 FORMHTS* + 41°.F3 2.7 # 427 FR 2, 7 % 47 .F0 1,7 ¢ 447 F3 7
L7+ 457 F3 T.0 40 w4 FS T+ 4T FE T e 4| L FR T
= 4 4a° Fa - PO 1 R~ M
WETTE T, 26" TREH. NAFH. PRL, PPH. UTFM, TST HIF. FAF NO. |HY
26 FOPMATY * % S4°.F3 2, * % S2°,F3 2. " % SI7.F3 I.° + %4’ Fa 7.
I SR - T »SELFS I, & GTRFR T, 4 SAC,Fa v oo
TFR T4 SRR T et
WRTTES T Z7930T BGED FGET. WIRZ. WIFI. THH, TRH, FIUT. T, THN
oy FOPMAT? " & E1°.F3 2,7 + 62°.F3 2.7 . A7 F9 7.7 # 84" F3 I
PESFE T e @R R I R AT LFS T 4 8T FR T kS
ZFA I e TOTFR T e

WPITES T 23055, HOL. KM FMEL THOW 01, 02, 07 EIN. FETS

80
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6 29 FORMAT “ #
v * 757, F9
£ 2 ~ ¥ F3.F3
429 WRITE?J. 2@
440 T FORMATE © +
441 1+ B5.FS
2 2 4 239°,F9
47 WREITE:J. 281
444 W FORMAT: © 7 T #7050 TT NKKHKKKENK 7 28, “TYPE 99 TO CALCULRATE-
445 1 AND FILE INTERMECGIATE YALUES

$4 PERDCS. 263 J7, OO

447 I FORMATS T2, 4K, F1a 20

442 IFCYS EQ 99 GO TO 140

42 TECI7-2045, 45, 22

R ST LF< 37198, 47 55

451 59 TF: TT-23043, 493, 45
457 40 Yeo Ty =TS 50 4t
% b 11 1F: -
1o 4 TE

'

()

1= e TFv

A5 17 185

LG ;i § IF T

S SIS SC R U RR AR

ety s T TR S5T. 5. 85,58 ST 5L, a0 chy 10 17
oty = T T

A GO T SED ST R S5 88 ST 3. 82,70, T, TT
Bl a5 IT.77-149

47 SNTa ST T . TH. TR TR T TR T 2. 21 - T
EEE | Y el PG

LET [T R D= =X W= LT = == 1= T~ T~ § [T e
4TS =t IT.17-"4a

R T an 9T g, 2% as AT, % 29, 180, 191 TIT
s ac o= 1749

453 aROT0 LR IRTL 1Y 105, 1os. 1A 1A 19%. 1ia. 1110, I7
470 1210 Y= la=5ty

471 o Ty (12321230124 1235, 126, 127, 128,129 177, 1210, 37
4T0 158 IT=T7=59

S G0T0 CIS20 197 194 15951540 157, 152, 159, 150, 1510, I7
130 IV 1T -7
} G0TO SR 1970 1534, 199, L3, 137, 132, 199, 208, 281, IT
} D THMG =00

4 GOTa

4 =4 TFRE=M"

| ST A

4 Thiy =

| ROTO=

4 O FLIT =10

3 FIRRRNE
3

}

5t

3

)

}

4

4

BRI R TR
I R BT
)
]

17 —

o

o M1 =00
ROTIE
T T1=0m0
OOToR
53 DT =0
GOTOA
0 mh ME =177
1 ST

3R IS SR I 5%

DOUN

81



492:
4931
494
4931
4961
4971
4983
499:
S500:
o501:
5023
S503:
5043
505:
3063
507:
S508:
o09:
S10:
Sit:
S512:
S513:
S514:
515:
S16:
S17:
518
S519:
520:
5211
5223
5233
524
525:
526:
527:
528:
529:
530:
S531:
5321
5333
534:
5353
536
5373
53813
35393
354013
S41:

&1
62
63

63
€6
67
68
&9
70
71
72
73
74
73
76
77
78

79

81
82
83
84
83

I=QQ
GOTOS
RGE1=0Q
GOTO9
NTHM=QQ
GOTOS
DIHM=QQ
GOTO9
FFF=QQ
GOTOS
THU=QQ
GOTOS
LHM=0Q
GOTO9
TCR=QQ
GOTOS
TID=QQ
GOTOS
TRC=QQ
GOTOS
TOTT=QRQ
GGTOS
SPM=0RQ
GOTOS
RC=QRQ
GOTOS
LCR=QQ
GOTOS
DCY=QQ
GOTO9
DDR=QQ
GOTOS
DIH=QQ
GOTOS
WTHM=RQ
GOTOS
NTH=QQ
GOTOS
VHDX=2Q
GOTO9
NR=QQ
GOTOS
DR=QQ
GOTOS
LR=QQ
GOTOS
FF=QQ
GoTo9
NE=QQ
GOTOS

82

5423
54313
S441
54351
5461
S47:3
5481
549:
530:
59113
59521
59532
95413
555:
9561
59572
5581
559:
560:
56113
5621
5633
S564:
56353
3661
S567:
S5E8:
5691
5703
571:
572:
S573:
S74:
575
576:
577:
578:
579:
560:
581:
582:
583:
5841
585:
5863
587:
5883
5891
390:

86
87

g9
90
91
92
93
94
93

97

98

99

100
101
102
183
104
1085
106
107
108
109
110

MSH=QQ
GOTOS
THW=0Q
GOTO9
VCDX=0Q
GOTOS
FCR=QQ
GOTOS
DIC=QQ
GOTO9
LC=RQ
GOTO9
NTC=QQ
GOTOS
MIV=0Q
GOTO9S
NTRM=QQ
GOTOS
DIRM=0QQ
GOTOS
AFR=QQ
GOTOS
LRM=0(Q
GOTOS
DOH=QRQ
GOTOS
LHH=QQ
GGTOS
TMRPH=QQ
GOTO9
LAPH=QQ
GOTO9
WAPH=QQ
GOTOS
TAPH=QQ
GOTOS
NAPH=QQ
GOTOS
PRL=QQ
GOTOS
PRH=QQ
GOTO9
WTRM=GQ
GOTO9
TST=RQ
GoTOS
MIR=QQ
GOTO9
RAF=QQ



Te T Ny Ty Yy
. . bes
M B T, IFSURTI [ g e

o

I el e S
o

L

MBI O]

Ya 3
Lray=

T T Ty
X Ty [0 50
-

|

T T Iy

S I I I %

-
=

T T T J T Ty T
L R S I T O}

oD 00 Ty N e i)

F O N Y]

D U ST S0 S (Y PR PR oY

D IR A IR NN
i B OIS, B SRR I (6]

T Ty TN

T HUMEER OF MADES TN AFH FTUED BECALSE NF FROGFAM SITE
TN
1i1 M ==
SOTNG
P& LHY=nn
ST
§ Se nET 00
AT
1549 FRED AN
ST
1 5 FRE D0
SOToS
1" VTR LT
LT
s TRSET 0T
B ViT
e THU-
ST

[ TRH-=I

TS
[ = P S T

SNTOA

| [5m4) | TN =N

ST
1 < ' THI' =
SNTrA
175 [ (|
GOTNS

154 HCL =00
nNTNAG
b et F M=
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C HEART CAPACITY OF AIR PREHEATER METAL ASSUMING STEEL WITH

C 5. 00 I/CU CM K HERT CAPACITY

148 CMAPH=LAPH+MAFH*2. +NAPH+«TMAPH*S 0&,/NQ

C HEAT CAPACITY OF ENGINE METRL NQDES
=P I44DCY 442 #{ THH+THCHY
Y=P I4DCY+ TOY+THC 3 4HCL A2
=PI 4D THMAWTHMENTHM4LHM, 2
CM{Ly=0x+Y+ 20045 0
R=P I DOH*2, =DIH#+2 2 4NTH&LHH. 2.
CME2y=023+%045 0@
Y=PT4DIFPM+LUTRMANTRM+LRM 2
CHOZh=0A+Y 45 aa
=P I3+ DR+RUT » 442 ATRH*NF
Z2=PI4DP+RUT+LF "4 +PIAKkDF++2 P 34FF
CME G r=0Y+X+22 05 A9
CMOSH=2 %Z2+5 90

& FLOW ARER IN FREHEATEFR
AFAPH=WAPH+TRFH+NAFH

E HEAT TRAMNZFER CONSTANTZ
RA1=FAF+1
CZ=CPFG*RAL
DEQ=2. +WAPH*TAPH * WAPH+TAFH"
Y=L APH«WAPH+2. #NAPH. CND+CZ
OT2=LHY+18B80 (2
CY="FA+PAF+4 CMAFH
=L RAPHANRAFH+2. ¢NAFH. NO+RRF +CFRY
CYY=CT+d STMAFPH
FUEL=R

(N MINIMUM FLOW AFEA FOF FLUE GRS THROLIGH GAS HEARTEF
AMF =LOHsLHH+NTH 2

T  HEAT TRANSFER HAFEA GAS HERTEF FOR DHE CYLINCER
RH=FT «[0OH+LHH+NTH

T HEAT CTRFACITY 0OF SRS HERTER FNR NNE CYL IMOEFR
CHMH=3 T1+P T34 DOH&4 2D TH+ 20 ¢l HH4MNTH

C THIALIZATINNS
NE f;.j =0
TH=1
TIM=-8

T HESTER MAMIFOLD CERD WSOLIME. WHM
VHM=F T3¢0 THM ¢ 2 +LHM + HTHM

T HAT DEARD YNLUME FER CYLINDER. WHG

N YHO=FTS4DTHL : 2ol HH&NTH

T FEGEMNERATOR MANIFOLD TEARD WILUME.  WEM
VEM=FTS+DTRM e+ 7 LFM+NTRM

T FENLENERATNAR CEAD WILUME AND HERT CHREACITY FPEFR CYLIHDFR. VRO
IFYFFE 1= 17 AT

[y

1K8 MFITE S, 1230
123 FORPMAT: © THFPUT OCRATH EFFOF. PRESS ENTER TN FPETURM T MENL
FEAMS. 17000
 GnLy FrOPMAT I
DOTS
171 WRDENF AR TA4TE 4 70 LRF=T R TG M MTHATHL 4 7
Cii=d TTAMNERRTAINR s 4 76l T aMTHIE T 4o THS
R (= LR o =
FE- v =WRLe
QOTOLTT
S VRDEHF AP TSN s e 4L R e | -FF
CH -4 TisNEAaRT Je0R 4+ 74| B4FF
17 CONTTNLIE

84
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Tav © CONLER DERCD WOLUME FPEF CYLINDER

TAR T ISOTHERMAL

TR VED=NOD0ser L —FOAVHR TAeD T 44 2L C¥NTC
T ~  HOIRBATIC

1l WEDA=VTDEAFCR

o U, T TATAL DERD WOLUME

=il I WO =NHM+ Y HD YR MR

T4 T INTEFMEDIATE YALLUES T MAKE ENGINE YWOLUMES CALCULRTE FRSTER
G CHELIRP A2

e CELCR-FC

i ACY=F T30 Y40

5 e FrvaPTas Tl 4 4 2=DDF 6420

TS =) s 1 =

) =< Y =~

g R - U Y 2

T COSET OIMTTIAL ZPEETD. AMGLE. DISTRANCE
s Fagsy. o

Gl X | {S= g e

i, ) Ry

= TIMF

G T CALCDLRTE ATR FECT TTHNCE COMSTEMNT
S FRE LG STanenTe

~Ta TSET INTITISL ENGTHE VWLUMES

M Wl ETTRT AR STNCERPRD e T =RCRCNSYERRPRD Y R

il VTR T UH= RO RS INCERRRDHR T 20 e e 2 =R AL ST ERRPRDAF 1D =R
T WTETORT R SR GSTINCERPADHR T 4+ 20 =PCHCQSCERRADAR T - HB
e NE=SOR TR TR S THNCERPARD+R T T2 v v s 2 =RCHCOSCERPRD+F I Z 20 --F
TTa WHAC L L =RCY e TR 2= VHD

s SORC L U=ROY 2T DR

il WYHAY L 2 =Y ¢ RO 2 =2 0+ YHD

G VCRCL. 20 =RCY T +WI0RA

s VHAC L. T o =RCY 4 TR =0T e VHD

=t = VCROL, TOosRCYaIHVIDR

TaN VMHRC L S =R e PO =+ YHD

T VCRY L 4 =B0Y L+ TR

s e 0174 T=1.4

T4 174 VTS T =NTRHYHAY L T+ CROL, T

T4 T SET HCRFING GRS PROFPEFTIES

TS NO0TN CITALTT.LTEY. S

TR 1TE CR=14 52

4T cy'=1A T3

TaE M=2 a2

w43 GOTOLTA

TEA 1 CP=5 2

] CY=2 12

M Mi=3

T GOTOLTA

| IEUN 06 I

R B FPe1 02
R CW=R Ta4I8

T Ml=29 10

Fsi > () CONT THLIE

T m o GRT MURNTITIES

-3 P PRy

=i [ S o Bl

T OGAR= =1 b

T FEoLHY

i TR

Tl Toike 01

SO Int=n 85



766r C THERMAL CONDUCTANCE BETWEEN APH METAL NODES

7671 KAPH=KM*TMAPI{*WAPH®*NAPH*2, *NO/LAPH

768: C THERMAL CONDUCTANCE BETWEEN ENGINE METAL NODES

769: KME (1) =KM*PI»DCY»(TCY+THC) /HCL

7702 KME (2) =KM*PI #DIHM*WTHM*NTHM/LHM

771: KME (3) =KM*PI 4% (DOH*»2~DIH*»2) »NTH/LHH

772: KME (4) =KM*PI*#DIRM*WTRM*NTRM/LRM

773: KME (5) =KM*PI*DR*RWT*NR/ (LR/2, ) +KMX*PI14*DR**2%NR/ (LR/2.)

7742 KME (E) =KME(3)

775t C WRITE TRANSFER FILE TO DISK

776: E00B4 FORMAT (S5(F9. 2))

777: WRITE(10, E004) THMG, TPB, TWI, FWI, OM1

778: WRITE(10,8004)T1, DT, ME, RGE1, KARPH

779: WRITE(10, 8004)NTHM, DIHM, FFF, THU, LHM

780: WRITE(10, E004) TCR, TID, TRC, TOTT, SPM

781: WRITE(10, 2004)RC, LCR, DCY, DDR, DIH

782: WRITE(10, 8004) WTHM, NTH. VHDX, NR» DR

783: WRITE(1@, EQ04)LR, FF, NS, MSH, THW

784: WRITE(10, E004)VCDX, FCAR, DIC, LC, NTC

78%5: WRITE(10, 8@84)MIV, NTRM, DIRM, AFR, LRM

786: WRITE (10, 8004)DOH, LHH, TMAPH, LAPH, WAPH

787: WRITE (1@, EBB4) TAPH, NRPH, PRL, PRH, WTRM

788: WRITE(10, 8004)TST, MIR, RAF, NO, LRV |
789: WRITE (1@, E004)CMAPH, AFAPH, RA1,CZ, DEQ j
790: WRITE(10, 8004)UXY, DT2, CY, UXX,CYY i
791: WRITE(10, E3804) FUEL, AMF, AH, CMH, BEX ?
792: WRITE(1@, 8004)KAR, TIM, VHD, VRD, CMX |
793: WRITE(10, 8004)VCD, VCDA, VTD, XA, XB i
794: WRITE(10, E004)RCY, BCY, PI3Z, RC2, LCY j
795: WRITE(1@, E804)EARAD, EADEG. DIST, OMEG, GCT ’
796: WRITE(10, BOB4)VHA(L, 1), VHAC(L, ), VHA(L, Z), VHAR(1,4),VCAR(1, 1)

797: WRITE(10, 8004)VCAC(L, 2),VCA(1, ), VCAR(1,4),VT(1,1),VT(1,2)

798: WRITE(10, 8004)VT(1,3),VT(1, 4),CP,CV, MW

799: WRITE(10, 8004) RX, KK, GR, KR, XC

£00: WRITE(10, 8084) TRV, 1G1, VHM, VRM, RGEZ

£al: WRITE(10@, 8004) RGEZ, VSP2, VSP3, THH, TRH

e02: WRITE(1@, 8004) RWT, TCY, THC, GG, HCL

E03: WRITE(10, 8004 ) KM, KMX, THCH, 01, Q2

B804 : WRITE(1@, 8204)03, EIN, KME (1), KME(C2) , KME(Z)

805: WRITE(1@, EBB4IKME L), KME(S) . KMEC(E), CM(1),CM(2)

E06: WRITE(10,. 8004)CM(Z), CM(4),CM(S), PRIS, PBVS

£a7: WRITE(1@, EQD4) TREP

g@g8: 5000 sSTOP

£09: END

€10:
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FORTRAN SOUKCE CODE LISTING
OF CNTLB
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1 U 2440t e ekt dd PROGEAM CHTLE FOR A K444 6004kt b s o b a4 4 bbb pss

e T WRTTTEN BY MAPTINI ENGINEEFTHG LINCER TONTRACT NUMEER

- CODENZ-22€ FOF MASA-LEMNTZS LINDEFR THE COFE ROVANCED RUTNMOTIVE

+ O FROPLL STOMN FROGRAM CNTLE PERDS TN THE INPUT [RATR FTLE

= T OGEMERHTED TN CHTULR AND CRALCULATES AN CISPLAYS FESLLTS

3 COCNTLE CALCULATES THE TRAMSIEMNT PEPFOPMANCE NF A 4 MYLINDER

v T DOLELE ACTING STIPLING ENGINE WITH TUBLILAP HEAT E-CHRMNGERS

= CORNC FOROUS PEGENEPRTOR CONNECTED TO A YWEHTCLE THROUGH A GERR B
a T THE FPESTDEMT DRPIVING CYCLE COMSTIZT- OF HEATUFR. CRSME THG. TDHLE.
10 T ACCELEFATION FRPOM ZERPQ TN CPUSE SPEED AND HOLL THAT SFEED

11 C SECOMD AND THIPD GEAP CHANGES ARE <PECIFIEL BAZED PON WEHICLE
j IR £ SFEED  GFRF CHRMGE 1= LINEAR LITTH A SFECTIFIED TIME

1% T CNTLAR WSES AS A BASE TASE THE DIMENSIONS OF THE 4122 ENGINE
14 O CHTLE ADTUSTS THE TIME STEP SO THAT THE ANGLE TNOFEMEMT 1<
1% C BETWEEN T AND 20 DEGREES  THE PROGEAM HA= N0 LIMIT T0 FLOW
1= COACENST GRS MNODES OF CHANGE IM GRS INVENTORY CONTROL IS BY

v TOCHANGE TH SRS THYENTORY
1= ) tasee STHRT OF PROGFAM ¢ 4444

13 DIMENSTION STrdn IRYC 2 30 TR 2 40,
20 1 P2 PTG 20 P30 MO FR g, TR VHRY D 4 VYT D 3
st § S NMTe 2o
2T TR WM 30 TORYZ 2 G

e 4 T TR L TINCGIA Y BN @ TO 180, THO A, 40 BEY &0 FME 20
g TN THACD. 40,

R TN R

N DIMENSTON THLOS S0 W2 2040 TV 3 40

o7 FERL LR IHLF MSH MWL P ERLC M ME. KRR, MIGT

e FERL LHH LHY. MWFG. LAPH. MIF MISL LHM. MIV. L RN M2, M5

28 BERL NTEMNTC MS NP NTH NTHEM. TR N HAREY FRPH. VM P FME
i o nETR TN ETANT S

= CaTA 2T4 FL ORI PADF T 72040 T 14153 1 STAS0 A 017453, 8 T1a
o LATR T.OPR CEER T4 Q7.1 20

= Tedees DERM TRRMSFER BT E EEOM TS

T T Faemat. <. Fa -

= EEAn 0 0O THMG TER. TLT. FLT My

T FERT G 20Rd T LT ME REGEL FAPH

T FERM LR, 2001 NTHRM LITHM. FRF. THiE L HM

w2 FEAD C10. SOQ4TOR. TI0 TRT. TATT. SR

e FPERMN 10, PARYPC. LCR. DY BOE . D IH

40 FEAM 10 203d LTHM NTH. WML NP DR

41 FEAD 10 3L LFL PR NS MEH. THI

42 FERD 10 3004 TN, FCR. CIC. LC. NTC

47 FERD « 10, 2004 MIV. NTFM. DIFM. AFF. L PH

44 FEAD 1. 9945 [0OH. LHH. TMAFH. LAPH. LIAFH

45 FEAL 710, 20047 TAPH, NAPH. PPL. FPH. LTPM

4 FERD « 10, 2004 TST. MIP. PRF. NO. LHY

47 FERD 1A, SA04 CMAPH. AFAPH. FAL. CZ. DEQ

42 PERD <10, 2004 Y, DT2. Y. UK CYY

43 PERD +1@. 30Q45FLEL. AMF. AH. CMH. 0EX

ol PEARD 710, 20Q4 VAR, TIM. YHD. VRD. CMX

o1 RERD <10. 2004YCD. VCOR. WTh. XA. XB

52 PERD <10, 2AA4 ACY. BCY. PIZ2. PC2. CCY

52 FERD < 1A. S30A4 EAPAD. EADEG. DIST. OMEG. GCT

54 PERAD < 12.8084 VHACL, 1. VHACL, 2. YHACL, 2. VHAVL. 4N WCAL, 1



531

571
581
591
("]}
61
62:
e3:
841
e5s
663
67!
eE:
€9:
70:
71:
723
733
741
751
76:
77
788
79:
801

ge:
8Y:
841
851
8E:
87:
88:
89:
90:
91:
92:
93:
943
95:
96:
97:
98:
99:
100:
101:
102:
103
104
105:
106
107:

8006

REARD
RERD
RERD
READ
RERD
READ
READ
REZFD
261D
! 1 3D
; "FAD
HWFITE

(10, 8004)VCA(1,2) ., VCA(1,I)y VCAR(1:,4),VT(1,1),VT(1,2)
(10,8004)VT(1, 3),VT(1,4),CP.CV. MW

(10, 8004) RX, KK, GR, KR, XC

(10, 8004)TQV, IQ1, VHM, VRM, RGE2

(10, 8004) RGET, VSP2, VSPZ. THH, TRH

(1@, BOD4)RWNT, TCY, THC, G, HCL

(10, 8@24) KM, KMX, THCH, @1, @2

(10, 8004)Q3.CIN,KME(L ), KME(2)  KME(J)

(19, B084)KME(4) , KME(S), KMECE) » CM(1),CM(2)
(10, 3004)CM(I), CM(4), CM(S), PELS, PBVS

(1@. B@d4) TREP

(3, 0086)

#ORMAT(* FILE READ')

Cemnee INITIARLIZE VALUES
C ORGANIZE TIMES FOR OPERATING CYCLE

c

200

c

196

TT=0.

TI1=THU+TCR

TI2=TI1+TID

TI3=TI2+TAC
BURNER INITIALIZATION

N=NO

NO2=N/2
DO 20 I=1,N

TOUCI
TINCI

)=T1
)=T1

EYCI)=T1
EX(I)=T1
TIN(N+1) =Tt

TR=T1

TD=THMG-TWI
FLAME=T1
TOU(N+1)=T1
Cri=1000.
CFH=0.

CFF=0

INITIALIZE CUMULARTIVE HEAT INPUT RAND METAL TEMPS
DO 198 I=1,4

™1,
™2,

I)=T1
D=T1

TM(3, 1) =T1

TM(4,
TM(S.,

I)=T1
D=(TWI+T1) /2.

TM(E, 1) =TWI
MCI)=0.0

QHI (I

) =0.

C SET PRINTOUT OPTION

c
c

J=Q02
INITIALIZE

VIN=@
INITIALIZE

VEHICLE INERTIR

ENGINE RND VEHICLE SPEED

OMEG=0. @
SPV1=0.0
SPVD=0.0
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1081
1093
110
1111
1125
1133
1141
115
1163
1171
1131
119
1202
1211
1223
1233
124
1253
1261
127:
1283
123
130!
131:
1323
133:
134
135:
1361
13713
1381
139:
140:
141
1423
143:
1441
145:
146
147
1481
149:
150:
151:
152:
153:
154:
155:
156:
157:
15€:
159:
1€@:
1E11
1€23

C INITIALIZE WORKING TIME STEP
DDT=DT
C INITIALIZE TORQUES
TQE=0. 0
Tav=0. 0
TNET=0.0
C INITIALIZE ENGINE AN(ALES
EARAD=Q. @
REV=0. 0
NER=2
NGC=-1
MIR1=0Q,
ROE=Q.
C INITIALIZE ENGINE PRESSURE
DO 9350 I=1,4
950 P1(1)=PRL
C INITIARLIZE FLAG TO CALCULATE CONDITIONS AT CRANKING
162=0
C INITIALIZE OUTPUT FLRGS
POF=0.0
GDF=0. @
GDI=TOTT/1..24.
Cooxnnee DRAW GRAPHIC FRAME IF OPTION IS ON
C GRAPHIC FRAr=
IF(Q1-1.00,158, 157,158
C DRAW OUTLINE
157 CALL CLEAR
11=0
Ji=0
12=1023
J2=0
CALL VECTOR(I1,J1,12,J2)
I11=1023
J1=779
CALL VECTOR(IZ2.J2,I1,J1)
12=0
J2=779
CALL VECTOR(I1,J1,12,J2)
I11=0
J1=~@
CALL VECTOR(IZ.»J2,I11.J1)
11=700
J1=0
12=700
J2=779
CALL VECTOR(I1,J1,12,J2)
C DIVIDE INTO 4 LAYERS LEFT SIDE
11=0
J1=£29
12=700
J2=629
CAl.L VECTOR(I1,J1,12,J2)
J1=479
Jz=479
CALL VECTOR(I1,J1,12,J2)
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163: C DIVIDE INTO FOUR LAYERf. RIGHT SIDE

1€41 I11=700
1651 J1=130
1663 12=1023
1671 J2=190
1681 CALL VECTOR(Ii,J1,12,J2)
1691 J1=380
1701 J2=380 ;
1711 CALL VECTOR(I1,J1,12,J2)
1721 J1=570
1732 J2=570
1741 CALL VECTOR(I1,J1,12,J2)
175t C DRAW SCHEDULED VEHICLE SPEED
1761 I1=0
177 J1=632
1783 12=T12/TOTT*700
179 J2=g32
1301 SALL VECTOR(I1,J1,12,J2)
1813 Il=T*3/TOTT»700
1823 Ji=776
183: CALL VECTOR(I2,J2,11,J1)
1841 12=700
1851 J2=776
1861 CALL VECTOR(I1,J1,1I2:J2)
187t C DPRAW SCHEDULED ENGINE SPEED
1883 11=0Q
1893 J1=482
190: I12=THU/TOTT+700
191 J2=482
19213 CALL VECTOR(I1,J1,12,J2) !
193: I1=THU/TOTT*=700
1943 J1=554 1
1951 12=TI2/TOTT*700
1961 J2=534
1971 CALL VECTOR(I1,J1,12,J2)
1982 C DRAW HOT METAL GOARL TICK (THMG)
1993 11=0
2001 J1=200
201: 12=19
2023 J2=200
2031 CALL VECTOR(I1,J1,12,J2)
2043 C DRAW COOLING WATER TEMP TICK (TWI)
: 205 Ji=10
| 2063 J2=10
2071 CALL VECTOR(It,J1,12.J2)
208t C CALCULATE DISPLAY PARAMETERS
2093 PDIF=PRH
210 XLOW=VTD+VHDX+VCDA
2113 XDV=(ACY+BCY)*=RC2

212t 1358 CONTINUE




CrwwnnWRITE UNIFIED PRINTOUT--RETURN POINT FOR MAIN LOOP

401 IF(Q3-1.0) 390, 402, 390
402 IF(TIM-POF) 390, 391, 391 |
391 POF=POF+TREP |

WRITE(J, 8825) TIM, CFF, REV, DMEG, SPV1, SPVD, DDT i
8025 FORMAT (EFB. 2, FB. 5, 2FB. 2)
WRITE(J, B022) TAN(1)» TINC2) s TIN(I)» TINCA) » TINCS)» TIN(E) » TINC(Z),
« TINCED» TINC(D)
WRITE(J,BOZ2)EX (1), EX(2),EX(3)+EX(4)+EX(3),EX(E),EX(T7),
EX(8),FLAME
WRITE(J, 8822)TOUC(1), TOUC(2) . TOUC3)» TOUCSL), TOU(S), TOUCE) » TOUC(T7),
TOU(8), TOU(D)
DO 10 I=1,4
10 WRITE(J,B822)TM(1, I)» TM(2, 1) TM(Is 1)+ TM(4y 1), TM(S, 1)y P1CD),
1 MCD,LVT(L, D)
8022 FORMAT (9(FB. 2))
WRITE(J. B022)TNET, TAS, TQV, VIN, MIR1, RCGE
CowsnDISPLAY GRAPHIC DATA, PART 1

—

390 IF(Q1-1.)20, 21,20
C CHECK TO SEE IF PLOTTING SHOULD BE DONE
21 IF (TIM-GDF) 20, 393, 393
393 CDF=GDF+GDI
C SHOW FUEL FLOW RATE
I1=TIM/TOTT*»700
J1=CFF/FFF»777

CALL POINT(I1,JD)
C SHOW RVERRAGE HEATER TEMP.
Ji=(TAR-TWI)/TD*19@+10
CALL POINT(I1,J1) J
C SHOW FLUE GRS TEMP. ENTERING PREHERTER
J1=s(TOU(N+1)-TWI) /TD*190+10
CALL POINT(I1,J1)
C SHOW FLUE GRS TEMP. LERVING PREHERTER
Ji=(TOU(1)-TWI)/TD*190+10 :
CAlLLL POINT(I1,J1)
. SHOW AVE. HOT METAL SPARCE TEMP (NODE #1)
X=Q
DO 145 I=1,4
145 X=TM(1, I)+X
X=X/a.
Ji=(X-TWI)/TD*190+10
<ALL POINT(I1,J1)
C SHOW AVE METAL TEMP HOT END REGEN. (NODE #4)
X=0
DO 146 I=1.,4
146 X=TM(4y 1) +X
X=sX/4.
Jim(X=Ti /) /TD*190+10
CALL POINT(I1,J1) ]
C SHOW AVE. METAL TEMP. MIDDLE REGEN. (NODE #3)
X=Q
DO 147 I=1,4
147 X=TM(S, I)+X
X=X/4.
Jism(X=-TWI)/TD»=19¢+10
CALL POINTC(Ii,J1)
IF( TIH"THU) 20- 20,934
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270
27113
2728
2733
2741
275
2763
2773
2781
2791

28113
2821
2831
2841
2851
2861
2873
288:
2893
290
2911
2921
2932
2941

296:
2973
29813
2993
300!
301:
3923
303:
304
305:
I06:
3073
Jo8:
309:
310:
J11:
3123
313:
J14:3
315:
3168
I17:
3183
319:
3201
J211
X22:
3233
J24:
3251
3263
3273
3283
329:

C SHOW ENGINE SPEED

934 J1=0MEG/OM1%72+482
CALL POINT(I1,J1)
IF(TIM-TI2) 20, 20, 933

C 8HOW VEHICLE SPEED

953 J1=8PV1/SPM*144+632
CALL POINT(I1,J1)
20 CONTINUE

CensaeDI SPLAY GRAPHIC DATA: PART 2
C PLOTTING FOR EVERY TIME STEP OF 4 P-V DIRGRAMS
C CHECK TO SEE IF OPTION IS ON
IF(Q1-1.)852, 833, 832
853 IF (TIM-THU) 852, 852, 854
854 DO 985 I=1,4
IPV(2, I)=(CVM(B, I)~XLOW)*3I23/XDV+700
JPV(2, I)=P1 (1) *19@/PDIF+19@*(4~-1)
CALL VECTORCIPV(1,1),JPYV(1, 1), IPV(2, 1), JPV(2, 1))
IPV(L, I)=IPV(2, )
JPV(1, DD =JPV(2, I)
9835 CONTINUE
852 CONTINUE
CarneonENGINE AND VEHICLE CONTROL SUBPROGRAM PART 1
C CHECK TO SEE IF HEAT UP TIME IS EXCEEDED
IF(TIM-THU) 503, 502, 502
303 I161=0
GOTO SO1
C FIRST TIME CALCULATION OF GRS MASSES AND INITIALIZE PRESSURES
C AND SET GRS TEMPS. TO CURRENT METAL NODE TEMPS.

502 IF (1G2-1) 504, 506, 506

S04 1G2=1

C REDUCe TIME STEP AT START OF CRANKING
DDT=DDT/10.
X=PRL*MW/R

DO 507 I=i,4

C NODAL GRS MASSES
W(l, 1, I)=X*VHA(1, I)/TM(1, I)
W(1ls 2, I)=XeVHM*2, /(TM(1, I)+TM(2, ID)
W(1, 3y I)=XVHD*2, /(TM(3, I)+TM(2, 1))
W1y &y I)=XRVRM*2. / (TM(4 I)+TM(3, 1))
W(1,5, I)=X*VRD/ (TM(S, I)+TM(4, I))
W(1, 6y I)=X*VRD/ (TM(E) I)+TM(S, 1))
W(1:7, I)=X%VCD/TWI
W(1, 8, I)=X«VCA(1, I) /TWI

C TOTAL GRS MASSES

M(I) =0,

DO 980 K=1,8
980 M(D)=M(I)+W (1, K, )
C PRESSURES

P1CI)=PRL

C INITIAL PRESSURE PLOT PARRAMETERS
JPV(1, I)=(P1(I)-PRL)*193/PDIF+195%(4-1)
C AVERAGE GRS AND METAL TEMPERRARTURES
TGAC(1, 1, ID=TM(1, I)
DO 981 K=2,6
TMARK, 1) =(TM(K-1, D +TM(K, 1)) /2.
Se1 TGA(1, K, I =TMA(K, I)
TMAR(7, 1) =TWI
TMAR(B, 1) =TWI
TRA(1, 7, I)=TWI
TGR(1:8, 1) =TWI 93



R B o

| R }]
Y 3311
3321
3333
3343
335
33618
3372
33813
3393
340
Ja11
34218
3431
3448
3451
3461
3471
3481
3491
3302
3IS511
J528
35313
354
3553
356t
35713
358
3591
360!
36118
3621
B3
3641
365
366
3J671
36861
3691
I7n
3I71:
37218
I73
3743
3751
3761
17
I781
379:
3803
I81:
3823
3831

3851
3861
3871
3881
3891

C CUMULATIVE GRS VOLUMES

CVB(1, I)=VHACL, I)

CVB (2, I)=CVB(1, I) +VHM

CVG (3, 1) =CVG(2, 1) +VHD

CVB (4, 1)=CVB(S, 1) +VRM

CVG(S, I)=CVG (4, 1)+VRD/2.

CVG(E: 1) =CVG(S, 1) +VRD/2.

CVG(7, 1)=CVG(E, 1) +VCD

CVB(8, I)=VT (1, I)
C VOLUME PLOT PARAMETERS

IPV(1, I)=(CVB(B, 1) ~XLOW) %323/XDV+72@
s07 CONTINUE ,
506 CONTINUE '
C TEST TO SEE IF ENGINE SHOULD BE CRANKED

IF ( TIM-(THU+TCR) ) 588, 509, 589

Se9 X=9.0
GOTO 511
Se8 X=T8T
St TNET=TQS-TQV+X
C CALCULATE ANGLE INCREMENT
S12 DANG=DDT+»2«TNET/ (EIN+VIN) +DDT+OMEG

C ADJUST TIME STEP SO THAT ANGLE INCR. IS >7 AND {20 DEG.
IF CDANG-@. 523601515, 515, 512

S13 DOT=DDT/2.
530TQ S12
) I IF(DANG-@. 12217517, 517, 516
o17 DDT=DDT»2.
GOTO 512
C INDEX ENGINE ANGLE MEASURES
3516 EARAD=DANG+EARAD
ERDEG=ERRAD/RAD
REV=REV+DANG/ (2. *PI)
IF (ERDEG-360. ) 239, 240, 240
240 ERDEG=EADEG-360.

ERRAD=EARAD-2. *P1
C ERRRSE PV PLOT FIELD AFTER EVERY 5 REVOLUTIONS
IF(Q1-1.)239, 151,239

131 IF (NER-3) 152, 150, 150
150 NER=Q
CALL ERRSE
GOTO 239
152 NER=NER+1
239 CONTINUE

C CHECK TO SEE IF ENGINE SHOULD BE IDLEING OR IN GEARR
IF(TIM-TI2)519, 519, 520
C ADJUST ENGINE PRESSURES TO CONTROL SPEED WHILE ENGINE IS IDLEING

519 IG1=1
IF (DMEG-0M1) 830, B40, B4D
840 IF(OMEG-(OM1+PBIS. )B41,841.,842
842 MIR1=MIR
GOTO B43
841 MIR1=MIR+(OMEG-OM1) /PBIS
843 X=PRL
GOTO 855
830 IF (OMEG-(OM1-PB1S))B31, 831,832 (]
831 IIRL-MIR ‘
GOTO B33
832 MIR1=MIR+(OM1-OMEG) /PBIS
833 X=PRH
8353 CALL MASS(IG3. PX,MIR1, DDT, X, P1, ERDEG)
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3 U

91

282
xaz:
394 -
29%:
294
397
e

399
434 ;
401 .
a2
4073
404 ;
4a% -
406 :
407
422
429
418
411
412
412,
414
415
414
417
412
419
423
421 -
4232
423
424
425
426
427
42
429
43a:
421
472
433
434 :
435
436
437!
428
439
348
441
442
443
444
445
44¢£ -
447
448
449

C COMPUTE NEW ANGULAR VELOCITY

GERR

" A
210
£

30 0

L)

OMEG=DANG/DDT
GOTO 501

ENGINE AND VEHICLE CONTROL KWHILE ENGINF IS TM GESR
a

1G1=2 |
CHANGE TIME APPFLIED TN ALL GEARS
IFCNGCYM 70, 171, 172
IF(TIM=/TI2+GCT) Y900, 901, 91
PAE=(TIM-TT2V4RGEL/GCT

GOTO 91@

IF(SPY1-YSP2)306. 905, 905

RGE=RGEL

GOTO 910

NGC=0

TIMY=TIM

30TO 910
IFCTIM=-¢TIMX+GCT )M 462, 162, 163
RGE=RGEL+¢ TIM-TIMX Y+ RGE2-PGEL Y “GCT
GOTD 910

CONT INUE

IF ¢ SPVL-YSP2)Y907, das. 908

RGE=PGE2

GOTD 910

NGC=1

TIMM=TIM

GOTO 918

IF¢TIM-/ TIMX+GOT Y YLES, 167, 167
PGE=RGER+¢ RGET-RRET b v TIM=TIM:Y GOT
GOTO o1@

PGE=RGEZ

GOTO910

DOITIONAL EFFECTIVE ENGINE INERTIA DUE T WEHICLE STTRCHMENT

VIN=MIVK(RGE/C2 *PIY} %2

IND SCHEDULED VYEHICLE SPEED

IFCTIM-TIZHZ, 814, 311

912 SPVD=SPMx(TIM-TIZ/TALC
GOTN 317
911 SPYD=SPM
C ADJUST ENGINE PRESSURE TN CONTROAL VEHICLE <FEED
|12 IFCSPYL-SPYD A28, 244, 248
Q40 IFCSPYA-"SPYD+PRYSY 2G4, 941, 942
242 MIRP1=MIR
GOTO 942
949 MIRA=MIP+(SPVL-SPYD). PEVS
4z H=PRL
GOTO 955
aza IFCSPYL-C(SPYD-PBYS) 2921, 9321, 922
a1 MIP1i=MIR
G070 92Z
az2 MIR1=MIR*(SPVYD-SP'/1)'PBRVS
23 W=PRH
953 CALL MASS{IGE. PX, MIPL. DDT. X, P1. ERDEGY

C TOPOUE DUE TO VEHICLE ROLLING FRICTION: AIR FRICTION

PF=MIV*(@ 151+0. QOBLIZTASPVL+A QDOA1IS+SPYL 1)
RF=KAR*SPY/1%#2
TOV={RF+AF >+RGE/ 2. *PI)

C COMPUTE NEW ANGULAR VELOCITY

OMEG=DANG/DDT

C COMPUTE NEW VEMICLE SPEED

SPV1=0MEGHRGE./ (2 *FIX
95



4% T ONE LINE CHECH DISPLAY TO SCPEEN

151 SA WRITESS, QAZONTIM CFF.FEY. OMES. SPYL SPUN, ROE. NGT
a8z 2070 FORPMAT (TED . 1=y

A5 TOINREY TTME

454 TIM=TTIM+DOT

455 TesesskEND FNGINE AND VEHICLE CONTROL. SURPROGRAM PART 1
ARE T sserak DUBNER AND HERT CONDLICTION SUBPROGRAM
A8 T OTNDEX APH METSL NODE TEMRERATIHIRES

B T T T T T S,

452 DO BASH T1. N

A4S 20SH ENCI=EYSIY

4E0  © EIND AVERPAGE HEATER TEMPERATIRE ENR CONTROL PURPNSES

461 10| TH=CTMOD, Lh+THOT, 10T, 20+TMOT, 2Y4TMA 2, TY4TMET. TV4TMER. 4)

SR LTME T, 4N 08

457 T TEMPERATURE ERROR ¢ENP CONTROLD

354 TE=THMG-TR

485 CURRENT FUEL FLOM

aF TECTE VA%, A0S, 406

45T aow TEF=0 QL+FFF ]
4E8 GNTYAS :
469 Ane TECTE-TPRYAR. 4AT, JAT |
AT anT TFF=FFF

4y BOTNIAS

A e REF=EFE+ ¢ TEN, TRE

4™ 4na SONTTNUE

4 F"IEL > CUE'__ +\TFF QF.T)T

471 OPHANGE HERT TRRNSFER FACTORS 1T °FF HAS CHRNGED SIANIFICANTLY

4 IECREE-CFLY 4nd. 420, 420

47T ang TEVPEFE=CFHY 420, 420, 4A7

ATR  © MEST TPRANSFER FSCTOR. AR SIDE
4ma 9T IARH=FE%RRF . AFIPH

LR RE=DEDHGAPH+ 2500

SR CRLL STANTNCRE. STH®

KR VR S TNRGRPHEY 19 TFE

R TEON QY 72 =72

S R SN =EMEONDY

RY-1A r HERT TRAMNSFER FROTOR  FLLE GRS STDE
qo GRPH=CEE SR T RFRER

437 EE=NEN L GAPH+2SOA

g TARLL STANTNIRD. STND

R ST TNAGREYe L 194 YRR

4an IR AT 70 » W=T2

B2 PR S ST

R R " HEART TRANTFER FRCTOR. GRS HERTES
Aam U= DO C FE + AL CAMES QRAE ¢+ SA2+Q, BRA22.DOH
RE-K1 Srd U RH S CTER Am Y

qa% TFes BT T2 % W=T2

RE-1 MHEEMPOMSY

4ar r O ORESET FLOW BOUNDS

4a9 CTFH=1 2+CFF

L] CFL=0 Q+CFF

Son r CRLOINATE AFH RIP TEMPERALIRES

IR PO 9427 I-2 N

AT 40T TING T+10=E D= CEMCDY=TINCIYRY
; sG> € FIND FLAME TEMPEFATURE
;é Sird FLAME=TIN/N+1 14072




$05: C DETERMINE QUTLET FLUE GRS TEMP. FROM HERTERS
S06: DO 437 I=1.4

Sev. X=(TMC2, TX+TMCE, 1D 2.

Sea: 437 T2ACI =X+ (FLAME-X)/XH

S@9: € AVERAGE FLUE GRS TEMPERATURES

510: TOUCN+L )= ¢ TIACL D +TRAC2I+TIACII+TIAAI ) /4
S11: C EXIT FLUE GAS TEMPERATURES THROUGH RIR PREMEATER
512 00446 1=1, N
S12: K=N-1+1
S14: 446 TOUCKYSEX <KD+ TOUCK+L ) -EXCKD ) X2
S15: € CHANGE APH METAL NODE TEMP DUE TO CONVECTION AND CONDUCTION
S16: DO 420 I=1.N
S17: =CFF*RAFACPAXC TINCI+1)=TINC I )+DDT
%48 Y=CFE*RALACPFG* ¢ TOUC I+4 ) =TOU¢ 1) Y 4DDT
519: IF{1-1)448, 448, 450
520 450 IFCI-82449, 451, 454
S521: 448 22=KAPH*(EX¢ T+1)=EXC I +DDT
22: GOTO 452
523 449 ZT=KAPH*CEXC T+1)=2. #EN¢ I Y4ENC I=1 3 vDDT
S24 GOTO 452
525 451 22=-KAPH* CEXC I Y=EX¢ 1=1) Y+DDT
526 452 CONT INUE
27 420 EYCIN=ENC I+ 22410 ACMAPH
522 £ CHANGE ENGINE METAL NODE TEMPS DUE TO COND. AND OUTSIDE CONY.
529 DO 439 I=1.4
520 ; A=KMEC 4% TM L, IV=THI DOT
571 =KME {23k TMC2, 1Y=TMCL, 12 400T
522 TMLCL, TY=TM L, TY+CB=-RAY ML
532 A=KMEC IR CTME2, Th=THMOT, 120 +DDT
524 C=¢0FF 4. «RALCCPFGH(FLAME=TIAC 1) »#D0OT Y2
535 TMLER, 1D=TMY 2, TodcC-A=ROACME2)
836 B=KME/ 4)%¢ TMY T, TH=TM¢ 4, IV +DDT
537 TMLCR. TH=TMCT, T+ CRACB Y ATME DY
533 A=KMEC S < TMO ., TH=THI S, T 00T
539 THLCG, D =TM 4, TH 47 R=RY OMC 40
G4 - B=KMECS ) *CTMCS, 1Y =TMIE, 1D 14D0T
s41: 499 THLCS, TH=THS, T9+0A=BY /OMOS)
S42:  © INDEM OF THL¢K, I TO TMck. I®
543 DO 422 K=1, S
S44 - L0 476 I=1.4
545 THOK, TY=TMLCK, T
45 426 CONTINUIE
47 422 CONTINUE
€42 © AVERARE METAL TEMPERATURES FOR TSOTHERMAL NODES
£4a- n0 IEL T=1.4
55a- DN TER K=2E
851 IS THROK, Th=d TMAK. THaTH b g, THN 0
552 TMARYT. TV =TM/&, 15
sES TSl " OMT TNUE

554 Taoksord END OF BURNER AND HEART SOMOLICTION SUBEPROGRAM

i) T+ CONTROL PROGRAM PRAFT 2

€55 © TEST FLAG TO GECIOE WHETHER TN GO 0N TO NEST SUBFROGERM
v IF IGL-12401. 425 425

97




D03 30

CaorrkENGINE TORQUE AND INTERNAL HEAT TRANSFER SUBPROGRAM

C STEP 1--CALCULATE NEW ENGINE VOLUMES

425 X1=SART (XA-(RC*SINCEARAD ) %42 ) -RC+COS (EARAD I -XB
¥2=SORT (XA~ (RCHSINCERRAD+P12) 442> -RC*COS(EARRAD+P12)~XB
X22SORT (XA-(RC*SINCEARAD+PI ) > ##2) ~RCHCOS (EARAD+P 1 ) -XB
X42S0RT (XA-(RC*SINCEARAD+PI32) ) ##2)-RC#COSCERRRD+PI32)>-XB

VHAC 2, 1)=ACY+*(RC2-X1 Y+VHDX
YCAC2, 1)=BCY+X2+VCDA
VHRC 2, 2)=ACY*(RC2-X2 > +VHDX
VCARC2, 2)>=BCY*X2+VCDA
VHRC2, 20=ACY*(RC2-xXT ) +VHDH
VCAC2. 2¥=BCY+N4+VCDA
VHAC2, 4>=ACYH*(RC2=X4>+VHD¥
VCRCZ. 4>=RCY*X1+VCDAR
LN 258 I=4.4
VT2, ID=VTDHVHRCZ,: 1X+VYCR(Z, I
290 CONTINLUE
T CALCULATE NEW ENGINE SPACE CUMUMATIVE VOLUMES
0o 9382 I=1.4
CyMel, Ta=YHRCZ, I
CVMC2, TH=CWMCL, THY+VYHM
CVMOR, TH=CVMC2, TH+vHD
CYMC4, TH=CVYMCZ, I1D+VREM
CAVMCS, TasCVMCY, TH+VRDA2
CVYMOE, Ty=0WMCS, Tr+VRD A2
CVYMOT, Ta=nWMOE, 1H+YCD
CWMOS, TH=wT2. I
22 CONTINUE

D Kaw B B ISt

FOP THAT WORKING SPACE
PP TGTNAPX I ARKR
MEYTCOL IG2YCL =4
© GAT INYENTORY CHANGE
TFo a2, 101, 101
C TEMP. 0OF RALLED GAS
191 Y= TET# ¢ PYAPLY TETY YerGA
C MASS ROOED
M2=P 4 PN s
© MEW TEMPEFATURES CUE TO INVENTORY CHANGE

102 T2 CPMAFLE IGT Y waiA
LN 867 K1, 8
anT TEACL KL 16T =TEACL. K. 16222
T ADTUSTMENT NF COLD SPACE TEMP. MITH GAS ADDITIAN

TR GY 20TOACL. 2. IGT =0 TGACL, 2, IGZh+ld1, 2. 1

UYL 2, TET N2
NEK PPESSUFE DUE TN TNVENTORY CHANGE
PLCIGT YR

~

TF X208, 201, 9A1

209, oNn 282 ¥=1.7
R CVGOEL TRT=0YGEE, TET Y

L. R 16T =L, 2 16T 4ME
T =0T

ETEP 2=-CHANGE IN GRS VOLUMES, TEMPERATURES AND GAS NODE INVENTORIES
OF WORKING SPACE THAT CAN HAVE ITS GAS INVENTORY RADJUSTED. =
VOLUME OF GRS ADDEDC+Y OR PEMOVED(-> AT CURRENT PRESSURE AND TEMP

EERL S 4 S oL Ealy

TOMER CUM WOL AND GRS NODE INVENMTORIES DUE 70 GRS ARDODED OR REMOVED



T o W

£ GAS REMOVED
200 Zd=1
DO 804 Ks1. 2
CVGIK, IG2=CVYGCH, TGO +Y
IFCCVGIK, IGZ>-CVM(8, IG32)>804, 804, 80&

el IFCIZNIAZ. 102, 104
ia4 WCL, K IG2=WCL, K IGE Y =(CVMCB, TG2Y-CYGIK=-1, IRTIY/
1 (CVGCK. IG2H-CVGIK=-1, IG2 YD

Z2=0.

GOTO 485
0z Wl K. IG2H=0
105 CVGCK, 1G2H=CVYM(8, IG2)
204 CONTINUE
€ RE-ADD MASSES
[z MOIGT V=0

0O 118 k=1, 2
11¢ MCIGEY=MCIGIYHWL, K. IG2Y
C STEP Z-DETERMINE PRESSURE. TEMPERATURE AND VO ME CHRNGES OF ORTIGIMRL
c VOLUMES DUE TO TOTAL VOLUME CHANGE ASSUMING NO HERT TRAMNSFER

DOR9G =y, 4
TATAL VOLUME RATIN
MM TISCYGCR, T /CYMOS, I
2 NEW GAS TEMPERATURES
MTE TN Yok KK =1
DO 951 K=1. 8
as1, TGACL, K, TY=TRACL K. TINTA D
© CUMULATIVE WOLUMES OF GRS NODES ASTER TOTAL WOLUME CHANGE
DO 9932 K=1. 8
23 CWGOHK, Th=mWGE K, T/ Ty
290 CONT INUE
© STEP 4--COMFUTATION OF TEMPERATURE AND MAST MAW IN ERCH
£ ENGINE SPACE DUE TO GAS FLAOM BUT NO HEAT TEANSEFR
£ THIS VERSION ALLOMS LNLIMTTED MASS FLOM DURING OMF TIME STEP
€ CALCULATE FOR tnl * WORKING SPRCES
o0 296 101, 4
£ LET K=SOLID INDEX AND L=GAS TNDEM
K=1
L=1
ZERQ DUT MRSS ARFAY AFTER MRSS FLOW
DO 749 11=1,2
THAC2, 11, 1>=@
249 W2, 11 1)=A

i)

[ ]

C SET SECOND TIME FLRAG
II=1
C RETUPN POINT OF DECISION TREE
248 IFCCVGCL, IY=CVYMIK, 132245, 248, 247
Cax CUM. GAS VOL. LESS THRAN CUM. METAL VOLUME
245 IFCI1>294, 354, 255
%54 I1=1

W2, K. I>=RM

TGAC2. K, I»=TGAC1. L, 1>

GOTO3%58
259 Y=W(2, K, 1)

WC2 K Y= KL I+ L, ID

TGRC2, K, 1)=C(TGRC2, K, IMY+TGRCL, L, I, L, T2, K, T
258 CONT INUE
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AT D
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i

R

€78

Y 3 I

L)

INDEY GAS MODE FLAG AND RETURN
L=L+1
™ CHECY FOR END OF MASS FLOW CALCULATION
IFdL. GE 9y GOTO 210
T RETURN
GOTO z42
Cewa CUM GRS WOL. EXACTLY EQUAL TO CUM. METAL YOLUME
T CHECK FIRST TIME FLAG
246 IF 110210, 210, 250
r ADDITION OF METAL NODE LERDS TO EOUAL YOLUMEZR
214 W2 ok, Te=RM
TGACZ. K. IN=TGAML. L, I*
G070 295,
T RLOITION OF GRS NODE LEADS TO EOUAL WOLUMES
~ FIMD MASS TO COMPLETE METAL NODE SPACE
259 W2 K, 1)
WO2 R To=kCa K T+l L I
T OFIND AYEPAGE TEMP. OF GAS NOW IN METAL NODE SPACE
TGACZ K, Dy=0TGRAZL K, To4Y+TGAML L, TM0L, L, IDY/WC2 KL T
T SET FIRST FLAG

a5t 11=1

 TMDEX SOLIC AMD GAS NODE FLAGS
L=L+d
K=K+1

T CHECY FOR END OF MASS FLOM CALCULATION
IFCE GE 2 0OR. L GE 2 GOTO 710

L RETURN
GOTO Z48

Caked CHM GAS WOL. GREATER THAN CUM. METAL VOLUME.

ot o 1€k EQ 1 AND L EQ 1) GOTO 250
GOTO =541

TOETRIT MADE FOR GRS AND METAL

T560 W2 KL The=bied, Lo TYRCWMOK, TH/CYGCL, T
TGAC2, K, T2=TGALL. L, ID
PH=NCL L I -2, K, T
GOTO =5Z

~ RENFRPAL CARSE

C CTHECY FIRST TIME FLAG

251 IECTI2Z43, 342, 244
~ FIPST TIME FOR NEW GRS NODE
Zd4 FR=CWMOE, TH=CUGIL-1, To2/00NGECL, T =CVGCL-1. T3>

PH=1 ~RRMWCLL L, I
RO L T
Y=W{2, K. 1D
W2, L Toa=k 2, KL IO+
THRC2: K. Ty=dTGROZ, K. TY+TGACA, L IO /WC2, K, ID
GOTO 252
T AFTEP THE FIRST TIME
4z FR=CCVYMAK, TH-CYMOK =1, 1D 2/ CCWGIL, TH-CVYMOK-1. I3
W2, KL Th=RM«RR
FM=RM~bC2, K, I
TGARC2, K, I3=TGARCL. L. I
T PESET FIRST FLAG ON GAS YOLUME SHORT SIDE

TSI 11=0
COINCE: S0LID NODE FLAG
K=k+1

C CHECK FORP END OF FLOW CALCULATION
IFcK. GE. 9% GOTO 219

100



728: C RETURN

729 GOTO 248

730: C FIND AND SHOW TOTRL MASS AFTER MASS FLOW
731: 3z10 %=0.

Vo DO 326 K=1.8

vYIZ. 226 HaX+l 2, K, I

724 ERRFL=MC ] v=

rgcs- B IF{ABS(ERRFL)= 1)27%S, 379, 229

TS5 229 WRITECY. ZZA0ERPFL, I

vIr. 228 FORMAT - FLOW EFPROR IS/ .E19 4.7 IN HOPKING SPRCE & I2Y
ToR 0D 152 k=1, 8

s S R WRITECT 1545 E, WOL b T ME2 K, I, CUMOK. TH, CYGOr. 10
T4 1 TORALLK, TV TOGR.OZL K. IS

4L 154 FORMAT (12, £F19. 4>

T2 sToP

T4I: ZTa CONT INUE

744 @A CONT INUE

TS STEP S~=CHANGE IN TEMPERATIIRE NF GAS AND METAL NODES DUE TO
TdE C HERT TRPANSFER WITH MO YWILUME CHANGE

T47:. € IN GRS COOLER

748 DO £33 I=1.4

749 C HERT PECEIVED BY METAL NOCE 1

TOE GMEL=0WC2, 2, TO#0TGRYZ, 2. IT0-THMRC 2, I22./2

TS1: C HERT RECEIVED BY METAL NJDE 2

o XA=C\RIC 2, T THw/TGRC2, 3, TH=-THR.T. T2

TSI MC20=0M" 10+

TS84 C HERT PECEIVED BY METAL NCDE =

To5: Yl sldo 2, 4, T4 TGRAZ, 3. TH=THMRCE, IV ,2

TG AMEZH=pley

TSY: € HEAT PECEIVED BY METAL NODE 4

7R ReUVAWC2, S T THACE, S, TD=-TMR/S. 11,2

TS M v=e

TR € HERAT PECEIVED BY METRIL. NQLE S

Tél W02, 6 T TORZ, &, TH=TMRE, 13072

Te2 OMCGa=K+Y

TEZ: C HERT PECEIVED EY METAL NODE &

TE4 ROV, T IR TGRS, T TH=THROT, T 2

TES OMCR =Y+

PLI T HERT RECEIVED &Y METRL. NODE T

TET. DM T e

TR C CHANGE IN AVERAGE GRS TEMPERATURES DUE TO HERT TRANSFER
TES Do TRT b T

TR 2ET TORCZ. K, ID=THAK. I

T C CHANGE IM METRL NODE TEMPERRTUPES DUE TO HEAT TPANSFEFR
TT2: OO 82 K=1.9

T THOE . TroaTHOK, T r+DM k3 SOMokD

T TR2 CONTINUE

TS aan CONTINUE

TTA O STEP &-—-NEKM PRESSUPES FOR EACH SPACE DUE TO HEAT TRRNSFER WHITH hn
T £ VOLUME CHANGE

T3 DO 740 =14

7T f HOT SPACE

TR PIVT 40=We2 1 T edCeTORC 2. 1, THAYHROZ T

el o HEATER MANIFOLD

7e2 PRCL 2=l 20 20 T4RCATGACE, 20 Th"YHN

83 HERTER

Tad: FOT 2ol 2, 20 ThaadTaTOAC D, T, 1Y VYHD

101
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RECENERATOR MANIFOLD
P3¢, 4)ul(2, 4, 1)#X.»TGAC2, 4, 1)/VRM
REGENERATOR HOT HALF
P3(1, SX=lC2, S, 10X ATORC2, S, 1)/¢VRD/2, )
REGENERATOR COLD W™ F
P3C1. 6)m(2, 6, I)#XC+TOAC2, 6, 1)/¢CVRD/2. )
COOLER
P3C1, 7>=(2, 7, 1)»XCeTOAC2, 7, 1)/VCD
COLD SPRCE
P3(1, 8)=li(2, 8, 1)»XC+TGAC2, 8, I)/VCAC2, 1)
C STEP 7--ADIABATIC PRESSURE EQUILIBRATION AT CONSTANT TOTAL VOLUME
C FINAL COMMON PRESSURE FOR INCREMENT
XsVHR(2, I)P3I(T, 1)wkR
KX +VHMP3I (T, 2)9nikKR
XaX+YHD*PI (1, 3)##KR
XaX+YRMHPI(T, 4)00KR
X=X+VRD/2. #P3(1, S)#sKR
XuX+VRD/2. *P3(1, 6>4+#KR
X=X+VCORP3I( ], 7)%aKR
XeX+VCR(2, I)*P3(1, 8)#*KR
P4CId=(X/VT(2, 1) )mKK
C STEP 7R~-- GAS NODE TEMPERATURES AFTER ADIRBATIC PRESSURE

0O O 0O 00

SERYRRRNRABTII A IR SRIIN

c EQUILIBRATION
00 133 K=1,8
133 TGAC2, K, 1)=TGARC2, K, ID)*<(P4CI1)/P2(1, K) )*#GR
C STEP 7B-- CUMULATIVE VOLUMES OF GRS NODES DUE TO PRESSURE
811: C EQUILIBRATION
t12: CVG(L, ID=W(2, 1, I>)*XC*TGARC(2, 1, I)/P4<C])
813: 00 134 K=2,8

814: 134 CYGCK, I)=CYG(K=1, ID+W(2, K, 1)#XCxTGAC2, K, 1)/P4CI)
8415. C CORRECT SMALL ERROR IN VOLUME

816: CVG<B, ID=YT(2, ID

817: C STEP 8-- INITIALIZE QUANTITIES FOR NEXT INCREMENT

818: C TEMPERATURE

819: DO 364 K=1,8

820: 364 TGR(1, K, I>=TGAC2, K, 1>
821: C VOLUMES

822: YT ID=VTC2, 1D

823: VCAR(1, I)=VCAC2, I)
824 VHACL, I>=VHAC2, 1)
825: C PRESSURES

826: P1CI>=P4(]>

827: C MASSES

828: DO 750 K=1,8

829: 750 WL K, 1)Y=, K, 1D

830: 740 CONTINUVE

831: C STEP S--DETERMINE ENGINE TORQUE AT OUTPUT SHRFT
832: C INDICATED ENGINE TORQUE, FORCE ON PISTONS, NEWTONS

833: FP(1)=100. *(~PL(1>*ACY+PL(4)BCY-(P1(4)-0. 1)»CCY)
834: FP(2)=100. *(P1(1>+BCY~-P1(2)%ACY=-(P1(1)~0. 1)*CCY>
833: FP(3)>=100. *(P1(2>%BCY-P1(3>+ACY=~(P1(2)~0. 1)+CCY>
836 FP(4)=180. *(P1(3)*BCY-PL(4)*ACY-(P1(3>-8, 1)*CCY)
837 C TORQUE ON ERCH CRANK, N-M, CCW IS POSITIVE
838: TQ(1>=RC/108. *SINCEARAD I *FP (1)
839: TQ(2>»RC/100. *SINCEARARD+PI2>*FP(2)

840: TQ(3)=RC/100. «*SINCEARAD+PI ) *FP(3)

; 841 TQ(4>=RC/100. “SINCEARRD+PI32)#FP(4)

LN
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242 € INDICATED TOPOUE FOP ENGINE

842 TOI=TOLO+TQAI2Y+TQCZH+TO 4

844 - PAVa(PLILI+PL(2)HPL(INSPL4N Y4

845 € SHAFT TORQUE FOP ENGINE

246 . SPaDMEG/ (2 #P1)

847 . TOSTOTAME 100, (. 99862~ O00D14T+OMEG++2 4 L ~OMEG+ OQO4A91+
848, 1 PAYHx{=1 841>

849  CerodEND OF ENGINE TORODUE AND INTERNAL H. T. SUBPROGPAM
850 . CrarkdCONTROL PROGRAM PART 3

8%1: 7o IF{TIM-TOTY 24024, 795, 795

852 CHeaxenF INAL SUMMARY REPORT

8353 7% WRITECJ]. 798)>FUEL. TOTT, SPVL

g8%4: 748 FORMATY © FUEL, TOTT, SPVL’. 3F10. 2>

255 %5000 STOP

8%6: END

%57 SUBPOUTINE MASSCIGS, PX. MIPL. DDT. ¥, P1. ERDEGY
858 DIMENSION PA<4)

859 . REAL M2, MIR1

260 IF(ERDEG-4S. Y860, BED. 399

861: 850 IF(ERDEG~1%7. >862, 862, 856
862. 856 IF(EARDEG-225. »864. B4, 857

863. 8%?7 IF(ERDEG-Z15. »858. 858, 860
864 1 GAS CHANGE IN WORKING SPRCE 1

265 858 1G3=1

866 PHaX+ PLL-X0EXP(-MIPL+DDT)
867 GOTO8?S

868: C GAS CHANGE IN WORKING SPACE 4

863 860 1G3=4

878 PR+ (PL A= EYP Y/ -MIR14DDT)
871 GOTO3?S

272: C GAS CHANGE IN HWORKING SPACE 2

873, 862 1G3=2

874 PR+ (PLIZYUILERP(=MIRLDDT)
873 GOTO8?S

876: C GRS CHANGE IN WORKING SPACE 2

877. €64 1G2=2

avea PRaX+(PL 2= #EXP(-MIFLADET
gva: a7 PETURN

880 END

L1 SUBROUTINE STANTH(RE, STN>
£83: 100 STN=EXP(1. €908-0. 3362+ALOG(RE>>
284 : GOTO300

883: 200 STN=EXP(~4 Q553-Q 1803+ALOGC(RE>)

886: 200 RETUPN
887 END
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388 € SUBROUTINE USED TO EPRSE PY DISPLAY FIELD

2R7 SUBROUTINE ERASE
290 INTEGERP#1 GS, US, CA, ES. DE. AR YH. YL, ¥H,
891 MATA | US, CR, ES, DE, AR/29. 2. 24, 27, 127. 97/
89z DO 28 ) 47101042
/8 CALL CONOUT/GS>
224 CALL CONOUT(ES)
a8 CALL CONOUTC(DE:
296 WH=?T? /2432

ear. YLMOD(TTT, 320496
f9s WH=IP/32+422

S99 AL MR IR, 30 +64
a0 CALL CONOUTYH>
WL CALL CONQUT YL Y
[02 CARLL. CONOUT (XM
WRz CALL CONQUTCXKLY
andg [0 16 I=1, 204

W% M=1+1

96 10 CONTINUE

b5 ra YH=2/32432

WP - Y0LaMOD(2. 223+36
lni CARLL CONOUT(YHD
an: CALL CONQUT YL
a1y CALL CONQUT XM
ne TALL MONQUITANL
[z Do 268 I=1. 260

Q14 M=1+1

o) L CONT INUE

NE CALL TONOUTYES)
27T CALL CONOUTCARRD
U TALL CONOUTCLUS
a9 CALL CONQUTC(CRY
azn ) CONTINUE

a1 RPETUPN

R END
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6.0 PROGRAM USERS MANUAL

This section gives the directions for using the program described in this
report. It is sometimes particular to the Altos computer used in the program
development but the intent of each instruction is given so that another com-
puter can also be used. Instructions are as follows:

6.1 Load Program CNTLA

A. Turn on computer.
B. Insert disc.
C. Type CNTLA (return)
D. Following message appears on screen
LALA IN
TYPE 1 LEAVE IN BASE CASE
TYPE 2 BRING IN STORED DATA FRQM LAST CASE

When the program starts, the data statements are always read. This initiates
the base case. The program has been used before., A :ile has been created
which transfers the input values to program CNTLB. If the operator has
already made a lot of changes and wants to make some more, he should type
2 and then key (return). If he is starting orwants to start over with the
base case, he should type 1 and éretmg.
E. Type elther 1 or 2 and (return
F. The followling directions appear on the screen:
CNTLA INPUT ADJUSTMENT PROGRAM. TO CHANGE TYPE 2 DIGIT INPUT
NUMBER, A SPACE, AND THE NEW INPUT VALUE WITH A DECIMAL POINT,
TO CONTINUE HIT RETURN.
G. Hit return,
H. A table appears on .ne screen as shown in Table 6.1. To savc space
the input parameters are identified by numbers only and the values are
given just by a number. Table 6.2 gives the identity of each input par-.aeter.
This table is given in numerical order of the lnput numbers. The symbol
used in the program, the meaning, the resident value and the units are given.

Table 6.3 gives the same information organized by subject. 1f 7ne wants to
change a particular operating condition, it would be easler t - look up the
variable nunter in Table 6.3. Table 6.2 would be useful if the question is
what a particular variable number means or if addiiional variables are
needed to be added,

I. To change a variable type the variable number, a space and then
the new variable value with a decimal point in ihe appropriate place. After
pressing ( roturn), the change menue is redisplayed witlh the new change.

This process may be repeated as many times as deslired, Whern calculatlion is
to proceed, type 99 and (returr). The word STOP will show on the screen
when the program is finished and the intermediate values have been filed in
FORT10.DAT. Also the prompt = A will appear. The operator is now finished
with CNTLA. 1In fact, he is out of it.
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Table 6.1

INPUT PARAMETER TABLE FOR BASE CASE

LK R SR AR K R BE BE BX BE R SR R K R K
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IT XXXXXXXXXX  TYPE 99 TO CALCULATE” AND FILE INTERMEDIRTE VALUES
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Table 6.2

CNTLA CHANGE TABLE BY NUMBER
Resident

Number ‘. mbel Meaning Value Units
1 THMG Temperature, hot metal, goal 922.2 K
2 TPB Temperature, proportional band in hot metal 50. K
3 TWI Temperature, water, inlet 300. X
I FWI  Flow of cooling water for entire engine 1575. g/sec
5 OM1  Desired idle speed of engine 40, rad/sec
6 T Ambizsnt air temperature 300. K
7 DT Initial time step 0.5 sec
8 ME nechanical efficiency, engine 90. %
9 Z Flag for working fluids: 1 for H2, 2 for He, 1 --
3 for air
10 RGE1 Vehicle travel per engine revolution in 0.54 meters
first gear
u NTHM Number of tubes in heater manifold 36 --
2 DIHM Inside diameter of tubes in heater manifold 0.472 cm
13 FFF  Full fuel flow 4,85 g/sec
14 THU Time for engine warm-up, before cranking 20 sec
15 LHM Length of tubes in heater manifold 7.95 cm
16 TCR Duration of starting motor torque 1.0 sec
17 TID Idle time after cranking 1.0 sec
18 TAC Vehicle acceleraticn time 30 sec
19 TOTT Total simulation time 90 sec
20 SPM Cruising speed of vehicle 22.4 n/sec
21 RC Radius of engine crank 2,325 cm
22 LCR  Length of connecting rod 13.65 cm
| 23 DCY Diameter of cylinder 10.16 cm
24  DDR  Diameter of drive rod (at seal) 4.06  cn
25 DIH Inside diameter of heater tubes 0.472 cm
26 WIHM  Wall thickness of tubes in heater manifold  0.084 cm
27 NTH Number of heater tubes per cylinder 36 -
28 VHDX Extra hot dead volume in end clearance and 11.59 cn’
hot cap clearance per cylinder
NR Number of regenerators per cylinder 6 -- :i
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Table 6.2 (continued)

Resident
Number Symbol Meaning Value Units
30 DR Diameter of each regenerator 3.5 cm
AN IR Length of regenerator 2.5 cm
32 FF Fraction of regenerator volume filled with 2.2 -
solid (if zero program calculates FF
from dimensions below)
33 NS Number of screens per regenerator 0.0 --
34  MSH Mesh size 0.0 wires/cm
35 THW Thickness of wire in screens of regenerator 0.0 cm
36 VCDX Cold dead volume not in gas cooler or cold 196.02 cm3
space
37 FCA Fraction of VCDX that is adlabatlc 0.95 -
B DIC Diameter of inside of cooler tubes 0.115 cm
39 1c Length of cooler tubes 12.9 cm
40 NTC Number of cooler tubes per cylinder 312 --
b1 MIV Mass, inertia of vehicle 1100 Kg
42  NTRM Number of tubes in regenerator manifold 36 --
L3 DIRM Inside diameter of tubes in regenerator mani- 0.472 cm
fold
Ly AFR Frontal area of vehicle times shape 1.12 m2
coefficient
45 LRM Length of tubes in regenerator manifold 7.95 cm
46 DOH Outside diameter of heater tubes 0.640 cm
47 LHH Heated length of heater tubes 25.58 cn
48 TMAPH Thickness of metal separating each fiow 0.01 cnm
passage in alr preheater
49 LAPH Length of air preheater 10.0 cm
50 WAFH Width of each alr preheater passage 5.0 cm
51 TAPH Thickness of each alr preheater flow passage 0.3 cm
52 NAPH Number of air preheater flow passages in 50 -
each directionr
53 PRL Pressure of workirg gas in low pressure 0.5 MPa
reservoir
4 PRH Pressure of working gas in high pressure 10.0 MPa
reservoir
55 WTRM Wall thickness of tubes in regenerator 0.084 cm
manifold
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Table 6.2 (continued)

Resident

Number Symbol Meaning Value Units
56  TST Starting motor torque 1000. Newton-
meters
57 MIR Maximum time constant for changing working 150. sec™!
gas pressure
58  RAF Mass ratio of air to fuel 16.55 &/g
59 NO Number of nodes in alr preheater 8 -
60  LHV Lower heating value of fuel L6432 K3/
61 GCT Gear change time 1.0 sec
62 RGE2 Vehicle travel per engine revolution in 1.0 meters
second gear
63 RGE3 Vehicle travel per engine revolution in 2.0 meters
third gear
64 VSP2  Vehicle speed to change to second gear L.47 m/sec
65 VSP3  Vehicle speed to change to third gear 13.42 m/sec
66 THH Thickness of hot cylinder head 1.5 cm
67 TRH Thickness of regenerator head 0.5 cm
68  RWT Average regenerator wall thickness (for 0.41 cm
heat conduction)
69 1TCY Average engine cylinder wall thickness 1.27 ch
(for heat conduction)
70 THC Thickness of hot cap cylinder 0.81 ocm
71 G Gap between hot cap and cylinder wall 0.0406 cm
72 HCL Hot cap length 10.03 cm
73 KM Thermal conductivity of engine walls 0.2 w/emK
74 KMX Thermal conductivity of regenerator matrix 0.017 w/cem K
75 THCH Thickness of hot cap head 0.381 ecm
76 Q1 Graphic option, 1 for yes 1.0 --
77 Q2 Printout option, 5 to console, 2 to printer 2.0 -
78 Q3 Periodic report printout option, 1 for yes 1.0 --
79 EIN  Engine irertia 50 Kg m°
80 PBIS  Proportional band on engine idle speed 5.0 rad/sec
81  PBVS  Proportional band on vehicle specd 1.0 n/sec
82 TREP Time interval for periodic report printout 5.0 sec
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Table 6.3

CNTLA CHANGE TAELE ORGANIZED BY SUBJECT

110

Subject No. Symbol R":"g 0t Unite
Solution output control
Graphics flag (1 for yes) 76 Q1 1.0 --
Output flag (2 for printer, 5 for screen) 77 Q2 2.0 --
Periodic report flag (1 for yes) 78 Q3 1.0 -
Time interval between printouts 82 TREP 5.0 sec
Initial time step 7 DT 0.5 sec
Nodes in air preheater 59 NO 8 --
Driving Cycle
Warm-up time 14 THU 20. sec
Cranking time 16 TCR 1.0 sec
Cranking torque 56 TST 1000, N-m
Idling time 17 TID 1.0 sec
Desired idle speed 5 oM1 40, rad/sec
Proportional band on idle speed 80 PBIS 5.0 rad/sec
Acceleration time 18 TAC 30. sec
Cruising speed 20 SPM 22.4  m/sec
Total simulation time 19 TOTT 90. sec
Proportional tand on vehicle speed 81 PBVS 1.0 m/sec
Gear ratlo, vehicle travel/revolution
first gear 10 RCE1 0.54 m
second gear 62 RGE2 1.0
third gear 63 HGE3 2.0 m
Gear change speeds
to seccnd gear o4 VSP2 4,47 n/sec
to third gear 65 VSP3 13.42 n/sec
Time to change gears 61 GCT 1.0 sec
Maxirum time constant for changing 57 MIR 150 sec™!
vorking gas pressure
Engane Operating Conditiuns
Temperatures
goal for hea’ or tubes 1 THMG 922.2 X
proportional band on heater tubes 2 TPB 50, ¢
water inlet 3 TWI 300 K
ambient alr 6 11 300 K



Table 6.3 (continued)

Reslident

Subject No. Symbol Value Units
Engine Operating Conditions (continued)
Pressures
low reservoir 53 PRL 0.5 MPa
high reservoir 54  PRH 10.0  MPa
Working fluid (1 for H,,2 for He,3 for air) 9 2 1 --
Flows
maximum fuel 13  FFF L85 g/sec
cooling water 4 FWI 1575 g/sec
Lower Heating Volume of Fuel 60  LHV 46.432 X j/g
Ratio of air to fuel 58  RAF 16.55 g/g
Engine Dimensions
Vehicle
inertial mass 41 MIV 1100 Kg
frontal area times space coefficient Ly AFR 1.12 n®
Alr preheater
plate thickness 48 TMAPH 0.01 cm
length 49 LAPH 10. cm
width of each passage 50 WAPH 5 cm
thickness of each passage 51 TAPH 0.3 cm
number of air rpassages each way 52 NAPH 50 -~
Hot and cold spaces
Diameter of engine cylinder 23 Doy 10.16 cm
thickness of engine cylinder wall 69 CcY 1.27 cm
" -and clearance and hot cap clearance 28 VHDX 11.59 cn
volume
thicknexs of head 66 THH 1.5 cm
gap between hot cap and cylinder wall 71 G 0.0406 cm
length of hot cap 72 HCL 10.03 cm
thickness of hot cap cylinder 70 THC 0.361 cm
thickness of hot cap head 75 THCH 0.381 cm
thermal conductivity of engine metal 73 KM 0.2 w/emK
di:meter of piston drive rod 4 DIR L.,06 cm
Heater manifold
numoer of tubes per cylinder 11 NTHM 36 --
: inside diameter 12 DIHM 0.472 cm
oo | langth 15 LM 7.95 o

wall thickness 26 WTHM 0.084 cm
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Table 6.3 (continued)

Resident

Subject No. Symbol Value Units
Engine Dimensions (continued)
Heatexr
ID of tubes 25 DIH 0.472 cm
tubes per cylinder 27 NTH 36 --
outside diameter 46 DOH 0.640 cm
heated length 47 LHH 25.58 cm
Regenerator manifold
number of tubes per cylinder 42 NTRM 36 -
ID 43 DIRM 0.472 cn
length ks LM 7.95 cm
wall thickness 55 WIRM 0.084 cm
Regenerator
thermal conductivity of matrix 74 KMX 0.017 w/em X
number per cylinder 29 MR 6 -
diameter 30 DR 3.5 cm
length 31 LR 2.5 cm
wall thickness 68 RWT 0.41 cm
fraction of matrix filled with solid 32 FF 0.2 -
number of screens per regenerator 33 NS 0. -
mesh size 34 MSH 0.0 wires/cm
thickness of wire ln regenerator 35 THW 0.0 cm
thickness of regenerator head 67 TRH 0.5 cm
Cooler
number of tubes per cylinder Lo NTC 312. -
length of tubes 39 IC 12.9 cm
ID of tubes B DIC 0.115 em
Cooler manifold
dead volume 36  VCDX 196.02 c:m3
fraction adiabatic 37 FCA 0.95 --
Drive
cylinders per engine — - 4 --
radius of crank 21 RC 2.325 cu
length of connecting rod 22 LCR 13.65 cm
engine inertia 79 EIN 50 Kg m?
mechanical efficiency 8 ME 90 %
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Besides being ahle to change any input variable involving engine dimensions
and operating conditions, there are some computer solution options that
should be discussed here.

Number 76 - Graphic Flag. If #76 is 1.0, then CNTLB will go into the
graphic parts of the program. If #76 is 0.0, it will not. If the computer
does not have graphic capabllity or the operator does not want to use it,
#76 should be 0.0.

Number 77 - Output Flag. If #77 is 2.0, then CNTLB will direct its
periodic and final output to the printer. If #77 is 5.0, it will be
directed to the screen on the console., If #77 is 2.0, be sure the printer
is on or the solution will stop with no indication of why.

Number 78 - Periodic Report Flag. If #78 is 1.0, a periodic report is
printed out or displayed. If in CNTLB #78 is 0.0, then CNTLB will not
produce periodic reports.

Number 82 - Repetition Rate for Periodic Reports. #82 gives the desired
nunber of seconds between periodic reports., Aiter this desired time 1s
exceeded, the next periodic report will be given. This number is useful
in controlling the amount of output from CNTLB to give an adequate but not
overvwhelming amount.

Number 7 - Initial Time Step. #7 gives the time step used in the heat up
section of the solution at the start of CNTLB., The program WARM (Appendix
A} was used to show that 8 nodes and a time increment of 0.5 second gives
adequate accuracy for the solution. #7 can be changed for other time
steps. When the engine starts rotating, the program automatically adjusts
the time step.

Number 59 - Nodes in Air Preheater. Presently the number of nodes in the
air preheater is fixed at 8. It cannot be changed in CNTLA. It can in
WARM (see Appendix A).

CNTLA produces a data file called FORT10.DAT which is read by CNTLB. The
information is transferred by the position in this data file. Therefore,
the write statements in CNTLA and the read statements in CNTLB must be
identical. Table 6.4 shows the file for the base case.

6.2 Load Program CNTLB

A. Type CNTLB (RETURN).

B. Be certain printer is on. (Base case has the intermediate printout
g0 to the printer every 5 seconds of real time.)

C. The message FILE READ appears on the screen. This shows that the
data file prepared by CNTLA hazs been read in.

The solution then proceeds us required by the contract without any operator
attention. Pressing the CNTL key and S at the same time will stop the
solution or start it again,
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Table 6.4
DATA TRANSFER FILE FOR BASE CASE
(Called FORT10.DAT)

(See 1isting of either CNTLA or
CNTLB for identity of numbers)

922 200 59 0BG 3260 800 1575 980 49, 006
208 800 . 588 90 000 . 540 800
76 060 . 472 e5e 20 009 7. 956

1 899 1.800 X0 080 950 908 22 490

2 325 13. 6590 10. 169 4. 960 . 472
A34 36. 000 11 590 & 080 2. 5ee

2 502 . 200 9. g 8. 080 9. 2ea
194 929 . 950 .415 12 966 2412 0009
1160. 366  2¢. 000 . 472 1 128 7. 956
A48 295 52 818 1ia ode 5. Ao

g8 50 089 .S@ea 10 o008 . B34

1660 90A 1568 638 1< 556 S 000 46 432
21. 256 VS 608 7.558 21 860 . 566
29 677 2284, 742 2 182 26 664 2. 896

B 808 294 582 18%4 527 636 293 B 820
cEa A e0a 161 421 145 454 135 947

S1. ARE 186 219 429 Zd4s 4186 322 11 325
21 @87z &8 127 . 712 4 €50 12 946
Q. 836 8. 66a . Baa 6. 6B 1. 668

I28 581 215 256

1
SB2 A18  T31 626 18

4
a

1 596 248 2% 221 828
£, 219 1147 935 1147 612
1

TTE OSEZ 206 821 1. 829 . T4z 22 @A
286 1 226 278 22 . 287

o Gen 2 ang SH are Sa a7 1 o289

I oRe 4 470 17 429 1. SO . S
417 1 27 S et . 844 18 aze

20a Bi7 S 1. 298 2. 008

1. 965 S8 Qa0 251 S 1432 . 941

A 1
11z 514z 5 112 2173 886 342 791
26 012 292 T g DAz . Bae 1. 0an
<. B9a

¥
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In order to always be in touch with the solution, a line of 8 numbers in
exponential format are always read to the console for every time step.
Table 6.5 is the heading for this readout.

Periodically, as determined by the program, if the periodic printout
option is on,a more complete readout is made elther to the console or to
the printer. Table 6.6 shows the heading for this output.

The definition of the metallic nodes called out in Table 6.6 1is as
follows: (See Figure 4.9.)

1. Around hot space

Between heater manifold and heater

. Between heater and regenerator manifold.
Hot end of regenerator

. Middle of regenerator

. Regenerator end of cooler

[o NV, B0 ~g WA N}

Figure 3.1 gives the nomenclature for this engine,

If the graphic option is on , the following values are displayved to the screen.

A. Scheduled as a function of time
1. Engine speed up until start of cranking
2. Vehicle speed

B. Ticks on left hand border of display to showi
1. Temperature goal for heater metal
2. Cooling water temperature

C. Plotted as time progresses versus time
1. Cwrrent fuel flow rate (over full height of display) (Staris
out at maximum.)
2. Temperatures on the scale determined by the two ticks
a. Flue gas leaving heaters and entering air preheater
b. Average heater metal temperature
c¢. Flue gas leaving air preheater
d. Average of metal around hot spaces
e, average of metal around hot end of regenerators
f. average of metal at middle of regenerators
3. Engine speed on scale determined by specified idle speed
L, Vehicle speed--compared with desired vehicle speed

D. Pressure-volume work diagrams for the four working spaces. Theu~
are on the right side of the screen. Four boxes are drawn. Tie
top box is for working space #1, the second is for working space
#2, and sc on, Full scale for the pressure is the high pressure
gas reservoir. The bottom of each scale is zero pressure,

The temperature plots must be differentiated by comparing the plot with the
periodic printout which also contains the same values.

At the end gglt?e ogram t?fee numbars are displayed. These are:
. To uel consumption ams
2. Total time, seconss ' &

-~

3. Vehicle speed at end of cycle, m/sec

115

R —




I:ed pX T+
uoTInToARY oos
xead puz O 098 4
BuTTRY W e poadg | TN 298/08X  |ononantone |, /2 Fromas
xea® 9ST - Lt ¢paadg peadg oupSuy noTd Yeng ouwtl
Ferq paTeArI] aTOTUSA STOTUSA sutsuyg jusxImy sATrRINENG
oT1ey Xeen Eeg ] | paxyse(q

dALS EWIL AYdAd LOJLNO HTOSNOD ¥0d DNIGVEH

¢'9 o1qel

116



Asx/w oes xad u By u- N -
otyey quelsSuU0Y uN i anbxog e«dun u-N
xeen 103 U0) a.wwﬂow Suyrprejey a:. awsw enbxo} 3oN]|
Suryaon juaxm?) BTOTUdA
il' " “ " “ " " ™M " "
ﬂ“.' "] “ “ a [ " ™ " "
Z#-> - 5 w *uadoy *uaBoy s uadey Jojeal Jo |xeqeey jo| TeIoW
pug proD | oTPPIM PU¥ 30K pPug PT0D | Puy 30H feoedg j0H
> oh...mo . = BN 9 9 f ¢ 4 1
se) Jo s
e n Te3190l troqueaut Jemssess o - Y ‘seanjezedws; opou Tejsu autduy | ———p»
9TuY g no 4N o 9N no ¢N 3no #{ o €N 3no 2N Ino 36T3N0
- ¥ ‘saanjeasdus) sed only, -——p
™
a Ll
L} on’n—.‘ n ! n
aweTy 8N A 9N N #N N 2N IN
= % *‘seamjexodws] opou Tejouw Jajeoyadd ITY fr——jom
0TINO gN Ut LN Uy 9N ut SN uy HN Ut €N ut ZN ut jeTul
g— A ‘eanjersduws) aye Iereaysxd ITY P
oos . oes /u ses fu ses fpex wem\m SpuUoDas
4 U@&w [ & ] & Sa.ﬂh [ ]
deyg aTOTuSA peadg poadg [suotantorey | 0 aut}
swt], pexTseq aTotTyer autduy quszmy ATYRTNWLY
INOLNTHd JIAOI¥Ed ¥0d ONIAVIH
9°9 81qel
e e e T



There is an error trapping routine in the program which is activated if

mass in a working space is changed during Step 4 of the engine torque and
internal heat transfer subprogram. Unless some changes are made this routine
will not stop the program. If for some reason this routine is activated,

the following message is rrinted out or displayed on the screens

Flow error 1is in working space # .

Following thia is printed out or displayed 8 rows of 7 numbers which help
determine vhere the problem is. The 8 rows are the eight nodes., Within
each row the numbers give the following values from left 10 right.

1. Node number

2. Mass of gas in node at start of time step

3. Mass of gae in node at end of time step
4. Cumulative volumes in the solid

5. Cumulative volumes in the gas
6. Average gas temperature at the start of time step
7. Average gas temperature at the end of time step
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7.0 SOLUTION OF BASE CASE

The original expectatlon was that the solution using the programs described
herein cnuld be checked with the steady state power output and efficiency
glven by General Motors for the 4L23 machine (6). However, this was not
done because the engine power output and efficiency were not calculated.
It would rot be difficult to add both power output calcuation and the effi-

clency and heat balance calculation since most of the programming has already
veen done,

input values for the base case are given in Tables 6.1, 6.2 and 6.3.
sed upon this input the pericdic output is given on Table 7.1.
teen drawn to separate the periodic outputs. The key to what
mean 1s given in Table 6.5.

A line has
these numbters

.1 shows the graphical output at the end of the solution «
case. Flgure 7.2 shoWws the solution part way along to show how the four

pressure volume diagrams appear. Filgure 7.3 shows how the screen looks
with the display every time step superimpocad. As an aid to intc ng

screen are

what 15 seen or the screen, the data plotted on the
\in Flgure 7.4 usirg the data from Table 7.1.
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Table 7.1

PERIODIC OUTPUT FOR BASE CASE
(See Table 6.5 for headings)

ST AR 0 oA T 0. 0 0. 00 | S0300
THR.Ne SO0 A0 TO0 60 TOD 0Q 00 66 200 00 30000 00 00 200 60
=00, A0 T00 OB IO A6 00 00 0. 00 300 00 109 60 00 A0 300 00
TH0 00 TR N0 TOR 90 TO0 00 TO0 68 00 66 00 60 300 82 390 00
TR0 0 362 A0 TOO 0 300 08 700 00 300 e 56 @ 00 1147. 95
R0 03 00 00 TO0 00 I00. 08 09 60 00 o9 ) 0 80 1147 €1
00 AR TOD AR TO0 69 RO 83 200 00 300 00 S0 000 770 96
T00. 00 TAD 0D 300 60 300 00 300 00 300 a0 . s@ 6. 80 930 22

0o_0a %)

==
E

I
pa] |

) 4 2 an 8. A 0 o0 2 A0 | SA00R
SRR AR 19 15 ITI6 15 354 06 ITL 89 I09 &7 467 47 425 18 442 92
£I2 TE S94 64 67O 95 687. 41 TO4 3T T21. 84 TV IR 7HE. 69 2647 66
1257 &2 1295 96 1314 TA 1344 11 1374 10 1464 TO 1435 90 1467, 72 1500. 20
TO0 062 4T2 7T 4T2.TT 200 15 T00. 02 200 o9 .50 0. 90 1147 95
San G2 4TI 7T 472 7T 280015 309 92 200 80 s 0 0Q 1147 61
TER A2 472 T 4T2 I *ae 1S 00 62 300 60 5@ .00 TVA 9% ;
SRR 02 472 7T 472 T 300,15 300, 02 70 69 . 5@ 0. 06 230 82 ;
a9 ﬁ_ll-__JLJEL___ﬁuﬂE: 299 _ 92.00 3
) 4 85 a oo o 06 0. 00 0 a3 . S0000
-G BR ToS 51 TS2 TG IPR 92 494 A3 430 84 456 €5 482 38 67 97
~a% &R |17 TS 244 37 865 20 699 21 913 39 9IT. 67 960 €8 2712 T2
1799 65 1422 91 1449 82 1477 40 1505 37 1537 51 1561 84 1590 35 1619 11
TR DD €T RT €33 .85 200 61 IO0 1T T80 &0 .50 D 0a 1147 95
AN AR €T3 A% SI9 3% SO0 &1 200 15 IRe 8A sa Q. a9 1147 51
“an AR S£T9 85 633 8% T80 61 88 15 Iof 89 5@ .00 TVe. 95
TR0 Ae  £T9 RS STH 8% Tan &1 TAR 15 260 00 ) 0. 93 330 92
[E S (XIS (S ELx [ REY 8 /R 1% _@:L
S, 00 4 25 ) o a0 f. 09 000 . Se0en
Sa0 R TTO ES IEL AT I91 24 471 TR 451 .21 491 9@ S18. &5 548 09
27 Q) 293 81 925 TE 952 17 998 59 109S. 03 1035 3T 1060 95 2744 84
1490 Q4 1512 22 1545 52 1574 09 1603 29 1631 T3 1660 22 1688 76 1717 44
TAM. 13 TAT 44 TOT 44 301 35 200 41 T00 0 . 5@ 0. 02 1147. 9%
SHR 19 TOT 44 TAT 44 201 DS 36Q 41 200 00 . 5Q 0. 60 1147 61
TOD 19 TAT 44 TIT 44 TAL IS 768 41 200 o9 . 5a 000 779 96
TOR 17 TST 34 TAT 44 TH1 IS 300 41 300 0@ .59 Q. 00 S30. 82
(RIS 5] £ 30 Q. ag a_ag a8 _aa a0
2060 123 o on 0. 99 a6 a9 8 00 . Se080
SpR AR TIT Ad TES TA O TOR IO 470 47 462 88 494 94 528 B4 552 47
AT S8 Gdd 59 954 a2 1097 98 1930 96 1062 21 1091 26 1118 11 2782 22
1552 NS 1587 T0 1815 6% 1545 01 167% I8 1784 T1 1T34 985 1TET. 41 1792 89
TR T4 91T 1T 91T 14 T 4 I9e 981 300 20 2] 0. 00 1147 95
ol T @t 17 91T 14 TH2 T4 Te) 21 200 0 .50 Q. 60 1147, &1
San Td4 1D 1T 9T 14 IH2 T4 Tea 21 208 00 .50 0. 60 TTO. 3
TR OT9 91T 1T 91T L4 Te2 T4 T 81 180 04 Tc) 6 on 930 92
e T BN Ny D] g G
“ LY R LES T4 224 91299
- SEB R SeT oan TAT 87 4oR AT 4T4 20 48T 28 SeR. 1E ST2 88 SES. 27
NTe 33 WD Nl Q91 A9 1902 14 1092 2% 1932 27 1111 91 1138 29 2TT0. 62
1956 20 1599 11 1A2g AT 1S5T OR 1891 711710 4T 17T 18 1TET 81 1798 ST
SR A% AXd AR 23 4T TST 21 456 71 TG 09 82 20 72630
04 88 G26 1T 900 T4 TSE S1 452 82 200 00 46 20 Q22 89
G5 46 QD4 1T 094 7Q TET a4 45T 20 200 00 e .20 1264 @2
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Table 7.1 (continued)

3000 369 6508 Si.78 B.24 597 . 00625

308.00 334.38 368.39 402 20 435.83 469.29 502.58 335.69 56846
942. 67 970.15 1000 44 1030, 53 1061. 35 1094. 63 1124 46 1148. 32 2773. 21
1560. 40 1588. 61 1616. 87 164S. 02 1673. 07 1701 02 1728, 85 1756. 60 1784, 39
313.49 917.97 ©32.74 42281 535.62 300.08 .32 .24 120?. 25
313.25 919.19 054.04 421 84 53595 300, 00 .35 .21 1032.45
31376 918.28 B849.70 422. 66 536.68 300. 00 .56 .24 725 42
313.95 915 11 847.62 426.81 $536.22 300.00 . 46 .20 932959
12,78 14,38 24,680 27,86 15090 2. .00

35.00 4.85 107.32 $9.98 955 5 70 .00625

300 00 334.65 368.91 482 97 436.86 470.56 504.10 537.44 570 43
947. 67 975.21 1005. 69 1036. 38 1066. 99 10897. 44 1127. 4@ 1154, 22 2775. 18
1550. 97 1578. 53 1606. 89 1633. 51 1660. 79 1687. 94 1714. 88 1744. 72 1768. 56
322,08 907.87 797.43 463.27 576.10 300.80 6.68 4. 03 1047. 64
321.92 909.84 799.95 462.17 %72.46 300.00 10.85 4.05 726. 97
322 65 907.56 792.05 460.19 S46.10 300.00 9.47 4.08 920 11
32261 987.32 794.00 462.64 530.74 3080.00 6.11 3. 97 12082 62
345.28 2308.17 37.47 27.86 2435 1,00
"40.00  4.85 163 33 7973 42 69 13 44 00625

300.90 333.80 367.29 400.58 433.70 466.64 499. 41 531 99 564. 26
931.92 959.76 989 71 1019 71 1049. 55 1079. 20 1108. 46 1135. 34 2769. 01
1495. 55 1524, 39 1546. 95 1572 48 1597. 65 1622 68 1647. 51 1672 13 1696. 65
339.64 814.13 629.82 581. 61 508.94 300.00 7.06 4. 22 1020 46
339.62 815.88 629.96 502.08 S03.590 300.68 11.09  4.24 724. 22
340.09 £12 33 624.24 499.32 481.11 300.00 8.685 415 942 23
340.10 81228 625.21 500 17 487.64 300.€0 615 4. 22 1210 42
22399 277.57 _45.43  27.86 41265 100

: : .82 80 3 . 17. 17 . 00312

300.89 333 14 365.98 398.63 431 11 4632. 42 495.56 527.52 539,19
919, 52 947.80 976. 43 1005. 86 103%. 14 1064. 23 1092 98 1115. S5 2763. 94
1511. @1 1538 83 1565. 03 1591, 92 1618. 69 1645. 34 1671. 89 1698. 33 1724, 77
342.90 877.99 682 94 505 47 450.27 200. 00 . 46 .22 946. 53
343,98 877.04 €81 36 $05.32 449 55 300. 00 .31 22 1211 63
344.24 ©75.71 678.97 505.08 450.08 300. 00 .36 .22 1015, 20
344.25 876.46 680.27 505 21 450.36 300. 00 .58 .23 72397
-199.46 12 71 2P0 85 411 45 41%0.00 _ 2 00
“BE V0 2 4% 290 %9 7486 2363 20.90 . 00312

300.80 323.96 2367 60 401 85 434.33 467 43 .36 $33.12 565.57
934,86 962.81 992 95 1023 14 1052 17 1083 @8 1112 67 1139 89 2770, 32
1561, 74 1590, 34 1619, 01 1647. 62 1676 12 1704. S8 1732 97 1761 31 1789. €9
345. 09 998.30 798.85 506 77 451 87 300. 00 X .21 742 63
345. 17 997.44 797.20 50625 450.07 300, 89 %@ .21 873 30
245 43 996.28 794.97 505 83 449 66 200. 00 .33 .24 1478 99
245 44 996.87 796.15 506 23 451 21 200. 00 .32 .22 1101, 54
-168.47 1292 181 82 141 45 15009 2 00

5500 1. 25 348 11 70.28 22 37 22 40 00742

300.89 334.39 368 34 402 18 435.67 469.98 562 2@ 535 34 567. 99
942, 81 969.20 999 36 1029. 77 1060, 09 1099, 27 1119 92 1145 65 2772. 74
1569. 10 1597, 7@ 1626, 41 1655. 06 1692 62 1712, 10 1740, 51 1768 85 1797. 32
74690 1014. 86 806 89 S0 52 45872 30000 2 21 1 S4 1209 25
34695 1013 69 205 80 50985 466. 78 300.00 3. 04 1. 52 867 72
247 25 1012 87 903 18 S07. 84 4%6.51 200.00 4.27 156 757.28
24733 1012 49 803 42 506 67 45025 300.80 3. 17 1 65 1062 08
44,91 21268 16685 111 45 4. 47 2 0D ~
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Table 7.1 (continued)

60.00 4.05 404 21 70 .36 22 40 22 40 00312

300.00 334 7 368 94 402.03 436.94 470.67 S04. 22 537.59 370.62
947.78 975 66 1006, 21 1036. 91 1067. 52 1097. 97 1127. 97 1155 08 277S. 37
1561 B4 1589, S€ 1617. 62 1645. 55 1673. 35 1701. 02 1728. S8 1756, 01 1783. 46
355.34 1004. 53 779.95 548. 53 526.46 30000 218 1. 38 1083 28
355.81 997.22 76255 550.03 526.46 300.80 392 151 738 %4
I6.20 954.51 757.97 S48.07 S12.47 300.00 3. 66 1.51 899 08
356.18 996.05 760.00 548.24 S15.68 300.00 2. 36 1. 49 1188 47
7.60 180 18 167, 42 111 43 .42 2 .00 —
€5.00  4.34 460.29 70 54 22 45 22 40 . 00312

300.00 334.75 365.16 403. 37 437. 41 474.27 504 .95 538 .44 374 62
945. 56 978, 04 1008. 81 1039 62 1070. 34 1100. 88 1131 94 1158. 69 2776. 36
1561, 57 1589. 52 1617. 45 164S5. 26 1672 92 1700. 45 1727. 83 1755. 09 1782 3¢
362.69 1020.23 765.86 S72.01 S31.88 300.90 2. 75 1.44 943 31
363. 48 1007.02 750.92 571.43 519790 300.00 4. 47 1.60 739 02
364.22 997.64 739.41 S70.11 %09.22 300.08 357  1.76 1026. 74
364.24 997.91 740.38 571.39 517.26 00 00 2. 56 1 77 1218 25
400,99 266,37 167.68 111,43 693 2.9 _ 0

70.00 4.01 516 41 70 42 22 42 22 40 . 00312

300.00 334.81 369.28 403 56 437.66 471.58 505 32 %32.83 572 12
959. 75 979. 268 1010 13 1041 @1 1071 77 1102 36 1132 S9 1160. 28 2776. 87
1563. 39 1594 38 1619. 34 1647. 17 1674, 86 1702 4@ 1729 81 17%57. 09 1784 26
368.98 1041.90 770.10 586.25 S28. 73 300.00 3.60 4. 37 733 58
369.99 1623 02 749.57 583.42 51175 300.00 363 1. 49 895 42
374.04 1003.45 729.19 582.87 S08.76 300.80 2. 66  1.69 1151 20
371.45 1001. 45 727.89 564.64 519.33 300.00 2. 73  4.72 1077.16
=16.52 _4135.38 46731 411,45 2.42 2. 00

75.08 2 4.03 S72.48 70 44 22 42 22 40 . 00312

300.00 2334.85 369. 35 403. 67 437.80 474. 75 505 53 539 .11 572 38
951 42 979.95 1010 82 1041, 72 1072 51 1103 13 1133 39 1161. 06 2777. 13
1563. 64 1591. 61 1619. 55 1647. 25 167%. 02 1702, 54 1729. 92 1757. 17 1784. 40
375.04 1058.38 770.33 596.33 S523.37 300.00 3.89 1.38 758 27
376.02 1035.64 747.75 592.60 S11.42 300.00 2.91 1. 45 1064. 79
377.21 1006. 75 720.16 590.72 S11.11 390.80 2.46  1.71 1208 60
377.73 996.31 710.81 59230 %519.25 300.00 3.89 1.92 865 68
- - 235 200

80. 00 392 628 59 70 48 22 43 22 40 . 00312

300. 90 334.86 369.39 403. 72 437.86 471.83 S05. 62 539.23 572 51
951 73 980. 25 1011 14 1042 89 1072 99 1103. 53 1133 78 1461 45 2777. 26
1564, 20 1592 18 1620. 13 1647. 95 1675. 62 1703. 15 1720, B4 1757. 80 178%. 04
3680. 77 1074.14 771.92 604. 42 S20.09 300.80 311 1. 32 936 81
3681. 62 1948.22 748. 73 600. 47 S16.53 2W0. 00 2. 17 1. 41 1208 68
382. 85 1010. 47 714.87 596.19 S15.62 300.90 2. 80 1. 68 1027. 25
383.65 990.27 695.60 594 3¢ S06.61 300.80 508 1.89 724 59
- *, .

8s. oe; 'il'za.ﬁ"n '“684:. ?am""m“?e. ﬁ“‘u 2;'42. Fi 72, 40 . 00312

300. 90 334.89 369 43 403. 78 437.94 474 93 SO5 73 539.3%5 572 65
952 17 989. 63 1011 S3 1042 48 1073. 29 1103. 92 1134. 17 1161. 81 2777. 40
1564. 87 1592 85 1620. 82 1648. 65 1676. 34 1703. 89 1731. 29 1758. 57 1785. 83
386. 91 1988.65 774.78 611 40 S21.93 300.00 2. 36  1.29 1121. 73
386.74 1039.96 750.94 606. 75 $22.35 390.00 2. 06  1.39 1174 29
368.00 1012 45 710.31 599. 44 51542 300.00 3. 75 1.66 798 69
368 32 983 92 684.20 %92.89 492.24 300.%0 4.96 1. 87 802 62

—8.92 212,408 A67.27 111,45 _1.26
FUEL, TOTT, SPY1  347.416  90.800 22 402

Engine fuel flow = 3.74 g/sec. Engine speed = 70.4 radians/sec.

revolutions = 740.
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The identity of the lines on Figure 7.1 can be sorted cut by comparing
Figure 7.1 with Figure 7.4, Figure 7.4 is much less detalled since it is
derived from Table 7.1 for every 5 seconds of real time.

Fuel flow in graphed in Figure 7.1 over the full vertical scale. A smaller
scale was used in Figure 7.4. The fuel flow varies widely. It is at its
maximum at the start as the engine is heating up and then at two other per-
liods when the engine is working at full capacity. At the end of the driving
cycle the fuel flow is still oscillating but appears to be damping out.

The top channel on the left in Figure 7.1 is for vehicle speed. The desired
vehicle speed 1s drawn at the start of the solutlon. The calculated speed
is superimposed upon this ramp and cruise. The calculated speed rushes
ahead of the desired speed as the vehicle is put into first, second, and
third gear. Possibly the engine has been assigned too much inertia. The
vehicle coasts until the speed is back on schedule.

The next channel down on the left of Figure 7.1 is for engine speed. It
attains 1dle speed withan the two seconds before getting in hear. As the
gear ratio changes in one second, there is very little reduction in engine
speed. This is another indication of an unrealisticly high engine inertia.

The final channel on the left 1s for engine and air preheater temperatures.
The order of the temperatures from top to bottom soon after the engine starts
ares
1. Flue gas leaving heater and entering preheater.
2. Flue gas leaving preheater.
+ Average heater metal.
. Average mid-regenerator metal.
. Average top of regenerator metal,
+ Average hot space metal.

o W

These graphs show that the base case air preheater is inadequate and must
be improved. The heater temperature takes a serious dip during second gear
but recovers after the shift to third gear. Figure 7.4 shows that the cal-
culated heater temperatures are quite different at the two ends. Half the
heat from the burner is made to go to node #2 and half to node #3. There is
a wide difference in temperature between these two nodes. Node #3 which is
nearest the cold side of the engine is colder. After the engine reaches its
crulse speed, there 1s a slow but pronounced divergence in individual node
temperatures for nndes #2 and #3. Other metal node temperatures are less
affected. Although data to this detall were only recorded every five
seconds of real time, a particular heater node was always consistently

high or low or in between, The author cwurrently has no explanation for

this behavior.

The next line down In Figure 7.1 has a sawtooth appearance. The temperature
of metal node #5 at the midpoint of the regenerator rises when the engine
pressure rises and falls when the engine pressure falls, The temperature
falls at low pressure because conduction to the cold part of the engine is
more important than convection from gas passing through the heater. This
node attalns its expected temperature midway between the heater and cooler.
Note that the plotting of the individual node 5's during the acceleration
phase indicates that thls temperature cycles over about 50 K during an
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engine cycle. Eventually this node temperature is lower than any of those
plotted.

The next line in Figure 7.1 starts just below node 5 but is mare stable.
This is metal node 4 which is at the hot end of the regenerator, It is
surprising that this node temperature settles out so close to the middle
of the regenerator. This may be due to the low power the engine has to
put out during crulse,

The final temperature line in Figure 7.1 is for metal node 1, the mestal
around the hot space. It starts out the lowest and ends up next to the
lowest. One would expect that this node would attain heater temperature.
However, at very low load like during cruise, heat conduction to the heat
sink draws this temperature way down.

In conclusion, this computer program at this stage in its development gives

reasonable looking answers, However, anyone who has worked with large com-

puter programs knows there may be a number of important errors left in these
programs.

Finally, the problem of the proper angle increment for the solution has not
been resolved. With a 7 to 30 degree angle increment reasonable PV dia-
grams were drawn. It was feared that since the dead volume of the cooler
is so0 small that with a 7 to 30 degree angle increment much gas might pass
through the cooler in one time step without being affected by it. The only
way to simulate transient thermal effects is to slow down the solution so
that all the gas passing either way is affected by the cooler. To do this
efficiently the angle increment 1limit should be made a variable and its
effect should be investigated by a number of complete runs. Since each run
takes all day, this work was left for the future.
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8.0 CONCLUSIONS AND SUGGESTIONS FOR ADUITIONAL WORK

A camputer program has been written and perfected and fully documented that
will calculate the transient response of a Siemens arrangement Stirling engine
similar to the General Motoars 4LZ3 or the current United Stirling engines.
Eighty-two different variables can be changed to adjust the solution to the
needs of the calculator and the computer being used and to specify exactly
the engine dimension and the operating condition for the engine and the
vehicle.

The computer program models an engine which uses working gas pressure as a
means of controlling power. The mode of controlling the heater tube temper-
ature and either the engine or vehicle speed is by proportional control.

With this program as a basis the following additlonal tasks are suggested:

1. Determine the effect of having the four cylinders in unison instead
of at 90° phase angle. The calculation normally goes for many hundreds if
not thousands of revolutions. The effect on the driving cycle will probably
not be significant but calculation speed would be quadrupled.

2. Obtain 16 steady state operating points after the program has been
modified to have averaged power output and efficlzncy over a specified time
period. Compare with a standard and make adjustment in the dimensions or
other parameters.

3. Adapt the program to prediction of the transient performance cof
the Department of Energy Mod I engine in the vehicle that is planned for it.
This will require finding all dimensions including thermal conductivitles,
moment of inertia, seal and mechanical friction, etc.

4. Compare this program and the version proposed in #1 above to that
program published by Daniele and Lorenzo (4). Compare on the basis of
solution time and accuracy.

5. Adapt elther the current program or the one cylinder modification
(#1 above) to a calculated, realistic heat transfer in all gas spaces. That
is, the hot and cold spaces would not always be adiabatic and the heat
exchangers would have the heat transfer coeffliclients expected for the instan-
taneous flow. Show how the gas and metal temperatwres vary during the cycles,

6. Add variable stroke control to the program.

7. Predict the transient and steady state response of the Advenco
engine now at NASA-Lewis.

This computer piogram was developed on a good quality microcomputer with
high resolution graphic capabilities. With only the graphic output plus
the single time display per time step the full base case of 90 seconds real
time was run in 3 hours 45 minutes. The graphic display plus the printouts
if desired would be adequate record of how well a particular method of
control worked.
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the single time display per time step the full base case of 90 seconds real
time was run in 3 hours 45 minutes, The graphic display plus the printouts
if desired would be adequate record of how well a particular method of con-
trol worked.
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APPENDIX A
TEST FROGRAM, WARM,FOR

Introduction

It was found that in order to perform a 90 second simulation of a simple
driving cycle, it was necessary to repeat the calculation scheme approxi-
mately 35,000 times, The burner simulation is a significant part of the
calculation scheme. No only does it account for about one-fifth of the
program lines, it also includes Z subroutine calls and multiple use of the
exponential and log functions, all of which cause the computer to spend a
large percentage of its exscutive time in this area. In order to reduce the
8 hour executive time required by the Altos computer and to simplify the
main program, it was decided to attempt to create the WARM,FOR program.
WARM.FOR would include the burner simulation from CNTLB.FOR, and would
hopefully generate a simple relationship between burner efficiency and heat
required by the heater tubes. CNTLB.FOR would then require only a few
equations to preduct fuel consumption as a functlon of engine heat require-
ment,

Node Arrays

One of the first modificatlons to the burner simulation was to increase the
nunber of calculation nodes of the air preheatexr., Origlinally only four nodes
were accounted for, but it was decided to use arrays instead of single
variables. Tests were performed to determine the accuracy or the burner
efficiency as a function of the number of nodes used in the calculation. It
was found that by using 20 nodes, the calculated burner efficlency was
within .96 of the efficlency calculated using 99 nodes. When using 99
nodes, the simulatlon requires 64 more time than the 20 node simulation
requires. It was decided the 4 percent was not worth the prolongezd calcula-
tion time. The four node simulation was about 7.9 low so the 20 node simu-
lation was used as a good compromise.

Time Increment

Regardless of the size of the program, if the calculations need to be exe-
cuted twice as many times, then the time requirement doubles. A test was
performed to determine how often burner calculations had to be made so that
reasonably accurate numbers would be generated. It was found that by using
.05, .1, and .5 second increments, the calculated burner efficiencies

agree to 4+ percent. However, when the one second time increment was used,
the numbers generated became erratic and afficiencies of over 100% were cal-
culated., As a result it wae recommended that a .5 second time increment be
used.

The results of the time increment and metal node test are shown in Table Al.
A sample table generated by WARM.FOR for 20 nodes and .5 secoid increment is
shown in Table A2.
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Burner Correlation

In order to simplify the burner calculations for the CNTLB.FOR program, two
correlations were necessaryi
1. turner efficlency as a function of engine heat requirement.

2. burner efficiency as a function of time after the heat requirenent
cl»rres significantly (transient condition).

The second correlation was attempted first, using WARM,FOR a 1000 second
duration. The burner efficiency was calculated as a function of time for a
20 second waim up and one constant heat requirement. Three points were taken
from the first 100 seconds of simulation and an effort was made to discover
a function described by the three points that would indicate the burner
efficiency at 1000 seconds. Two methods were used, a power curve fit

using the WP -67 curve fitting routine and a more direct method involving

the solving of three simultaneous equations with three unknowns. The results
are shown in Figure A.1. A non-l!near extrapolation of this size is,of
course, very difficult. Since the closest correlation was 2% off for this
simple example, it was decided that the burner calculations should be an
integral part of the main control program (CNTLB,FOR) ir any reasonable

acer racy is desired.

100

WARM.FOR

Power Curve Fit
95

Root Method

85

Burner Efficiency, Percent

80

75 400 600 800 1000

Time, Seconds

200

Figure A.1. Burner Efficiency Versus Time.
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Utility of WARM,FOR

Although WARM.FOR cannot be used to generate a simple correlation for use
in CNTLB.FOR, it can be used tc determine burner efficiencies and air mwe-
heater temperatures as a function of time for various heat requirements.
0f most value are the plots of various burner temperatures and burner eff®-
ciency as a function of time. A wortiawhile addition to the program woulu

be to calculate the heat requirement of the ~ther metul parts of the er -ir.
as warm up occurs. ’

Input

A sample table and the glossary ~f input variibl.: ore shewn i Table A3.
Changes are made by typing the item raambter, & spn.e, then 1"z unew value,
including a decimal point. Q1 is assimnod the value of 3 if a table outpurh
such as Table A2 is desired. DTO detarulnes the freauency of data printout.
TTT is the duration of each heat - juvirement. The heat requirement ic &«
during the warm up time, and is increased Ly HREL euch time a period lastirg
TTT seconds is finsihed. The simulation losts TOTT seconds. Hash marks
divide the total simulation time into tenths.

Graphice.l Qutput

A dlagran of a typical graphical output is shown in Figure A.2. The tip
section plots various burner temperatures. The bottom section nlots burner
efficiency and fuel flow as a function of maximum fuel flow. The left side
of the screen displays digital values of what 1s presented graphically on

the right side. The air preheater balance (APH BAL) descrid:zs the balance of
energ, between heat transfer from the flue gas to the air preheater metal

end heat transfer from the air preheater metal to the inlet gas. A negative
balance irdicates that more heat is being transferred to the metal than from
the metal, sc its temperature must be rising.

Program Lisiing

The prcgram lis*ing of WARM,FOR now follows., Note that the listing contains
its own nomenclature and its own method of changing input variables similar
to CNTLA given in the body of the report.
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Table A.3

VARM ,FOR SAMPLE TABLE AND GLOSSARY

OF TABLE VARIABLES

L . I
» OPERRTING CONDITIONS 8Y NUMBEK * * «
91 922200 % B2 S0.00Q + 93 20D 00 « O4 508 « a5 16 a0d «
* 06 20000 x 07 20 + 0010000 000 * B 92 023 * 19 280 g +
* 11 1 * 12 10 e * 13 g 084 * 14 2 8o x 15 B 08 *
* 16 2 o8l « 17 4 00a * 13 @ eaa x 19 Qg + 2@ o %
# ENGINE DIMENSIONS * * * *
« 2 10 am x 22 S 020 » 23 2oe * 24 153 x 25 98 ~
* 26 16 952 * 27 640 » 28 C472 & 2% 25 9RA x o Tv .
* 31 2 Swo + 32 203 % 33 5] a4 B % 3h O Ged
* & o, B % 37 @ 380 % 5B @, e+ 09 @ oag x 4@ 3, AR -

rreTryepyerwer po TR R TR R B ST A SRS T A S S R SRR S ARt S R L R SRR S

IT KRXHARERRN

1. ™M, %k
2. 1B, %
3. 1, %

4, DT, sec
5. FFF, g/s
6. THU, sec
7

8. HREQ, watts
9. TTT, sec
10. TOTT, sec
11. Q1

12, D10, sec

TwRE 32 TO RND

21,
22,
23.
24,
25,
26.
27,
28.
29.
30.
31,
32.
33.

TYPE 42 TG EXEDUTE NEW CRSE

LAPH, cm
WAPH, cm
NAPH
TMAPH, cm
TAPH, cm
RAF

D0H, cm
DIH, om
LHH, cm
NTH

IR, cm
FF

NS

MSH, wires/cm
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L PROGRAN WARM. FOR PRE-PROGRRM FOS CNTL FOR
C NRITTEN BY MARTINI ENGINEERING UNCER CONTRACT NUMBER
C DENZ-226 FOF NASA-LEWIS UNCER THE DOE ROVANCED AUTOMOTIVE
 PROPULSION PROGRAM

sk xs NOMENCLATURE #smns
A = TEMPORARY VARIRBLE
ARPH = HERT TRANSFER ARER OF FULL AIR PREHEATER. S@ CM
ACE = RADIRL ENGINE ACCELERRTION. RAD/SEC##2
ACY = RCCELERATION OF VEHICLE AT START OF TIME STEP. M SECe42
ACY = Pl4DLY*x2
AF = RIK FRICTION. NEWTONS
AFR = FRONTRL RRER OF VEHICLE, Mes2
fiH = HEAT TRANSFER ARER FROM FLAME. FULL ENGINE. 30 (M
AHF = GRS HERTER MINIMUM FLOW ARER, CH+s2
B = TEMFORRRY YARIRBLE
BAL = RIR PREHERTER ENERGY BRLANCE. (HTR-HTF:. HTR, X
BLY = PI4x(DCY#*2-DDR#+2)

™

BEF = BURNER EFFICIENCY, X
(LY = ACY-BCY
CFF = CUFRENT FUEL FLUW. G5

CHAPH = HERT CRPACITY OF FULL RIR PREHERTER. J-X

(MM = HEAT CRFACITY OF GRS HEATERS FOR ONE CYLINDER. L'k

CMX = HERT CAPRCITY OF REGENERATOR MATRIX. J-K

CP = HERT CRPRCITY AT CONSTANT PRESSURE. 10 K

CPR = HERT CARFRCITY OF AIR, J/G K

CPFG = HERT CAPRCITY OF FLUE GRS, JAG K

CS = COEFFICIENT FOR SHAPFE OF VEHICLE

(v = HERT CAPACITY AT CONCTANT VOLUME. J/G K

CYY = 4. «(I4DTCHAPH

[ANG = CHANGE IN ENGINE RNGLE, RAD

DCY = GIAMETER OF CYLINDER. (M

DIR = DIRMETER OF DRIVE ROD. CH

DEQ = EQUIVALENT DIRMETER (USED IN RIR PREHERTERY, (M

DIC = DIAMETER INSIDE OF COOLER TUBES, CM

DIH = DIAMETER INSIDE OF HERTER TUBES. CM

DIST = DISTANCE TRAVELED FROM START, M

D3H = QUTSIDE CIRMETER OF HERTER TUBES, CM

DR = DIAMETER OF ERCH REGENERRTOR. (M

DST = DISTANCE TRAVELED DURING TIME STEF. M

DT = TIME STEP. SEC

ERDEG = ENGINE ANGLE. DEGREES

EARRD = ENGINE RNGLE. RADIANS

EIN = ENGINE INERTIH, N -M#x2

EX(20) = RIR PREHEATER METRL NOCE TEMPERATURES, K

FCA = FRACTION OF YCOX THAT IS RDIABRTIC

FF = FILLER FACTOR. FRACTION OF REGENERRTOR YOLUME F.LLED
WITH SOLID. MUST BE CERO [F IT IS NOT USED

FFF = FULL FUEL FLIW. O/S

FLRME = BURNER FLAME TEWFERATURE, X

FPC(4) = FORCE ON PISTONSURMAY FROM CPRNRSHRFT [S POSITIVE:

NEWTONS
FUEL = TOTRL FUEL CONSUMED BY ENGINE, G
FWI = FLOW, WATER INLEY FOR ENTIRE ENGINE. Go'SEC

Lo T B o B B e Y o T I o O 20 o T ot O o I o B e B o T e B B B e 2 B o B B B e B o B B oo T e B s B 2B o s v B o B o N o B o o B s B v S Bt
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GA = (KK-1)/KK

GAPH = MASS VELOCITY (USED IN RIR PREMERATER), G/S Cites2

GMAX = MAXIMUM MASS VELOCITY IN HEATER, G/S CMaw2

HRS = HEAT TRANSFER COEFFICIENT, W/K Cites2

HREQ = ENGINE HERT LORD, WATTS

HTR = HERT RECEIVED BY ENTERING RIR, J/G

HTG = HEAT REJECTED BY FLUE GRS, J/G

1G4 = VEHICLE CONTROL FLAG, 1=REMOVE MASS 2=ADD MASS

11,12 = GRAPHIC OUTPUT, X VALUES

J1,J2 = GRAPHIC OUTPUT, ¥ VALUES

J7 = DETERMINES INPUT NUMBER SELECTION

KAR = COEFFICIENT OF RIR RESISTANCE

KK = CP/CY

KR =1/ KK

KRR = COEFFICIENT OF ROLLING RESISTANCE

LAPH = HERT TRANSFER LENGTH IN RIR PREHEATER, CM

LC = LENGTH OF COOLER TUBES, CM

LCR = LENGTH OF CONNECTING ROD, CM

LH = LENGTH OF HERTER TUBES, CM

LHH = HEATED LENGTH OF HEARTER TUBES. CM

LHY = LOWER HEATING VALUE OF FLEL, J/G

LR = LENGTH OF REGENERATOR, CM

M(4) = INVENTORY OF GAS IN EACH ENGINE COMPARTMENT, G

ME = ENGINE MECHANICAL EFFICIENCY, PERCENT

MGI = INITIAL GRS INVENTORY, G

MIR = FACTOR RELATING MASS FLOW TO PRESSURE DROP. G/S MPR

MIRL = RDJUSTMENT OF MIR TO PREVENT CONTROL OVERSHOOT

MiV = MASS, INERTIA OF VEHICLE, KG

MSh = MESH SIZE, WIRES/CM

Mi = MOLECULAR WEIGHT OF WORKING GRS, G/G MOLE

MG = MOLECULAR WEIGHT OF FLUE GRS: G/G MOLE

NAPH = & OF AIR PREHEATER FLOW PASSAGES IN EACH DIRECTION

NR = NUMBER OF REGENERATORS/CYLINDER

NS = NUMBER OF SCREENS PER REGENERATOR

NTC = "AMBER OF COOLER TUBES/CYLINDER

NTH = NUMBER OF HEATER TUBES PER COMPARTMENT

OML = DESIRED IDLE SPEED OF ENGINE. R/S

Pl = PI = 3. 141592654

P12 = F1/2 = 1 5878796327

PI32 = 312

P14 = P] / 4 = 7853981635

PRH = HIGH PRESSURE RESERYOIR PRESSURE, MPA

PRL = LOW PRESSURE RESERVOIR PRESSURE, MPA

P1(4) = GRS PRESSURE AT BEGINNING OF TIME STEP, WPR

P2(4) = GRS PRESSURE AFTER YOLUME CHANGE. MPA

P3(4) = GAS PRESSLRE AFTER TEMPERATURE EQUILIBRATION AT

CONSTANT VOLUME. MPA

P4{4) = CONMON GRS PRESSURE AT END OF TIME STEP, MPA

QE = HEATING OF HERTER TUBES OF ONE CYLINDER BY BURNER
DURING A TIME STEP, J

GEX = HEATING OF WORKING GRS IN HEATER TULES DURING TIME STEP,J

OHI(4) = CUMULATIVE HEAT INPUT FOR CYCLE, J
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106
107
298!
189
110:
114
112:
113,
114:
115:
116.
117
118.
119:
120.
121

2D

L€

123
124.
125,

126

127
128

123

13e.
151
132.

1335
134
138
136
157
158
128

140,

44
4

147

144
145
4o
ith
148
149
150
1%l
152
155

4
156

C
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Q1 = OUTPUT FLRG: 1sFULL QUTPUT 2sQUICK RUN

R = 8314 J/G MOL K

RAD = @ 017453 RADIANS/DEGREE

RAF = RATIO OF RIR TO FUEL, G/G

RAL = RAF+1, GG

RC = RADIUS OF CRANK, (M

RC2 = 2+RC

RE = REYNOLDS NUMBER

RF = ROLLING FRICTION, NEWTONS

RGE = RATIO OF GEARS, VEHICLE TRRVEL/REY, METERS

RX = CP - CV

SPM = CRUISING SPEED OF VEHICLE, W/S

SPVD = VEHICLE SPEED DESIRED BY SCHEDUWLE, M/S

SPY1 = SPEED OF VEHICLE AT BEGINNING OF TIME STEP. M./SEC

S = CHECK TO ALLOW USER CHANCE TO STOP

T = 4 TO CONTINUE, 2 TO START OVER

TN = STANTON NUMBER TIMES PRANDL NUMBER TO TWO THIRDS POKER

T1 = AMBIENT HIR TEMPERRTURE, K

TR = AVERAGE OF HERTER METAL TEMPERRTURES. K

TRC = VEHICLE ACCELERATION TIME, SEC

TRPH = THILKNESS OF PREHERTER PASSRGE. CM

TCR = DURRTION OF STRRTING MOTOR TORQUE. SEC

TGC(2, 4> = TEMPERATURE OF GRS IN COOLER, K

TGCSt2. 4y = TEMPERATURE OF GRS IN COLD SPRCE AND DUCT, K

TCM(4) = TEMPERATURE OF COLD METHAL IN COOLER, K

TF = TIME INCREMENT FLRG, ©=0DOUBLE INCREMENT. 1=N0O CHANGE.
2=HALF INCREMENT

TGH(2, 4> = TEMPERATURE OF GRS IN HEATER. K

TGHS(2, 4> = TEMPERATURE OF GAS IN HOT SPRCE. K

TOR(2, 4> = TEMPERATURE OF GRS AT REGENERRTOR WIDPUINT. K

THW = THICKNESS OF WIRE IN SCREENS OF REGENERRTOR, CM

THM(4» = TEMPERATURE OF HOT METAL IN HERTER. K

THMG = TEMPERATURE. HUT METAL GORL. N

vy W WD

THU = ENGINE WRRM-UP TIME. SEC

TIC = ICLE TIME AFTER CRANKING, SEC

TIN.20 = INLET BURNER RIR NOLE TEMPERRTURES. b
TIL = THUSTCR

Tl = TILTID

TIZ = TI2eTC

TMRFH = THICKNESS OF METAL SEFARATING ERCH FLON PRISHGE, M
THREU4 = MIDPOINT TEMPERATURE OF REGHNERRTOR MATRIX. K

TNET = NET ENGINE TORGWE. N-H

TOTT = TOTAL SIMULATION TIME. SEC

TOUL2@ = FLUE GRS NODE TEMPERRTURE:. h

TEMFERATURE, PROPORTIONAL BAND: IN HOT METHL. »

TPB =

TPO o= INTERVAL RETHEEN PRINT QUTS =

Tidy = TORGWUE FROM EACH PISTON. CCW IS POSITIVE. N-ft
TEI = TOTRL INGICATED TORWOE. N-M

TE = TOTAL SHMFT TORQUE. N-N

TQY = TORQUE VEHICLE PUTS ON ENGINE. N-M

TRAV = RVEFAGE PEG METAL TEMP.
TET = STRFTING MOTOR CORQUE. N-M
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TT = CHECK TO DETERMINE WHEN POINTS SHOULD BE PLOTTED
TWl = TEMPERATURE, WATER INLET, K
1W0 = TEMPERATURE OF COOLING WATER, K

UAPH = HERT TRANSFER COEFF. AIR TO METAL IN AIR PREHERTER N/CM2 K

UH = HEHT TRANSFER COEFF. FLUE GRS TO GRS HERTER METAL, W/CM2 K
UXx = UYACY
VRE = VOLUME OF AIR IN BURNER. CU CM
YCRCZ. 4+ = VOLUME, COLD. RUIABATIC, START AND END OF TIME STEP
YCAL.d) = VOLUMES OF GRS ORIGINALLY IN RDIABATIC COLL SPACE
AFTER VOLUME CHANGE, CU CM
YDA = VOLUME, ADIRBATIC COLD DERD, CU CM
¥l = VOLUME. TSOTHERMAL COLD DERD, CU CM
YODudy = YOLUMES OF GRS ORIGINALLY IN GAS COOLER AND
ISOTHERMAL PART OF COLD DUCT AFTER VOLUME CHANGE
VDA = VOLUME. COLD DERD NOT IN GRS COOLER, CU CM
VHALc, 40 = YOLUME, HOT. RDIABATIC, START AND END OF TIME STEP
YHALl 4y = YOLUMES OF GRS ORIGINALLY IN HOT ADIABATIC SPACE
HFTER VOLUME CHANGE, CU CM
vHL = VOLUME, HOT DERD. (ASSUMED ISOTHERMAL: CU CM
YHOL 40 = VOLUMES OF GRS ORIGINALLY IN HOT CERD SPRCE AFTER
YOLUME CHRNGE. CU CH
YHO, = ESTRA HOT YOLUME BESIDES THAT IN THE GRS HERTER.
(U CM INCLUDES END CLERRANCE. GRP RROUND HOT CRP
HND MRANIFOLD ASSUMED AT HOT METRL TEMPERATURE
YR = UOLUME. PEGENERRTOR CER[. PER CYLINDER. CU CM
VROt = VOLUMES OF GRS ORIGINALLY IN REGENERRTOUR RFTER VOLUME
CHRNGE. CU CM
¥Tea. 4y = TOTAL GRS VOLUMES AT START RAND END' OF TIME STEP. CU CH
W0 = TOTAL DERD OLUME, U CH
WHFH = WILTH OF ERCH AIR PREHEATER PRSSHGE. (M
WOR 2 = MASS IN RRIABATIC COLD SPACE AT START AND END. G
WD 2.4 = MASS IN TSOTHERMAL COLC SPACE AT STHRT AN ENL, G
NHFA 2. 4 = MASS IN RDIRBATIC HOT SPACES AT START AND ENF. G
WHO 2040 = MRSS IN HOT DERG SPHCE. O
WRC = MHES OF PEGENERATUR GA> MOVING INTO COOLER. &
WRD 2,40 = MRSS IN FEGEN DERD SPACE AT STHRT AN END, G
WPH = MASS OF REGENERATUR GRS MOVING INTO HERTEF. O
- = TEMPDRAFY YHRIRBLE

R = TR
B = LR - FC
= F MW
ok 2l NEW VOLUME BRTID
Sao® ENGINE SPACINGS ih 4 CYLINDEF MACHINE
4=
2ot FelecUrye JERG FOR SLOW AR FLOW THROUGH FREHERTEF

1
YYo= TEMFURRRY YHFTSBLE
T = TLAQD Fob WOFr ING FLULD. 1 FOR HWZ. 2 FOR HE. I FUR NIF
22 = TEMPORREY YHERFIAELE

sased STRFT OF FROGREFAM €reer

141




R N

210

a1l

S

243

14
215,

16

217

<18
219
22
221

aan

adn .

5=
()

224,

sae

LR
N
“al .

N

)
4

229
&8

-
o

sthnte I8

[SRY-N
P
)
239
A
b
.-
et
T
-

et
S

240
4
4z

a4

244

245,

246
247
243
299
2sa

291

25
253
24

255,

250
257
258
259
260
261

el

(

L

{

19

12

14

e

1

EX(59), TOUCSG . THRUA). QHI (42, TSR
INTEGER @1, 5T
REAL LK. LR.LC. MWFQ, LAFH. LHH, LHV. HSH

INITIRL OPERATING CONCITIONS

DATR THMG, TFB, DT, MWFG/922 2.50. . 0. 5, 28 ol

(ATR LHV.FFF, VAB, RAF, TR0 46432 , 10,3000 . 16 55,10
UATR CPR. CPFG. TL TTT. TOTT. 'L 63, 1 20,3080 . %0 , 208/
DRTA THU. NQ, GN, HREQ. Q1,°20. , 20, ©. B, 10000, . 8.

ENGINE DIMENSIONS

OATA DCY. DOR. NS/10 16, 4. 86, 0.

DRTR VHDX. DIH: LK NTH/LL 59,0472, 41 48, Ta0
DRTA NR. DR, LR. FF<6, 3. 5,2 5 &/

L’RTF’ [":ﬂ: LHH, TWH‘"'. 648» 25 53: v

DRTA LAPH. WAPH. TRPH. NARFH-18 .5 , 5, 208

[RTR CONSTANTS

[

(g}

1 Py

ORTR PI4. PLPIZRAD.RAQ T894 5 142931 70800 L4950 o (14
[ATR J, RGE/'S. . 54

WRITECT. 18

FORMATAASSA @ 5 TA0 % 0 o OFERRTING CONDITIONS BY NUMBEF
10X, &, 13X, TR, L3N %

WRITEC T, 12THMG. TRR, TL. [T, FFF, THU. NQ. HREQ, TTT. T0TT

FORMAT. ¢ 91 FS 2, ¢ 82 F9 S0+ 03 F9 2o o+ 4 B2 T,

D L T N I T
Fe@ 5o #19.F9 3. «

WRITEJ. 1401, TPO. GN. ON: GN. GN, GN. ON. GN. GN

FORMATY ¢ 11 IS Sa + L2°0F% 200 ¢ 10 FS 200« 14 oF5

LI L R - I LD L300 S IRVIREE B SRl o B B A R P &

NV NN L

RRITEC L, 20 :LAPH. WAPH. NRFH, TMRFH. TRPH, FRF. [OH, D]H. LHH. NTH
FORMATC  + ENGINE DIMENSIONS . 3n ¢ L3N, #7020 & 12 &)

A 2L LFS S G2 FS L 23 T80 % 2 FR L ¢ 29 RS,
L e o Y R - I o VR S 2 A
IS’ 53\- »

WRITECT, 222K, FF, NS, MSH. GN. GN, GN. GN» GN. GN

FORMATC & 34 LF9. 3, % Z27°.F9 30 33 1995 ¢ 4 Fx 0L

A CSLFSZ A o ELFRT w IVLFR T e ZEOFR D, 4 20
FO 30 48 FR 5+

WRITEL]T, 283

FORMAT . YL 4T T ONNRANSECNN s 18 TYRE 48 TOOEND L3N
TYPE 49 TO EAECUTE NEW CRSE

PERD(S. Ze2 )7, 0@

FORMAT.12. 2X.Fl@ &

IFIT-2248, 45, 38

IFUJT-19347. 47, 33

IF JT-29349. 49, 40

IFJT-39:58, 5. 51

GU TO \53: 54- 55) 56‘ 5:: 58.- 59! 69! 61'; 5?

17=J7-9

G0 TO0 (82, 62: 64,65, 66. 67 68. 69, 7Q. 71V IT

Jr=J7-19

GO 70 (72: ?3: 74, TS: ?t-h T ?S: 0‘91 38: 81‘) AP

Jr=17-29

[
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rRTe=L

RN RO RN NN
R EREEEEEY
a

BEARATY

H BB R R YRR RRRATORAE

> |

X

f

57

71
72
73

74

G0 TO (82,83, 84, 85, 86, 87, 88, 89, 98, 91), J?
J7aJ?-39
GO TO (92, 93, 94, 95, 96, 97, 98, 99, 108, 181), J?
THMG=0Q
GOT0S
TPB=0Q
GOTO9
T1=00
GOTOS
DT=0Q
GOT09
FFF=0Q
GOTO3
THU=0Q
GOT09
NO=0Q
GOT09
HREQ=0Q
GOTO9
7=
GOT09
TOTT=08
GOT09
1=00
GOT09
TPO=QQ
GOT09
GN=0Q
GOT09
GN=00
GOT09
GN=0Q
GOTO9
GN=0Q
GOTO09
GN=00
GO109
GN=0@
GOTO9
GN=0Q
GOTO9
GN=0Q
GOT09
LAPH=QQ
GOTOS
WAPH=0Q
GOTO9
NAPH=QQ
GOT09
THAPH=QQ
60709
TAPH=0Q
GOT09




316:
17
318:
319:

323:

3

81

83

160
lal

195

1.

RAF=QQ
GOTO9
DOH=0Q
GOT09
DIN=QQ
G0TO9
LHH=QQ
GOTO9
NTH=QQ
(0109
LR=0Q
GOT09
FF=GQ
60109
NS=0Q
GOT09
MSH=0Q
60109
GN=QQ
GOTO9
GN=0QQ
GOTOS
GN=GQ
60709
GN=GQ
G0TQ9
GN=Q0
GOTOS
ON=(G
GOTO9
GN=00
G0T09
ON=30)
G0TOS
ON=00
GOTQ9
GN=Q0
GoTOS
ON=G
0704
GN=0G
G070
GN=0Q
GOTCA
GOTOSee0
CONT INUE
IFe@t GE L WRITEZ, 195
FORMAT. TIME.SEC: HT TUBE 'k FUEL FLOWIG/SY HEART FEQ: W
BUFNEF EFF. HAPH MET NODE APH HT BRAL, .70

L snmdradae BURNEF INITIALIZHTION s4eetanas

2aa

(r 203 1=1.ND
ExclisTl

L HEAT CAPRCITY OF RIR FPEMEATEP METAL ASSUMING STEEL WITH
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iy

C

C

L}

e

T

S 080 JCU Ch K HERT CAPRCITY

CHAPHaLAPHSWAPHEZ. «NAPHATMAPH2 S

FLOM AREA IN PREHERTER

AF APH=HAPHA TAPH*NAPH

HEHT TRANSFER CONSTANTS

RAL=RAF+1

(o=(PFG+RAL

DEG=2 *HAPH+TRPH,  WAPH+ TAPH)

U =LRPHHWAPH®2. *NAPH, (NO*C2)
bT2=LRY (2

CY=CPRARAF +NO CMAPH
Uni=LAPHWWAPHY 2 «NAPH, (NOSRAF+CPR
CYyz{ 2 eNG. CHAPH

FUEL=0

MINIMUM FLOW RRER FOP FLUE GRS THROUGH GRS HERTER

HERT

HEART

hiT

AMF =[OHALHHANTHY

TRANSFER ARER TO PLANE FOR COMPLETE ENGINE
RH=RMF «2#F |

CRPACITY OF GRS HERATER FOR ONE CYLINDEF
L= T1AP 1w [0M 2-D T2 kL HHANTH
ISLIZE CUMULATIVE HERT INPUT

0O 198 =14

THM: [ =T

UHICT =0

E.=8

TT=0

Til=a

CHLL CLERF

11=51:

Temansl

T1s2

I12=l3%

HLe WECTOR 1L 0L 12 i

Tien

1220

CARLL wECTORc [l 0L 18 12

i=lall

1=073

CALL VELTOR- Jo 0l 1L I

jo=S1l

I2=7T0

el CECTOR DL I T2 1S

[1=1s

=

CRLL VECTORCIZ 12 I N

T=lon
Ty

[ad Z:y 121011
TR EI RS

sl

CRLL YECTORTL ML i T8

NoZzted [
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d21

4o
424
425
R
427
429
4o
420
41

)
s

43
434

455

43¢
I

438,
9.

440

41

a4:

443

444

445

446
W7
442
449
450

451.

4352

455

454

455

456
457

438
439

460
461
462

463
464

485

467

468
469.

470
471

47e.
473.

474

22

TINL0a2TL
L oanebnndrr GHS HERTER WARM LP ssassrssd
400 TIM=TINe(T
TRz CTHM Lo THM 2O+ THMO 4 THM 400’4
{  TEMPERRTUFE ERROF FOR CONTROL
TE=THMG-TH
{ CURRENT FUEL FLOW
IF TE » 405, 405, 406
405 CFF20 O1«FFF
GOTOq09
4 [F TE-TFR 403 407, 407
407 CFFaFFF

B0TQans
408 CFF=FFF=(TE)/TPR
499 CONTINUE
FUEL=FUEL +CFF#UT

{ HERT TRANSFER CALCULATIONS
C AIR TEMPERATUPES
¢ HERT TRANSFER COEFFICIENT
GRPH=(FF +RAF /AFAPH
RE=DEQ+CAPH+2500.
CALL STHNTNCRE, STN:
XaUXX*STNGRFH«L. 19/CFF
IF(32 -X)428, 428, 425
420 DO 422 1=1.NO
422 TINCI+#1)=EXC] )
M T0 428
425 AEAP(X)
00 427 [=1L, NO
427 TINCI#Ls3Bn ] - ERC]+=TIN T2 0
428 CONTINUE
{ ADJUST HERT EXCHANGER METAL TEMPEPRTURE:
X=CY+(FF#DT
[0 430 IsLNO
430 EXCDISEX(I)=Xa(TINCI+15-TIN] o+
FLAME=TINCNQ+L #0172
C HERT FLUX TO ALL HERTERS
C OGUTSIDE CONTROLLING HERT TRANSFER COEFFICIENT
UH= DOH+CFF «RAL/AMF /. 0006 ) +#@ S+ 23005 DOK
433 XSUHSAH, (C2#32. )
DO 438 I=1,4
IF(CFF-2)42S, 435, 457
435 T3R(I»sTHMCD
6070438
437 TIRD2THMC D S FLAME-THM( T o ERXPX#22 (FF
438 CONTINUE
TOUINO+1 ) =(TIR(LI+TIR(2I+TIR(S)I+15A(4))/4.
C EXIT FLUE GRS TEMPCRATURES THROUGH RIR PREHEATER
C HERT TRANSFER COEFFICIENT, FLUE GRS SIDE
GRPH=CFF+(RRY ) /AF APH
RE=DEQGAPH+ 2500
CALL STANTN(RE, STN)
X=STNSGRPH*L 1 9sURY/CFF
IF(X-32. Y444, 440, 442
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3
i
]

375 d40 DO 442 [=1,ND
A8 44 TOUC T eERc s

A GOTO4dG

N6 444 AsERPCRD

e [Odde 121, NO
450 JaNQ-1+1

31 e TOUC T 22EXC Jom X T =T T 070

450 ( PERDIJUST RIP PREHEATEF METAL TEMPERATURE
487 443 =Py e FRe(]

484 00 450 1=1. N0

425 4% EXCIo2Er Doaesnai TOU JoL 0-TQUCL 2

436 ( TEMPERATURE EQUILIBRATION FOR TIME STEP WITH NO VOLUME CHANGE

487 ( --TO SHORTEN CALCULATION IT IS ASSUMEL THAT HERT TRANSFER IN THE

488 L HOT AND COLD SPACES 'S NON-EXISTANT AND THE HERT TRANSFER

489 € IN THE OTHER SPACES 1S FEFFECT
430 IN GRS HERTERS
431 (  BURNER HERTING
437 0O 489 1=1,4
43 SE20TACSeCFF A FLRME-T3R(1 ) )/4. i
434 IFron LT 256070482 3
495 L CUMMLATIVE HEAT INPUT FOR CYCLE

43 GHICTY20H] 1 240E%

497 C CHANGE [N TEMPERATURE OF HERTER METAL
438 485 THMCT 12THM T ve OE-QEX) /CMH

435 BEF=0ER DT/ (CFFaLHY) + 400
508 11zTIM TOTT#4504542
%01 Ji= 20«(TR-300. )+410
0s CALL POINT: 1L, 310
505 J1s 204 (EXNQ)-100:+410
S04 CRLL POINTCIL, JL)
S2s J= 0. £ 10-200 14410
S0 CALL POINT 14, J1»
N J4=CFF PR «250+ 20
] CALL POINTI1, J1)
509 J1=BEF+] 5420
S1e CRLL POINTCIL, 1o
541 IFTIH-TT2520, 585, 535
S1s 998 TT=TT+TPQ
S4c HTR=(FA&RAF ¢ TINCNO#1 > -TIN(L) )
S14 HIF2( PFGARAL*(TOUCNO*1»=-TOU(L))
515, IFCHTAO LT 99 0070510
516 BAL=(HTR-HTF > HTAR*100.
Si7 6010512

518  S10 BAL=100.
518 51 WRITECS, S17)TINCL), TINCNO+1), EXc1): EX(NDZY, EXCNO), FLAME,

520 1 TOUL,, TOUCND+4)

521 547 FORMAT(//7 “,F6 ©0,1X 200 «"), F7 0/8%, “»/. 18X, "#'/BX '#’,

522 1 FA3..77.0,7¢°,Fl2 0/84 "', 18X, "¢'/" " F6. 0, 1X 200"+ ),F7 @)
3. WRITE(S, 518)BEF, BAL. CFF

524 518 FORMAT (/" BURN EFF".FS. 1, " APH BAL .F6. 1. " CFF".F?. D)

25 A=QEX DT
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527: 519 FORMAT(" <, F8. 2,F17. 4,F14. 4, 4F14. 4
5268: 520 IFCTIM-THU) 400, 404, 540

529: S4e A=UEA+HREQ*DT/4

530: IFCTIN GT. TOTT.GOTOE0R
53t THU=THU+TTT

932. (0T0489

533; o6l READ(S, 610)%
524: 61e FOPMAT(F10. 2>

535! GOTO9

96 Sgeo  STOP

537 END

538!

539: SUBROUTINE STANTNCRE, STN:

548: IF(RE-2000. 7100, 190, 200

541, 16a STN=E:P (L 0998~ 93e3+HLOG(RE "
42 GOTO36e

43 284 STN=EXPi-4. 8355~ 1803+HLIGIRE
394 RETLEN

545, END:
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APPENDIX B

SHAFT TORQUE JURRELATION

The shaft torque is lower than the indicated torque due to two friction
losses; mechanical friction and flow losses inside the engine. Flow
losses can be calculated using fluld mechanics principles, but for the
sake of simplicity, 1t was desired to derive a correlation that would
approximate engine flow loss at various speeds and working gas pressures.

ISO.FOR is a computer code developed ty Martinil Engineering (6) that cal-
culates tlow losses in the heater, regenerator and cooler of the 4L23 eng-
ine using fluid mechanics principles. The mrogram was executed 16 times,
with four pressures ranging from 1.38-9.66 MPa aand four speeds ranging from
3.33 to 33.3 Hz. The ratios of net torque (indicated less the flow losses)
to indicated torque were plotted for the 16 cases and are shown in Figure
B.1. The full input and output of these cases are given in Table B.1.

It was ncted that the flow losses increased with speed and decreased with
pressure. The eftfect of pressure on the flow loss incireases with speed.
It was uecided tu use these two relatlonships to determine the flow loss
correlation.

1.00

_.3.33 Hz
—® 8 Hz

]

16 Hz
.95

<90

—®-33 Hz

TORQUE RATIO

.
[e2]
o

.80
2 4 6 8 10
PRESSURE, MPA

Figwre B.1. Toarque Ratio for Various Pressures and Speeds.
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Table B.1

FULL INPUTS AND OUTPUTS FOR 16 CASES
USED TO DERIVE TORQUE CORRELATION

Nomenclature
Symbol ___ __Meaning and units
SP Engine Speed, rpm
PS Average Pressure, psla
ND Number of degrees in angle increment
TF Inside Heater Tube Wall Temperature, F
L1 Fraction of Total Gas Chargs Leakage nex MPaAP per second
TY Inlet Cooling Water Temperziure, F
¥X Cooling Water Flow gpm @ 2000 rpm per cylinder
0G Operating Gas, 1 = hydrogen, 2 = helium, 3 = air
o Diameter of engine cylinder, cm
DR Diameter of i1agenerator, cm
IC ID ot cooler tubes, cm
oC OD of cooler tubes, cm
Dw Diameter of "wire" in regenerators
DD Diameter of piston Drive Rod, cm
IH ID of Heater Tubes, cm
OH Heater Tube Q0D, cm
G Gap in hot cap, cm = 0.56 cm
LB Length of Het Cap, cm
LR Length of Regenerator, cm
CR Length of Connecting Rod, cm
RC Crank Radius, cm
1€ Length of ccoler Tube, cm
LD Heat Transfer Length of Cooler Tubc, cm
LH Heater Tube Length, cm
LI Heater Tube Heat Transfer Length, cm
NC Number of Cooler Tubes per Cylinder
NR Number of Regenerators per cylinder
N Numbar of Cylinders per Engine
NH Number of Heater Tubes per Cylinder
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ME
FE

SC

3
-3

ZH

LE
NE
BF

Table B.1 (continued)

Meaning and units

Filler factor, fraction of regenerator volume filled with solid
Phase Angle Alpha = 90 degrees

Cold dead volume outside cooler Tubes, cm} (determined by other
input only)

Mechanical Efficiency, %

Furnace Efficiency, %

Piston End Clearance, cm

Wall Thickness of Hot Cap, cm

Wall Thickness of Expansion Cylinder Wall, ca
Wall Thlckness of Regenerator Houslng,cm

0 four Specified Static Conduction, 1 for Calculated Static
Conduction

Specified Static Heat Conduction Loss, watts
Metal Thermal Conductivity, w/cm K

Inside Dlameter of Connecting Luct, cm
Length of Connecting Duct, cm

Number of Connecting Ducts pexr Cylinder

Bugger Factor to Convert Power Outputs to Nearly What GM Says
They Should Be
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Table B.1 (continued)

Input and Qutput Printouts

ISOTHERMAL SECOND ORDER CALCULATION--

PROG. ISO
89 APR 1360

WRITTEN BY WILLIAM R. MARTINI

CURRENT OPERARTING CONDITIONS ARE:

o=
OH=
CR=
Ln=
N=

CX=
SC=
2H=
NE=

1260. B2

1678

. 6400

13

41,

6500
8a0a

2594, 2804
ao?%a

8

[(3]

24
1.

HERT REQUIREMENT, WATTS

SP= 200.80 PS= 200.80 ND= 30 89
Li= 0.0000 Ty= 13500080 FX= 25 0000
CURRENT DIMENSIONS RRE:
DC= 10 1600 DR= 3.5800 IC= . 1156
D= . 88432  DD= 408608 IH= 4720
G= . 84868 LB= 6.4008 LR= 2. Se0ed
RC= 2.32%8 LC= 129888 LD= 12 vr@@
LI= 255808 NC= 312 NR= &
NH= 36 FF= . 2688 AL= 90 8a
ME= 30 0000 FE= ©0. 8880 EC= . adaca
Sk= .18160 SR= .95188 22= 1
KM= .80 ID= . 76086 LE= 71 aoea
BF= 4832  BB=
POWER: WATTS
BRSIC 1409 2197 BRSIC
HERTER F. L. .9384  REHERT
REGEN. F L. 7.4383  SHUTTLE
COOLER F L. 8388 PUMPING
NET 1468 8123 TEMP. SWING
MECH. FRIC. 146 @@13  CONDUCTICN
BRAKE 1314. 8411  FLOW FRIC. CREDIT
HERT TO ENGINE
INDICATED EFF. %= d. 4338 FURNRCE LOSS
OVERALL EFF as 1. 9117 FUEL INPUT
HOT METAL TEMP‘ K= 322 2 22

'EFFEC. HOT SP. TEMP K=

7

2438, 5757
47 4414
2056 8734
1 2134
41. 6411
216. 3688
-4. 6535
4797 4658
1199 3663
599¢. 8320

COOLING WRTER INLET TEMF , K= 338 5555

EFFEC. COLD SP. TENP K =

%)

348 5838



Table B.1 (continued)

Input and Output Printouts

ISOTHERMAL SECOND ORDER CALCULRTION--

PROG. 1S0
@9 APR 1980
WRITTEN BY WILLIRM R MARTINI

CURRENT OPERRTING CONDITIONS ARE:

SP= 200.88 pPss 580. 89
L1 8.0000 Ty= 135 0000

CURRENT DIMENSIONS RRE:
0= 18 168Q DR= 3
Ol= 0432 DD= 4. 9608
4= Mdoey  LB= 6. 4009
RC= 2.32% LC= 12 990
LI= 2558088 NC= 312

NH= 36 FF= 2000 AL= 9080 C(X= 254 2804

ME= 99 @90@ FE= 80 8A8 EC=  @406@ SC= . 06350

SE= 18160 SR= 05180 22= 1 M= 2eS 81

KM= 2088 ID= 7600 LE= 71.0880 NE= 6

EF= 4000  BB=

POMER. WATTS HERT REQUIREMENT, WATTS
BRSIC 3530 6477 BRSIC 6826, 9458
HERTER F. L 1,349  REMERT 120, 7603
REGEN F L § 3425  SHUTTLE 1348 9211
COOLER F L 13411 PUMPING 5. 1764
NET 35195852  TEMP. SWING 252
MECH FRIC 351 9586  CONDUCTION 205
BRAKE 67 6267 FLOMW FRIC. CREDIT -5, 5202

—————————— mmmmemmmemeemoeeoeo HERT TO ENGINE 8554

INDICATED EFF %= 41 1454 FURNRCE LOSS 2138 5029

OVERALL EFF = 29 8247

HOT METHL TEMP k= 922 2222
EFFEC HOT SP TEMP K= 853 7004

NO= 30.60 TF= 1200 08
FX= 250000 0G= 1

IC= 1158 (OC= . 1670
IH= 4720 OH= . 6400
LR= 2.5080 CR= 13 6500
LD= 126208 LH= 41 8000
NR= & N= 4

FUEL INFUT 18€82. 5137

COOLING WRTER INLET TEMP. , K=

EFFEC COLD SP. TEMP. K = 35X 9698

. 7231
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Table B.1 (continued)

Input and Output Printouts

ISOTHERMAL SECOND TRDER CALCULATION--

PROG. IS0
@9 APR 1980
WRITTEN BY WILLIAM R MARTINI

CURRENT OPERATING CONDITIONS ARE:

SP= 20098 PS= 1000.88 ND= 38,80 TF= 1200 90
Li= 0.0000 Ty= 130.0000 FX= 25 0008 OG= 1
CURRENT DIMENSIONS RRE:
DC= 19 1688 DR= 35083 IC= 1158 OC= . 1670 5
Dh= .B432  DD= 4.0608 W= . 4728 OH= 64080 i
frs . 04960 LB= 6.480@ LR= 2. 5888 CR= 1 65@@ i
RC= 23258 (L= 129060 (D= 12 8208 LH= 41 8300
LI= 255808 NC= 342 NR= 6 N= 4
NH= 36 FF= . 2008 A= 90.80 (X= 2954, 2804
ME= 90 0088 FE= 80 0608 EC= 84860  SC= . 86350
SE= .10168 SR= .85188 22= 1 ZH= 185 61
KM= 2008 D= L7688 LE= 710088 NE= ©
BF= . 4006 BB=
POWER, WRATTS HERT REQUIREMENT, WATTS

BRSIC 6518. 2021  BRSIC 11768 221

HERTER F. L. 23809  REHERT 239, 2546

REGEN. F. L. 9.8929 SHUTTLE 170d. 4348

COOLER F. L. 2. 4394  PUMFING 15. 1419

NET 65034893  TEMP. SWING 950. 1328

MECH. FRIC. 6508. 3494  CONDUCTION 185. 6857

BRRKE 5853. 1486 FLOW FRIC. CREDIT -7.3273

HEAT TO ENGINE 14911 8633

INDICATED EFF. %= 43 6128 FURNARCE LOSS 3727. 9658
OVERALL EFF. %= 31 4013 FUEL INPUT 18639. 8281
HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 338. 5555
EFFEC. HOT SP. TEMP. K= 818 2188 EFFEC. COLD SP. TEMP. K. = 364. 9387

154




E Table B.1 (continued)
5

Input and Qutput Printouts

ISOTHERMAL SECOND ORDER CRLCULATION--
PROG. 150

@9 RPR 1980

WRITTEN BY WILLIRM R. MARTINI

CURRENT OPERATING CONDITIONS ARE:
Sp= 200.00 PS= 14806.88 NO= 3.0 TF= 1200 68
Li= 00000 Ty= 1350000 FX= 250008 OG= 1

CURRENT DIMENSIONS ARE:

ODC= 18 1600 DR= 25008 IC= .1158 OC= . 1670
L= .42 Db= 4.9600 IH= . 4720 QH= . 6400
G= 848686 LB= 6. 4008 LR= 2.5800 (R= 13 6500
RC= £.3258 LC= 129606 LD= 12 0208 LH= 41 8008
LI= 25,5888 NC= 312 NR= 6 N= 4

NH= 36 FF= . 2000 AlL= 99. 00 CX= 254 2804
ME= 99 0008 FE= B0 0200 EC= . 84868 SC= . 86350
Sk= . 18168  SR= .851e8 22= 1 = 176. 38

KM= .28 ID= .7608 LE= 710000 MNE= 6
BF= . 4002 BB=

POWER, WATTS HERT REQUIREMENT, WRTTS
BRSIC 8798. 2656 BARSIC 16311 7642
HEATER F. L. 3.3724  REHERT 324. 3701
REGEN F. L. 112876  SHUTTLE 167¢6. 0185
COOLER F L. 3.3873  PUMPING 25 4798
NET 8772. 2988  TEMP. SWING 1808 36081
MECH FRIC. 8772300  CONDUCTION 176 3044
BRAKE 7895. 9693  FLOW FRIC. CREDIT -8. 9759

== HERT TO ENGINE 208313. 2460

INDICATED EFF %= 43 1854 FURNACE LOSS 5878 3115

OVERALL EFF. %= 31 8933 FUEL INPUT 25391. 5586

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 338.5555
EFFEC HOT SP. TEMP. K= 798 3881  EFFEC COLD SP. TEMP. K = 368 2829

——— -
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Table B.1 (continued)

Input and Qutput Printouts

ISQTHERMAL SECOND ORDER CALCULATION--
PROG. IS0
89 APR 1980

WRITTEN BY WILLIAM R. MARTINI
CURRENT OPERARTING CONDITIONS ARE:

SP= S500. 88 Ps= 200.68 NO= 0.0 TF= 1200 0@
Li= 20000 Ty= 1350088 FX= 250000 0G= 1

CURRENT DIMENSIONS ARE:

OC= 10 1608 DR= 3.588e IC= .115¢  OC= . 167@
Dh= . 88422 DD= 4.8688 IH= . 4720 OH= . 6400
G= 84060  LB= 6.4000 LR= 25088 CR= 13 6500

RC= 23250 LC= 429902 LD= 12 @200 LH= 41 5000

Ll=  25.5680 NC= 312 NR= & N= 4

M= 36 FF= 2000 AL= 9099 CX= 254 2884

ME=  90.0000 FE= 800080 EC= 84060 SC= . 86358

SE= . 18160 SR= . @510 22= 1 M= 20571

KM= 2008 ID= 768@ LE= 710080 MNE= 6

BF= 4600  BB=

POWER, WRTTS HERT REQUIREMENT. WATTS
BASIC 35410508  BASIC 32 8877
HERTER F L 8 4157  REHEAT 121 9556
REGEN F L 52 8297  SHUTILE 1955. 5525
COOLER F. L 8 3634  PUMPING 5 1772
NET 3472 2361  TEMP. SNING 101 3289
MECH. FRIC 3472237 CONDUCTION 285 7099
RRAKE 3125 9125 FLOW FRIC. CREDIT -34. 4386

----------------------------------- HEAT TO ENGINE 8387. 2803

iNDICRTED EFF %= 41 3988 FURNACE LOSS 2096, 8198

OVERALL EFF &= 29 8072 FUEL INPUT 10484 299

HOT METRL TEMP K= 922 2222 COOLING WATER INLET TEMF . K= 3
EFFEC. HOT SF TEMP k= 834 3666 EFFEC COLD SP TEMP k = 353 4785

- . . 0 o o o U o o T T e o e L o o e e U -
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Table B.1 (ocontinued)

ISOTHERMAL SECOND ORDER CALCULATION—

PROG. 150
09 APR 1960

WRITTEN BY WILLIAM R MARTINI

CURRENT OPERATING CONDITIONS ARE:

SP= 500.€0 PS=  500.02 ND= 00 TF= 120000

Li= 00000 Tv= 133.0000 Fx= 25.0000 O0G=1

CURRENT DIMENSIONS ARE:

OC= 10.1600 OR= 3.3000 IC= 1138 OC= . 1679

D= 00432 DD=  4.0600 [He= 4720 OH= . 6400

G= .04068 LB= 64000 LR= 2.5080 CR= 13 6500

RC= 23250 LC= 129080 (D= 126208 LH= 41 0080

LI=  25.58900 NC» 312 NR= 6 N 4

NH= 36 FF= . 2000  ALs 90.08 Cx= 2542004

M= 900000 FE= 000000 Ec= . 94068 SC= . 06330

SE= 10160 SR= 05100 22= 14 Q= 100 37

KM= . 2000 D= 76080 LE= 71,0000 NE= 6

BF= . 4000 BB=

POWER, WATTS HEAT REQUIREMENT. WRTTS
SRSIC 7999.3381  BASIC 14640, 6023
HERTER F. L. 18. 7768  REHEAT 292. 8714
REGEN. F. L. 66. 9300  SHUTTLE 1714. 6409
COQLER F. L. 18. 9975 PUMPING 21 4229
NET 7854. 6260  TEMP. SHING 564, 8383
MECH FRIC. 789. 4628  CONDUCTION 190. 3678
BRAKE 718%.1636  FLOW FRIC. CREDIT =52 2418

HEAT TO EMNGINE 17381 7812
INDICRTED EFF. %=  43. 4192 FURNACE LOSS 4343 23
OVERALL EFF. 7%= 32 7018 FUEL INPUT 21727. 1258

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEWP., K=

EFFEC. HOT SP. TEMP K=

806. 0847

EFFEC. COLD SP. TEMP. K =

157
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Table B,1 (continued)

Input and Output Printouts

ISOTHERMAL SECOND ORDER CALCULATION--
PROG. IS0

89 APR 1980

WRITTEN &Y WILLIAM R MARTINI

CURRENT OPERATING CONDITIONS ARE:
SP= S00.00 PS= 1008.08 NO= 3060 TF= 1200 00
Li= 0.8008 Tvy= 1350008 FX= 25.0000 OG=1

CURRENT DIMENSIONS ARE:

OC= 10 1600 DR= 35888 ICs . 1150 = . 1670
Dh= . 00432 DD= 4.0600 IH= . 4720  OH= . 6400
G= . 04860 LB= 6.4008 LR= 25088 CR= 13 6500
RC= 2.32586 LC= 129908 LD= 120200 LH= 41 8000
LI=  25.5888 NC= 312 NR= 6 = 4

NH= 36 FF= .200@ AL= 98. 80 CX= 254 2804
M= 50 0000 FE= 80 8008 EC= 84060 SC= . 96358
Sk= . 10168 SR= 85188 2Z2= 1 ZH= 19595
7600

KM= .2080 1D= LE= 71.0000 NE= 6

Bf= . 4000 BB=

POMER, WATTS HERT REQUIREMENT, WRTTS
BRSIC 17191 9375 BASIC 29918 8847
HEATER F. L. 34.2715  REHEAT 641 8933
REGEN. F. L. 85.3313  SHUTTLE 1862. 7869
COOLER F. L. 349928 PUMPING 66. 6965
NET 17037 3437  TEMP. SHIN: 24795 5483
MECH. FRIC. 1703. 7346  CONDUCTION 195. 9516
BRAKE 15333. 6094 FLOW FRIC. CREDIT -76. 9372

-— HEAT TO ENGINE 35876. 653

INDICHTED EFF. X= 48 5717 FURNACE LOSS 8769. 1621

OVERRLL EFF. %=  34.9717 FUEL INPUT 43845, 8125

HOT METAL TEWF. K= 322 2222 COOLING WATER INLET TEMP., K= 330 5355
EFFEC. HOT SP. TEMP. K= 832 8246 EFFEC. COLD SP. TEMP. K = 353 8192
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Table B.1 (¢

Input and Output Printouts

ISOTHERMAL SECOND ORDER CALCULATION--

PROG. 1S0
09 APR 1980

WRITTEN BY WILLIAM R MARTINI

CURRENT OPERRTING CONDITIONS ARE:

SP= S08.00 PS=  1400. 00 NO= 30.08 TF= 1200 00

Lis= 0.0000 Ty= 1350000 FX= 250000 OG= i

CURRENT DIMENSIONS ARE:

DC= 191608 DR= 35000 IC= .1158  OCs 1670

D= 298432 DD= 40600 IH= .A720  OH= . 6400

G= . 04060 LB= 6.4000 LR= 2.500¢ CR= 13 6500

k(= 23250 LC= 129608 LD= 120208 LHs 41 8000

Li= 25,5808 NC= 312 NR=z ¢ N= 4

NH= 36 FF= .2000 ALs 90.00 (X= 254. 2004

MEx 99. 03990 FEx= 800808 EC= . 04068 SC= . 86358

Sk= .18168 Sk= 85100 22= 1 ZH= 201 &8

KM= o  ID= 7600 LE= 71 0000 NE= 6

BF= 4000 BB=

POMER, WATTS HEAT REQUIREMENT, WATTS
BRSIC 24448 1367 CASIC 42064. 4705
HEATER F. L. 45 4336 REHEAT 933. 3533
REGEN.F. L. 98. 85580 SMUTTLE 1911. 5562
COOLER F. L. 46.5041 PIMPING 114 9268
NET 24257 3457  TEMP. SWING 49247031
MECH. FRIC. 2423 (351  CONDUCTION 201. 8818
BRRAKE 21831 6113  FLOW FRIC. CREDIT -54. 8611

----- HEAT TO ENGINE 50055. 2305

INDICATED EFF. 7= 48 4612 FURNACE LOSS 12513. 80G6

OVERALL EFF. 7%= 34 8928 FUEL INPUT 62369. 8312

HOT METAL TEMP. K=

922 2222 COOLING WATER INLEY TEMP., K= 330 5535

EFFEC. HOT SP. TEMP. K= 844. 6619 EFFEC. COLD SP. TEMP. K. = 333 6819
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Table B.1 (continued)

Input and Output Printouts

ISOTHERMAL SECOND ORDER CALCULATION--
PROG. IS0

09 APR 1560

WRITTEN BY WILLIAM R. MARTINI

CURRENT OPERATING CONDITIONS APE:

SP= ioow.O0 T3- 20008 ND= 3000 TF= 1200 00
Li= ©.0000 Ty= 1350000 FX= 25.0000 OG= 1

CURRENT DIMENSIONS ARE:

OC= 10.1608 DR= 2 5008 IC= .115¢  OC= . 1678
Dhi= .00432 DD=  4.9600 M= 4720 OH= . 6400
G= .04868 LB=  6.407% (R= 2.5000 CR= 13 6500
RC= 2.3250 0= 12 %0,

LD= 12 8200 LH= 41 8000
LI= 255808 NC= 312 NR= 6 s 4

NH= 36 FF= .2008 AL= 90.00 (xX= 204 2604

ME= 90.9000 FE= 80 0000 EC~ . 04958  SC= . 86350

Sk= . 18168 SR= 85188 22= 1 ZH= 188. 67

KM= .2000 ID= .7600 LE= 71.00086 Nes 6

BF= 4008 bBBs

POMER: WRTTS HERT REGUIREMENT. WATTS
BASIC 66096867 BASIC 11817 2197
HERTER F. L. 59.85%  REHEAT 237 8720
REGEN. F. L. 245 4482  SHUTTLE 1793 6062
COOLER F. L. 60.7231  PUMPING 15, 2288
NET 6244.4546  TEMP. SHING 192. 8667
MECH. FRIC. 624. 4456  CONDUCTION 188 6743
BRAKE 56208.0093  FLOW FRIC. CREDIT -181. 7791

----- ---= - HERT TO ENGINE 14062 8877

INDICRTED EFF. 7= 44 4038 FURNACE LOSS 3918 7217

OVERALL EFF 7= 31 9707 FUEL INPUT 17578. 6094

- - -

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP. , k= 338 5555
EFFEC. HOT SP TEMP K= 823 8087  EFFEC. COLD SP TEMP. K = 362 7874

B - - - -
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Table B.1 (continued)

Input and OQutput Printouts

ISOTHERMAL SECOND ORDER CRLCULRTION--
PROG. 150

39 APR 1980

WRITTEN BY WILLIAM R MARTINI

CURRENT OPEFATING CONDITIONS ARE
SPz 1000 %3 PSs  508.08 NO= 30.00 TF= 1209 62
Li= @303dy Tvs 1350000 FX= 25.0000 OG= 1

CURRENT DIMENSIONS ARE:

OC= 10 16886 DRe 35000 IC= 11158 OC= 1678
DW= 00432 D0= 40600 IH= 4720  OH= . 6400
o= 084060 LB= 6. 4000 LR= 25808 C(R= 13 6500
RC= <3258 LC= 1295080 D= 12 @206 LH= 41 8000
LI= 255808 N(= 312

NR=z 6 N= 4

NH= 26 FF= 2000 AL= 99.08 C(X= 254 2604

ME= 99 0000 FE= B0 V200 EC= . 04060 SC= 06350

Sk= 10160 SRe 051860 2Z= 1 ZH= 197. %

itz 2008  ID= 7 LE= 71 8000 NE= 6

BF= 4908  BB=

POWER, WATTS HERT REQUIREMENT, NRTTS
ERSIC 17336 1367  BRSIC 29987. 6992
HERTER F L 136 40%@  REHEAT 645 2640
REGEN F L 239 8281 SHUTTLE 1881. 2140
COOLER F L 139 3949 PUMPING 66. 8523
NET 16728 3457  TEMP SWING 1245. 6926
MECH FRIL 1672 8349 CONDU TION 197 5086
BRARE 156+8 3125 FLOw FRIC CREDIT -306. 3230

---------------------- memmmm—o—so— HERT TO ENGTINE 33749 3984

INDICATED EFF Y= 49 5867 FURNACE LOSS 8429 8496

UVERALL EFF %= 35 7824 FUEL INPUT 42145 2422

HUT METHL TEMF b= Q02 2222 COOLING WATER INET TEMP , K= 330 5555

EFFEC HOT SF TEMP k= 836 1503  EFFEC COLD SP TcMF K = 352 5077

-~ > P YD . - - -
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Table B.1 (continued)

Input and Qutput Printouts

ISOTHERMAL SECOND ORDER CALCULATION--
PROG. ISO

09 APR 1988

WRITTEN BY WILLIAM R. MARTINI

CURRENT OPERATING CONDITIONS ARE:
SP= 1000.860 PS= 1008.88 ND= 30.29 TF= 1206 68
Li= 8.00880 TY= 135.0000 FX= 25.60086 O0G=1

CURRENT DIMENSIONS ARE:

DC= 18 168 DR= 3.5088 IC= . 1150 = . 1678
D= . 88432 DD= 4.8688 IH= .4728  OH= . 6408
G= . 840668 LB= 6. 4008 LR= 2.50080 CR= 13 6500
RC= 23258 LC= 1290880 LD= 129288 LH= 41 8600

LI= 25,5868 NC= 312 NR= 6 N= 4

NH= 36 FF= .2088 AL= 98.88 (k= 254 2804

ME= 500008 FC: g¢ e@a: EC= . 04868 SC= . 86350

Sk= .16160 = .8t1ee 22= 4 ZH= 201. 67

KM= . 2000 1p= .76L3 LE= 710088 NE= 6

BF= . 4088 BR=

POMER, WATTS HERT REQUIREMENT. MWATTS
BARSIC 34354 @937  BARSIC 68104. 5156
HERTER F. L. 251. 3977  REHEAT 1364. 5796
REGEN. F. L. 484. 8862  SHUTTLE 1917. 1147
COOLEK F. L. 256. 2751 PUMPING 83 1112
NET 33962. 4188  TEMP. SWING 5837. 6365
MECH. FRIC. 3396.2422  CONDUCTION 281, 6665
BRAKE 38566. 1758  FLOW FRIC. CREDIT -493. 3048

HEAT TO ENGINE 68335. 2187
INDICATED EFF. Z= 49 6997 FURNACE LOSS 17883. 8047
OVERALL EFF. 7= 35 7838 FUEL INPUT 85419. vo78

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 3385555
EFFEC. HAT SP. TEMP. K= 845. 7805 EFFEC. COLD SP. TEMP. K. = 354. 2686

ol
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Table B.1 (continued)

Inputs and OQutput Printouts

ISOTHERAL SECOND ORDER CRLCULATION--

PROG. 150 :
09 AFR 1980
WRITTEN BY WILLIAM R MARTINI :

CURRENT OPERRTING CONDITIONS RRE:

SF=  180@.80 PS=  1400.02 ND= e 0@ TF= 1200 00
Li= @ 0000  Ty= 1350000 FX= 250000 O0OG=1

CURRENT DIMENSIONS ARE:

DC= 10,1680 DR= 2 5000 IC= L1158 0C= 1679 :

D= . 08432 DD=  4.0608 IM= L4720 OH= . 6400 i

b= 4060 LB= 6,400 LR= 25000 CR= 13 €500

RC= 23250 LC= 129880 LD= 12 8280 LH= 41 8@d0

LI= 255808 NC= 23412 NR= & N 4

NH= 36 FF= . 2000 HAL=  92.80 CX= 254 284

ME= 99 9800 FE= 80 00AA EC= 84860 SC= . 96350

SE= 10160 SR= @s1e@ JZ= 1 M= 197,29

KM= 200, ID=  76@@ LE= 71 0000 NE= 6

BF= 4000 BB=

POMER. WATTS HEAT REQUIREMENT, WATTS
BASIC 47958 7588  BRSIC 83615. 6094
HERTER F L. 3459294  REHERT 1920, 1501
REGEN F L. 5872999  SHUTTLE 1875. 4663
COOLER F L. 3503559 PUMPING 343. 8532
NET 46655. 1758 TEMP SWING 9749 3984
MECH. FRIC. 46655186  CONDUCTION 197. 2854
BRAKE 41989 ¢c@2  FLOW FRIC CREDIT -643. 5749

------------------------------------ HERT T ENGINE 97052 1875

INDICATED EFF X= 48 @723 FURNACE LOSS 24263, 0469

OVERALL EFF %= 34 6120 FUEL INPUT 121315, 2187

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP. . K= 338 5555
EFFEC. HOT SP. TEMP k= 838 6689  EFFEC. COLD SP. TEMP. K = 358 1397




Table B.1 (continued)

Input and Output Printouts

ISOTHERMAL SECOND ORDER CALCULATION--
PROG. IS0

@89 APR 1989
WRITTEN BY WILLIAM R. MARTINI

CURRENT OPERATING CONDITIONS RARE:

SP=  2008.080 PS= 208.88 ND= 3B.vd  TF= 1200 00
L1= 0.0008 TY= 1350008 FX= 250000 0G=1
CURRENT DIMENSIONS RRE:
DC= 18 16068 DR= 3.5008 IC= .1158  oOC= . 1670
Did= . 88432  DD= 406600 IH= L4728 OH= . 6400
G= . 04860 LB= 6.4000 LR= 2.588@ CR= 13 6500
RC= 22258 LC= {2 L= 1298200 LH= 41 8000
LI= 25.5808 NC= 312 NR= & N= 4
NH= 36 FF= . 2080 AL= 98.83 (X= 254. 2804
ME= 90.0860 FE= 80 8088 EC= . 84060  SC= . 86358
Sk= 18160  SR= .@51e0 22= 1 ZH= 191 16
KM= .288d  1D= .7688 LE= 71,0000 NE= 6
BF= . 4908 BB=
POWER, WRTTS HERT REQUIREMENT, WATTS
BRSIC 13460. 6621  BRSIC 237606. 1658
HERTER F. L. 451. 0411 REHERT 498, 5541
REGEN. F. L. 1244 2168  SHUTTLE 1817 2532
COOLER F. L. 458. 6881  PUMPING 46. 2341
NET 11306 7461  TEMP. SWING 389. 8685
MECH. FRIC. 1130. 6748  CONDUCTION 191 1619
BRAKE 10176. 8743  FLOW FRIC. CREDIT -1873. 9195
----- HEAT TQ ENGINE 25635 4160
INDICARTEDL EFF. %=  44. 1059 FURNACE LOSS 64088 8935
FUEL INPUT 32044 2656

OVERALL EFF. %= 317563

HOT METRL TEMP. K= 922 2222
EFFEC HOT SP.TEMP K= 8241782

COOL ING WATER INLET TEMP. . K
EFFEC. COLD SP TEMP. K. =

338 3555
v

Sem =
397. 321
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Table B.1 (continued)

Input and Output Printcuts

ISOTHERMAL SECOND ORDER CRLCULATION--
PROG. IS0

@83 AFR 1982
WRITIEN BY WILLIAM R. MARTINI

CURRENT QOPERHTING CONDITIONS ARE:

Sk=  2000.088 PS= 008. 88 ND= 30.08 TF= 1200 00
Li= U 0008 TyY= 1300000 FX= 256880 0G=1

CURRENT DIMENSIONS ARE:

[C= 10 160@ OR= 3. 588 IC= .1158  OC= .167@
D= 88432 DD= 4 8688 IH= . 4720 OH= . 6480
6. 4088 LR= 25008 CR= 13 6500

= 84860  LB=

RC= 2323 LC= 12908 D= 1282660 LH= 41 8000

Li= 25,5888 NC= 312 NR= 6 N= 4

NH= 26 FF= .2Jege  AL= 99.89 CX= 254.2804

ME= 9@ 3@ FE= 80.4888 EC= . 04068 SC= . 86350

tk= 18168 Sk= .axieg 2= 1 ZH= 283, 62

KM= .2eed  I1D= .7608 LE= 71 0008 NE= ¢

BF= 4086 BBE=

POWER. WRTTS REAT REQUIREMENT, WATTS
BRSIC 35282 €ole  BRSIC 68231, 9844
HERTER F L. 937 9139 REHERT 1373 7682
FEGEN F. L. 1923 33%  SHUTTLE 1935, 7282
COOLER F L la19 1125 PUMPING 203, 8463
NET 31262 2383  TEMP. SWING 2532. 4689
MELH FRIC. 2126 2244  CONDUCTION 283 6237
BRAKE 28136, 815  FLOW FRIC. CREDIT —-1959 5837

---------------- - HERT TO ENGINE 64521 £283

INDICHTED EFF. X= 48 4522 FURNRCE LOSS 16138 4551

OVERALL EFF. X= 34 8356 FUEL INPUT 88652, 2734

HOT METRL TEWP K= 922 2222 COOLING WATER INLET TEMP. ., K= 330 5555
EFFEC HOT SP TEMF. K= 849 8565 EFFZIC COLD <P TEMP K = 353 449%4
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Table B.1 (continued)

Input and Qutput Printouts

ISOTHERMAL SECOND ORCER CALCULATION--
PROG. 150
@9 APR 1988

WRITTEN BY WILLIGM R MARTINI

CURRENT OPERATING CONDITIONS RRE:
SP= 2000.80 PS= 1000.08 ND= . TF= 1200 @@
Li= 0.8088 TY= 135.8808 FX= 25 06U8 (G=1

2

CURRENT DIMENSIONS RRE:

DC= 18 1689 DR= 3. 5008 IC= .1158  0OC= 1678

Di= .00432  DD= 4.8688 IH= L4728 OH= . 5464

G= . 84858  LB= 6.4800 LR= 2.5008 CR= 13 cSe@
C= 2325 LC= 129900 LD= 128208 LH= 41 8000

LI= 255888 NC= 2342 NR= 6 N= 4
= 36 FE= .2eea  AL= 98.86 CX=s 254 2804
= 9006000 FE= ©B. 8288 EC= . 84808 SC= . B635a

Sk= 10168  SR= 851886 Z22= 1 ZH= 194, 8%

KM= .2808 1D= .7608 LE= 71 00086 Ne= ©
= . 4008 BB=

POWER, WATTS HERT REQUIREMENT. WRTTS
BASIC 67612 1816  BRSIC 118928 S31
HERTER F. L. 1927 4856  REHERT 2778, 84S
REGEN. F. L. 3147. 8116 SHUTTLE 1852, 1472
COOLER F. L. 1946. 4116  FUMPING ol TSET
NET 685908. 3984  TEMP. SWING 9580, 2656
MECH. FRIC. 6859. 8418  CONDUCTION 194, 8224
BRAKE 54531 3594  FLOW FRIC. CREDIT -3581. 3911

HERT TO ENGINE 128734 7350
INDICRTED EFF. 4=  46. 3460 FURNACE LOSS 32683, v792

OVERALL EFF 7= 33 3691 FUEL INPUT 163418 4344

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP , K= 338 355G
EFFEC. HOT SF. TEMP. K= 836. €348 EFFEC. COLD SP. TEMP. K. = Z360. 9674
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Table B.1 (continued)

Input and Output Printouts

ISOTHERMAL SECONL ORDER CRLCULATION--
FROG. IS0

@9 APR 1380
WRITTEN BY WILLIAM R. MRARTINI

CURRENT OPERRTING CONDITIONS ARE:

SF=  Z00b @@ PS= 140090 ND= 3888 TF= 1200 e
L= @ e TY= 130 Q00 FX= 25 e8de  QG= 1

CURRENT [DIMENSIONS ARE:

= 181588 [R= i oSees 1= .115%8  0C= eV

D= 88432 [D= 4. 0088 M= 4720 OH= 6400

4= 84068 LB= t. deaa  LR= 2.508@ CR= 13 650@

FC= & 2258 L0= 12 %888  LD= 120288 LH= 41 5000

LI= 25 58  NC= 342 NR= © = 4

NH= e FF= 2eaa  AL= 99. 88 CX= 254 2894

ME= S B FE= 20 680 EC= . 84888  SC= . 86350

SE= .181lelr  Sk= gs1en  Z22= 1 ZH= 1688. 94

K= 2008 D= . TERR  LE= 71,0888 NE= €

BF= 4338

FOWER. WRTTS HERT REQUIREMENT. WARTTS
BRSIC Siael €986  BASIC 164354, 7812
HERTER F L. 2601 8186  REHERT 3992, 2964
REGEN. F. L 4117 2451  SHUTTLE 1796 1570
COOLER F. L. 2677 4727 PUMPING 1011, 6228
NET 82415 3594  TEMP. SWING 19@46. 8352
MECH FRIC 8241 53V CONDUCTION 188 9427
BRHKE 74173 8281 FLOW FRIC. CREDIT -4710. 44@9

---------------------------------- HERT TO ENGINE 186279, 3986

INDICRTED EFF. %= 44 2429 FURNRCE LOSS 46569 8437

OVERALL EFF %= 31 8549 FUEL INPUT 232849, 2187

HOT METHL TEMP k= 922 2222 COOLING WATER INLET TEMP., K= 338 95355

EFFEC HOT SF TEMP K= 828 4916  EFFEC. COLD SP TEMP K = 366 9746
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The first step was to plot the minimum flow loss versus the speed squared.
This plot is shown in Figure B.2. This relationship is linear and was easlly
fitted. This relationship allowed prediction of flow loss at relatively

high pressures. The final step wis to develop the correlation that would
allow predictions at relatirely low pressures. The change in the torque
ratio between the highest value (high pressure) and the values at other
rressures is shown in Figure B.3. In one attempt to bring the curves
together, it was decided to divide the change by the speed. An average of
these curves was fitted with a power curve. The curves are shown in Figure
B.4. Taking into account both effects, the final equation wass

TQN = TQI * (.99862 - 9.14 x 107 (SP)2) (1 - 3.09 x 1077 (sP) (upa) ~1+84%)

where TQN 1is net torque, TQI 1s indicated torjue, SP 1s enginc speed in
Hertz, and MPa is englne pressure in MPa.

Validation of this equation consisted in using it to calculat. 2 torque
ratio for the 16 cases previously calculated.

The predictions were compared with the calculated resvlts and plotted in
Figure B.5. The error band fits were within the error expected from the
actual fluld mechanic calculations. This method of estimating flow loss is
reasonably accurate and saves computer time and space.

o1

(1 - (NET TORQUE)/(BASIC TORQUE))

SPEED SQUARED

0 200 400 600 800 1000

Figure B.2. Minimum Flow Loss Versus Speed Squared.
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CHANGE FROM MAXIMUN TORQUE RATIO
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Figure B.3. Maximum Torque Ratio Change Versus Pressure.
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Figure B.4. Torque Curve Correlation,
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ISO.FOR INDICATED OUTPUT

CURVE F

Speed, Hz
8.33 |16.67

.85 Pressure |
MPa ]3.33
1.38
3.45
6.90
9.66

.80

.80 .85 .90

IS HAFT QUTP
ISO.FOP. INDICATED OUTPUT

Figure B.5. Predictions Versus Actual Calculations.
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APPENDIX C

GRAPHIC SUBROUTINES

The graphic subroutines listed and explained in this appendix were left out
of the 1listing of CNTLB.FOR because they had already been included in the
libtrary for the Altos computer at Martini Engineering. Jther computers will
probably have different graphic packages, so an explanation of what each
subroutine does is included. The subroutines are VECTOR, POINT and CLEAR.
Also, an explanation of the subroutine ERASE give:n on lines 888 to 922 of
CNTLB (see page 104) will be given. All of ihese use a machine language
subroutine CONOUT. (See Table C.1 for a listing of CONOUT.) The Retro-
graphics* modification to the Lear-Siegler Al} -3A terminal employs certain
control codes to get between the different modes. This control chart is
shown in Figure C.1. CONOUT is used to give the computer the signal in

Table C.1
MACHINE LANGUAGE LISTING OF CONOUT

1 ENTRY CONOUT
20 COMNOUT .
= MY I H. 10H
4 T 10H
o I 10H
(= FINT ool 1aoe
v CF1 HoOaL100E
o TS COMOUT
o [R[MAY A M
10 ouT 1CH
11 RET
bR END

4010
ALPHA
MODE

CR, ESC FF US

VECTOR
MODE

Flgure C.1. Retrographics Conirol Scheme.

*Product of Digital Engineering Inc., 17x7-K Tribute Rd., Sacramento, CA 95%15.
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the proper form to be recognized. Table C.2 shows the code that is used.
The sutroutines will now be explained.

Table C,2
CONTROL CODES
ASCII
Code Name in ASCII Decimal
Name Subroutine Number Function
CAN CA 24 Move from 4010 alpha
to ADM-3A alpha.
™ Uy 25 Clear screen,
FS FS 8 Move to point mode.
GS () 29 Move to vector mode.,
us us g)! Move from vector mode
to 4010 alpha.
ESC B 27 Sets data level to
DEL DE 127 black
a AA 97 With ES sets data
level to white,
VECTOR

e subroutine VECTOR draws a straight line. It 1s listed in Table C.3, It
has four arguments. They are defined as followss

JX = X axis coordinate of start of vector.
JY = Y axis coordinate of start of vector.
KX = X axis coordinate of end of vector.
KY = Y axis coordinate of end of vector.

As for any subroutine, the position is important and the names can be changed.
These coordinates are integers. The main program scales the values to be
plotted so that the X axis coordinate is between 0 and 1023 and the Y axis
coordinate is between 0 and 779. (See Figure C.2.)

In line 757 of Table C.3 the integers are defined. In line 758 the values
needed from Table C.2 are defined. 1In line 759 the control code GS is sent
to go from the AIM-3A alpha mode to the vector mode (see Figure C.1). 1In
lines 760 and 761 the Y coordinate of the start of the vector is spli® into
its upper and lower components according to directions. In lines 762 and
763 “we same thing is done for the X coordinate of the start of the vector.
In i.nes 764 to 767 these four numbers are entered. Lines 768-770 cause a
slicht delay in the program to allow the entering to be complete.

From lines 771 to 780 the same thing is done for the end coordinate of the
vector. Once the computer has both coordinates, it draws a straight line
between them. The timing loop (lines 779 to 781) is needed to allow the
computer to draw the line before it goes on to something else. The time
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Figure C.2.

Table C.3

753: C SUCROUTINE FOR DRAWING A VECTOR ON THE SCREEN

796 SUBROUTINE VECTORCIX, J¥: KX KY)
757 INTEGER*1 GS, US, YH, YL, ¥N, ML, CA
7e3: DATA GS, US, CR/29, 34, 24/
99: CALL CONOUT(GS)

7E0: YH=2JY/ 32432

ey YL=MOD(JY, 32)496

T€2: WH2J{/224232

TE3: ¥LeMOD(JR, 22) 64

764 CALL CONOUTC(YH)

7€9: CALL CONoUTIYL)

TES: CALL CONOUT(XH)

VG7 CALL CONOUTCOL)

o3 [0 10 1=1, 200

TES: l=1+1

70 10 CONTINUE

it & WYH=RY/A22422

v YL=MOD(KY, 52426

o SHEEN/32432

74 AL=HODKKK, 220464

o CALL CONOUTC(YH)

e CHLL CONOUTCYL)

T CALL CONCUTCMHD

77e: CHLL CONOUTCHLD

e 00 20 1=1,200

Ty H=1+1

el 20 CONTINUE

732 CALL CONOUTCUS)

Tes: CRLL coNouTCRd

el B FETURN

705 END

1 . 077 o,
0
=
<
> . 512,390
. 00 10230 .

Coordinate Numbering for Graphics.
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delay used here works for even the longest line,

Lines 782 and 7873 get control back to the ADM-3A alpha mode by going through
the 4010 alpha mode. (See Figure C.1 and Table C.2.)

POINT

The suhroutine POINT puts a point on the screen. It is llsted on Table C.4.

It has two argumentss

JP = X axis of point
JQ = Y axis of point

T&ble Cc o“‘ 3
727 C SUSROUTINE FOR POINT GRAPHICS |
728: SJEROUTINE POINTCJP, JQ) |
:-,39 INTEC:R*i FS: US. CR: YHI VL: .i‘:H: XL) W
710: DATA FS, US, CA, UY/28, 31, 24, 25/ ,
731 CALL CONOUTCFS) 3
712 YH=J0/32432 |
Tl YLSMODCIN, 223402
T WH=JP/22432
e HL=HODCJP, 32)+64
26 CALL CONOUTCYH)
737: CALL COMOUTCNL S
738 CALL CONOUTCXH)
739; CALL CONOUTCNL)
T4: CALL CONOUTCUS)
7L CALL CONOUTCCA)
42 FETURN
747 Erlp

As for any subroutine the positions of the arguments are important and the
names can be changed. These coordinates are integers scaled as chown in
Figure C.2. In lines 729 and 730 of Table C.4 the integers and the data
are defined. In line 731 the control code FS is sent to get control into
the point mode. (See Figure C.1.) In lines 732 to 739 the upper and lo' r
component of each coordinate is calculated and sent in the proper order.

A point corresponding to this coordinate 1lights up on the screen., Lines
740 and 741 return control to the AIM-3A alpha mode via the 4010 alpha mode

(see Figure C.1).

CLEAR

The subroutine CLEAR erases the entire graphic screen without touching the
ADM-3A alpha screen which is superimposed. CLEAR has no arguments. A
1isting is shown in Table C.5. In Table C.5, lines 746 and 747 initialize
as usual. In line 748 the control code GS is sent to get the cortrol into
the vector mode. In this mode sending the control code M (UY in our sub-
routine)(see Table C.2) clears all the screen, Lines 750 and 751 get cun-
trol back to AIM-3A alpha mode in the usual way.
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Table C.5

744: C SUCROUTINE FOR CLERRING VECTOR MOUE SCREEN

745 SUERGUTINE CLERR

& INTEGER+1 G5, Uy, US. CA

47 DATA G5, UY, US, (729, 25, 21, 24/
748: CALL CONOUTGS)

744 CRLL CONQUTCLY)

70 CALL CONQUT(US)

Vel CALL CONOUT(CR)

7S PETURN

7S END

4. C

ERASE

The subroutine ERASE draws a series of biack lines from X coordinate 710
to 1013, The black lines are drawn in the Y direction from 2 to 777. On
page 104 lines 889 and 890 initialize things. Line 891 starts the do lcop.
Line 892 geis control to the vector mode. Lines 893 and 834 together set
the data level to black from white. Linez 895 to 914 draw a black line.
Lines 915 and 916 set the data lavel back to white. Lines 917 and 918

get back to the AIM-3A alpha mode. Line 919 1s the end of the do loop.

An attempt was made to shorten this subroutine by putting the do loop in
the vector mode part of the program, but this did not work. The subroutine
requires 6 seconds to clear this part of the screen. More efficient sub-
routines for clearing part of the screen can probabiy be worked out, but
this subroutine was not a vital part in the total ccmputing time.

Graphic output greatly speeds the comprehensicn of the computed results.
It should always be used if available for this type of analysis,
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